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A multiscale ALMA study of protoplanetary disks in Ophiuchus: from
outflows to substructures

by Camilo Gonzalez Ruilova

Los significativos avances tecnolégicos de la tltima década han permitido
un progreso sustancial en las observaciéon y entendimiento de las proto es-
trellas y el disco de material que las rodea, consecuentemente dilucidando
la formacién planetaria y el potencial origen del sistema solar. Incluso sin
observaciones claras o datos respecto de la formacién estelar y planetaria,
los humanos hemos estado analizando y proponiendo escenarios para el
nacimiento y evolcuién de objetos cédsmicos durante siglos. Sin embargo,
seglin obtenemos mejores images e informacién de las proto estrellas jévenes
cercanas al sistema solar, muchos modelos e ideas tedricas han sido desafi-
adas. En esta tesis discutiremos varios escenarios de formacion estelar y
planetaria, para diferentes tipos de objetos jovenes hayados en la regién de
formacion estelar de Ofiuco, tales como proto enanas marrones y discos de
transiciéon. Utilizando datos de radio interferometria, estudiaremos el polvo
y gas molecular que rodea estos objetos, observando diferentes escalas es-
paciales y midiendo, y describiendo, estructuras que alcanzan las miles de
au. Estas observaciones revelarédn la interaccién de las proto estrellas con la
nube molecular que las contiene, como también analizaremos en profundi-
dad los fenémenos que ocurren dentro del disco protoplanetario a pocas au
de la proto estrella.

En este estudio presentaremos la muestra més larga observada a la fecha
de candidatas a proto enanas marrones. Con un total de 21 objetos, 16 ex-
hiben discos de polvo, y 10 presentan extensas estructuras de gas molecular
en las lineas de 2CO, 13CO, y C!80 (2-1). Mientras que previos estudios han
examinado los pardmetros estelares o del disco con grandes muestras de es-
tos objetos, solo existen estudios de objetos individuales en diferentes nubes
moleculares con estructuras de gas > 500 au. Estas observaciones proveeran
evidencia sélida para la comparacién de variados modelos de formacién de
enanas marrones, y la posible formacion de planetas alrededor de estas.

Adicionalmente, presentaremos el estudio del sistema estelar con las cavi-
dades mds grande y pequefia en la nube molecular de Ofiuco. El sistema
ISO-Oph 2 presenta un disco de transicién con dos anillos concéntricos no ax-
isimétricos, una morfologia poco comun en est tipo de objetos. Ademds esta
fuente se encuentra con una compafiera lejana, a una separaciéon de 240 au.
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Esta compariera exhibe una cavidad de aproximadamente 2 au de didmetro,
y la proto estrella huésped esta en el régimen sub estelar, con una masa de
~ 0.08 M. Ambas fuentes comparten un puente de gas que las conecta,
entregando evidencia de una posible interaccién cercana previa.

Finalmente presentaremos futuros proyectos y observaciones relacionadas
a las investigaciones ya mencionadas, con proyecciones para los telescopios
e instrumentos que vendran en el futuro.
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A multiscale ALMA study of protoplanetary disks in Ophiuchus: from
outflows to substructures

by Camilo Gonzalez Ruilova

The significant technological advancements of the last decade have enabled
substantial progress in the observation and understanding of protostars and
the surrounding material disks, consequently shedding light on planetary
formation and the potential origins of the solar system. Even without clear
observations or data regarding stellar and planetary formation, humans have
been analyzing and proposing scenarios for the birth and evolution of cos-
mic objects for centuries. However, as we obtain better images and infor-
mation from young protostellar systems near the solar system, many models
and ideas have been challenged. In this thesis, we will discuss various sce-
narios of stellar and planetary formation for different types of young object
found in the star-forming region of Ophiuchus, such as proto-Brown dwarfs
and transition disks. Utilizing radio interferometric data, we will study the
dust and molecular gas surrounding these objects, observing different spatial
scales and measuring and describing structures spanning thousands of au.
These observations will reveal the interaction of protostars with the molecu-
lar cloud hosting them, as well as analyze in-depth the phenomena occurring
within protoplanetary disks a few au from the protostar.

We will present the largest sample observed to date of proto-Brown Dwarf
candidates. With a total of 21 objects, 16 exhibit dust disks, and 10 feature ex-
tended molecular gas structures in 12CO, 3CO, and CBO (2-1) lines. While
previous studies have examined stellar or disk parameters with large sam-
ples of these objects, individual studies in different molecular clouds with
gas structures > 500 au exist. These observations will provide strong evi-
dence for comparison with various models of Brown Dwarf formation and
the possible formation of planets around them.

Furthermore, we will present the study of the system with the largest and
shortest cavities in the Ophiuchus molecular cloud. The system ISO-Oph
2 features a transition disk with two non-axisymmetric concentric rings, an
uncommon morphology for such objects. Additionally, it is accompanied by
a wide companion at a separation of 240 au. This companion exhibits a cavity
of approximately 2 au in diameter, and the host protostar is in the sub-stellar
regime, with a mass of ~ 0.08 M. Both sources share a gas bridge connecting
them, providing evidence of a possible closer previous interaction.
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Finally, we will present future projects and observations for the aforemen-
tioned research, with projections for telescopes and instruments yet to come.
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Chapter 1

Introduction

1.1 Overview

Stellar formation, and specifically the subsequent planetary formation, has
been a hot topic for several decades. These gas and dust-filled environments
in which planetary systems like the solar system form are challenging to ob-
serve without the pertinent technology that has been developed since the late
twentieth century. A more terrestrial analogy for the challenges of observing
and analyzing protostars and Young Stellar Objects (YSOs) is akin to trying
to see through a sandstorm in the desert or identify living beings amidst a
forest fire—scenarios much more dire than understanding the formation of
stars and planets in the universe, but which entail similar technological chal-
lenges on different scales.

The development of telescopes and instruments capable of seeing through
these optically diffuse environments has allowed for a significant leap in
the understanding of early celestial object formation processes. Examples
of these megaprojects across different wavelengths, not only installed on
Earth’s surface, include the Very Large Telescope (VLI, 1998), the Spitzer
Space Telescope (Spitzer, 2003), and the James Webb Space Telescope (JWST,
2022) in the Infrared (IR), as well as the Karl G. Jansky Very Large Array
(VLA, 1980), the SubMillimeter Array (SMA, 2003), and the Atacama Large
Millimeter /submillimeter Array (ALMA, 2013) in (sub)millimeter (mm) wave-

lengths.
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There are still many unanswered questions and physical phenomena to
understand about stellar evolution in early stages and planetary formation.
However, there has been a consensus on the big picture of these processes
for many years, and future observations and new technologies will help re-
fine and complete our understanding. In Figure 1.1, an illustrative scheme
of the evolutionary stages of planetary systems is shown, starting from the
dense gas and dust cloud. Through gravitational and viscous phenomena,
clumps of material with overdensities are generated, where these primordial
building blocks will join to form the first dense cores. After accruing suf-
ticient material, they will initiate combustion, forming the first stars. After
several intermediate steps, the protostars will have obtained most of their fi-
nal mass, leaving only a circumstellar or protoplanetary disk (PPDs), where
the first protoplanets will form, sharing the remaining material with the pro-
tostar. Finally, almost all the dust and gas in the disk will become trapped
in the star, the planets, comets, and asteroid belts, culminating in an evolved

and stable system analogous to the solar system.
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I. Gianit cloud of gas and dust in interstellar space. F 3 ¢ umps begin to form within the cloud.
e p 3

)
3. Dense cores, precursors to stars, form within clumps.

; ‘ d
5. Planets form from the disks, and,new solar system is born.

N

4.Cores condense into young stars strrounded by dusty disks

FIGURE 1.1: Scheme for multiple phases, from molecular cloud, passing by proto-

star formation, finishing with evolved planetary systems. This big picture of planet

formation represents, in part, the same spatial multiscale analysis in this thesis. All

the evolutionary stages are briefly described, in white, in front of each artistic repre-
sentation. Credit to Bill Saxton/NRAO/AUI/NSF
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1.2 Star Formation

1.2.1 Low Mass Regime

The molecular clouds of star formation, or star-forming regions (SFRs), are
regions of space that extend on the order of ~ 10°-10* pc. These clouds
of material with irregular morphologies originate from supernova explo-
sions, which release all the material contained in the giant stars that produce
them, filling the interstellar medium with dust and gas. Within our galaxy,
the Milky Way, there are approximately 23 known and studied (Avedisova,
2002). Due to technological and observational limitations, the most studied
clouds correspond to those closest to our planet, such as Lupus (at ~150 pc),
Chameleon (at ~180 pc), Ophiuchus (at ~140 pc), Orion (at ~400 pc), Taurus
(at ~145 pc), etc (Zucker et al., 2019).

Molecular clouds, or SFRs, are also known as stellar "maternity wards,"
as these regions of the interstellar medium concentrate a greater quantity
and/or density of material that will eventually become the raw material for
forming the first stellar embryos, which in turn will evolve by accreting ma-
terial to become proto-stars.

We know that stellar formation is a process that lasts on the order of 0.1-1
mega-years (Myrs), meaning the material takes that time at various points
in the cloud to form objects of increasingly larger masses and sizes. These
objects will begin to accrete more material at an increasingly faster rate until
they reach the limit of ~80 Jupiter masses (My,p), where the gravity and the
weight of the upper layers of these bodies will press with sufficient force
on the core for it to collapse, and atoms in its interior will begin to fuse,
generating atomic reactions that heat this stellar embryo, serving as the first
spark to transform into what we call a proto-star.

The interaction of forces exerted by the gravity of the proto-star and the

radiative pressure generated by the atomic fusions in its core will reach a
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dynamic equilibrium, where nuclear fusions will continue to occur based on
the material that the star continues to accrete. This is why, broadly speaking,
the mass of stars is proportionally related to their brightness and temperature

when their formation is complete.
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FIGURE 1.2: Census of the protostars, observed by ALMA and VLA, present in

Orion SFR. The backgrou-Planck (Lombardi et al., 2014). This work is similar to this

thesis, about the study of young objects, Class 0 (blue crosses), I (Magenta crosses),
and FS (Cyan crosses). Figure extracted from Tobin et al. (2020).

These processes of material accumulation and proto-star formation occur
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in different zones of the cloud simultaneously, producing stars of various
characteristics, particularly of different masses, throughout the SFR. It is still
not entirely clear how various physical mechanisms, such as the interaction
of proto-stars with the cloud or the distribution of mass or position of proto-
stars in the region, influence this process. One of the most accepted theo-
ries proposes a hierarchical collapse for SFRs, where those cores that form
tirst and become more massive will attract streams of material from more
distant areas in the same cloud, generating flows of gas and dust, similar
to space rivers, that connect to this early generation of massive proto-stars
(Vazquez-Semadeni et al., 2019). The increase in material density thanks to
these streams will aid and accelerate the formation of stellar embryos and
less massive proto-stars in these regions (Pineda et al., 2023).

The purpose of this thesis is not to study stellar formation in depth, but as
mentioned in the title of this section, it is of interest to try to understand the
formation and subsequent evolution of low-mass stars in the vicinity of the
solar system. Therefore, we will continue to focus only on this type of stars
(or proto-stars), without delving further into the physical phenomena related
to the spatial scale of the cloud itself or massive stars (> 8 M) forming within
it. If the reader wishes to explore these topics further, we recommend visiting
the following articles on the formation of massive stars and their interactions
with their respective SFRs: Tan et al. (2014), Motte, Bontemps, and Louvet
(2018), and Rosen and Krumholz (2020).

1.2.2 Substellar Regime

Objects within the sub-stellar regime, particularly Brown Dwarfs (BDs), rep-
resent sources of exceedingly low mass, ranging from 13 to 80 My, and

hence exhibit temperatures as low as 2200 K to ~ 250 K in their atmospheres
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(Beamin et al., 2014). The inaugural observation of a BD, Teide 1, was doc-
umented by Rebolo, Zapatero Osorio, and Martin (1995), marking the con-
firmation of previously hypothesized very low mass objects elucidated by
Kumar (1963), and named by Tarter (1976). These entities have garnered sig-
nificant attention among astronomical circles, serving as a transitional link
between giant planets and very low mass stars.

Characteristic of BDs is their spectral type (SpT), typically equal to or later
than M6, rendering them exceedingly faint and posing challenges for obser-
vational studies. The mass regime of these objects precludes sustained nu-
clear fusion of ordinary hydrogen (‘H) within their cores, thus relying on
deuterium (*H) combustion as their primary energy source. In instances of

higher mass, exceeding 65 Myyp, lithium (Li) fusion may also occur.

RELATIVE SIZE OF A BROWN DWARF

LOW-MASS STAR BROWN DWARF JUPITER

FIGURE 1.3: Artistic representation and size comparison for the Sun, a Low Mass
Star, a Brown Dwarf, Jupiter, and the Earth. Credits: Jupiter: NASA, ESA, and A.
Simon (NASA, GSFC). Sun and Low-Mass Star: NASA, SDO. Brown Dwarf: NASA,
ESA, and JPL-Caltech. Earth: NASA. Infographic: NASA and E. Wheatley (STScI).

A significant mystery surrounding Brown Dwarfs (BDs) lies in under-
standing where and how they form. The most accepted hypotheses in this
regard are as follows:

1) Ejection from molecular cloud filaments: In this scenario, large-scale
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filamentary structures within molecular clouds fragment, leading to interac-
tions among bodies within the region. As a result, a significant portion of
lower-mass objects are ejected to regions of lower material density (Reipurth
and Clarke, 2001).

2) Formation as companions within circumstellar disks: BDs may form
as companions within circumstellar disks around more massive proto-stars
(similar to the Sun). Gravitational fragmentation within unstable disks can
lead to their separation from the central proto-star. Simulation studies sug-
gest that approximately 70% of proto-BD companions within the disk would
be ejected, while the remainder could remain gravitationally bound to the
central proto-star and potentially form their own dust and gas disks (Sta-
matellos and Whitworth, 2009).

3) Photoevaporation due to nearby massive stars: Like other low-mass
proto-stars, BDs may form initially in a similar manner. However, during
their growth, much of the surrounding material could be photoevaporated
due to radiation from nearby massive stars (Stamatellos and Whitworth, 2009;
Whitworth and Zinnecker, 2004).

4) Decreased accretion rate due to protostellar outflows: This scenario
suggests an analogous formation process between proto-BDs and proto-stars,
but on a smaller scale. Presence of jets and outflows from the proto-BD would
further diminish the amount of material available in the envelope, resulting
in an abrupt decreasing in the accretion rate, from ~ 10° Mg, yr?! to 10°-
1012 Mg, yr'l, at a critical time of t. ~ 10* years, and ultimately leading to the
formation of a sub-stellar mass object (Machida, Inutsuka, and Matsumoto,
2009).

Even the different nature of possible formation scenarios, they are not

exclusive and may occur for the same sources, complimentary.
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1.3 Classification of Young Stellar Objects

Given that at birth, proto-stars are highly embedded within the molecular
cloud, it is virtually impossible to directly observe the light emanating from
them. Photons emitted by these proto-stars are captured by the material,
dust and gas, heating up to approximately 20 K for the dust, and re-emitting
that light at longer wavelengths, such as infrared (IR) or sub-millimeter (sub-
mm). In reality, there is a wider range of wavelengths in which circumstellar
material shines, but in this case, we will refer to the observable spectral win-
dows from the Earth’s surface. This is how these bright sources began to
be observed in the IR, within nebulae (or molecular clouds). These sources,
which, compared to evolved stars (the stellar black body spectrum), show an
excess of IR emission, are associated with the amount of surrounding dust
and gas. Thus, by studying the Spectral Type Distributions (SEDs), it was
confirmed that these sources were young stellar objects, prior to the main
sequence. This is how they were termed Young Stellar Objects (YSOs).

After several observations of different YSOs, it was discovered that the
excess IR emission varied in each case. Lada and Wilking (1984) observed
sources in the molecular cloud of Ophiuchus, measuring the emission slope
at wavelengths between 4 to 20 pm. The parameterization of these slopes,

present in the SEDs of these objects, is given by the following equation:

R dlog(vF,)  dlog(AFy)
R "dlog(v) ~ dlog(A)

(1.1)

Where ajr represents the the spectral index of IR emission in each YSO.
Other studies began to observe and measure these slopes in different star-
forming regions (e.g., Myers et al., 1987; Adams, Lada, and Shu, 1987; Kenyon
et al., 1990, classifying the YSOs into Infrared Classes: I, II, and III (Lada,
1987). With the improvements in the instrumentation on detection of faint

sub-mm emissions, Andre, Ward-Thompson, and Barsony (1993) added Class
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0 to the classification of previous IR spectral index Classes, related to YSOs
in high-extinction regions, and in a stage of evolution prior to Class I.

Finally, Greene et al. (1994), continuing the trend of Andre, Ward-Thompson,
and Barsony (1993), with increasingly precise SED observations, defined an
intermediate class between Class I and II objects. The sources of this new
class exhibited a "flat" emission excess above the black body spectrum, lead-
ing to the naming of this new class as Flat Spectrum (FS).

The physical interpretations regarding the excess of infrared emission
across different classes are determined by the quantity of diffuse material
surrounding the YSO. In Figure 1.4, the morphology and quantity of dust
and gas forming the proto-stellar system are depicted according to their re-
spective classes.

Taking into account the scheme presented in Figure 1.4, and following the
evolutionary order presented therein, the qualitative description of each IR
Class would be as follows:

a) Class 0 (No emission for A < 20m): This classification is for the youngest
sources among YSOs. As shown in the respective panel, there is no detectable
emission in the same IR range as the rest of the Classes. Therefore, they are
primarily studied in the sub-mm. Regarding the material surrounding Class
0 sources, they are surrounded by a gas and dust envelope, which interacts
with jets originating from the central protostar (Kwon et al., 2009; Shirley
et al., 2011). The jets start to excavate the envelope and heat the material on
the interaction walls, generating mainly gas outflows. Since these outflows
are young, they have opening angles ¢,, < 90° (e.g. van’t Hoff et al., 2023).
Additionally, Keplerian rotation disks have been observed in Class 0 YSOs
(e.g. Tobin et al., 2012; Maret et al., 2020), indicating early disk formation,
probably simultaneous with the protostar. Dust disks in Class 0 lack promi-
nent substructure, exhibiting a smooth radial decay of the flux (Ohashi et al.,

2022).
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b) Class I (ar > 0.3): For these sources, the envelope remains present
around the YSO, but much of the material has either fallen onto the circum-
stellar disk or been expelled from the system by outflows. There is a greater
variety in the morphology of outflows observed in the sub-mm for this class
(e.g. Hsieh et al., 2023), and examples of these different large-scale spatial
structures will be shown and discussed in Chapter 2. Circumstellar disks are
also observed for these objects, where they begin to be more observationally
clear in lines with optically thin behavior due to the decrease of material in
the envelope (e.g. Harsono et al., 2014). In the continuum, disks of these
YSOs begin to show substructures such as rings and gaps (e.g. Segura-Cox
et al., 2020).

¢) Class FS (-0.3 < ajr < 0.3): Being an intermediate class between Class
I and 1II, they exhibit extended gas structures similar to those observed in
Class I, such as outflows, but with smaller angular scales (discussed in 2).
Generally, Class FS YSOs present a continuum flow closer to Class I than to
Class II (e.g. Williams et al., 2019).

d) Class II (-1.6 < ajr < -0.3): These objects are the most abundant in
nearby SFRs (Evans et al., 2009) and have been studied extensively to date
(e.g. Ansdell et al., 2016; Cieza et al., 2019; Barenfeld et al., 2016; Barenfeld et
al., 2017). For these objects, the envelope has finished dissipating, leaving all
material accreted by the disk and the protostar. Observations of these disks
reveal a wide variety of substructures, such as spiral arms (e.g. Huang et al.,
2018b), axial asymmetries (e.g. Casassus et al., 2015), and multiple rings and
gaps (e.g. Andrews et al., 2018; Cieza et al., 2021). The observed gas is found
in the disk, with Keplerian rotations (e.g. Pinte et al., 2020), with the gaseous
disk being spatially equal to or larger than the dust disk (e.g. Antilen et al.,
2023).

e) Class III (xjgr < -1.6): These are the most evolved YSOs of all, also

known as Debris Disks. They are also considered main sequence sources
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surrounded by dusty rings, equivalent to the kuiper belt. In this class of
objects, gas has almost completely dissipated in the disk, being accreted by
planets and the central star. Despite this theoretical paradigm, observations
with high sensitivity show the presence of gas around these objects (Moodr
et al., 2017). These sources present at least one dust ring in the disk (Hughes,
Duchéne, and Matthews, 2018), but the origin of these dusty structures is not
entirely clear. Most works regarding dust in Debris Disks propose continu-
ous emission of second generation, that is, material produced by collisions of
exocomets (Wyatt et al., 2015).

Between Class II and III YSOs, there exists a transitional classification
known as transition disks (Strom et al., 1989). Moreover, in recent years, the
tirst detections of protoplanets in formation within the cavity of a transition

disk have been observed (Figure ??).
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FIGURE 1.5: Left: First dettection of protoplanet PDS 70 b, using the SPHERE /IRDIS
instrument at VLT, at NIR wavelenghts. Plot from Miiller et al. (2018). Right: First
detection of a circumplanetary disk inside the cavity of a transition disk. In this case,
the protoplanet corresponds to PDS 70 ¢, and the observation were made by ALMA
observatory at 0.8 mm wavelenght. Plot from Benisty et al. (2021).

These disks, studied based on their SEDs, do not exhibit excess infrared
emission for the near and mid-IR (< 20 ym), but there is an excess for longer

wavelengths in the far-IR (> 20 ym). Given this, a depletion of material from
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the disk was postulated, where the material closer to the star, and therefore
at higher temperatures, diminishes over time (Calvet et al., 2005; D’Alessio
et al., 2006).

Spatially resolved images from VLT and ALMA show the initial mor-
phologies of transition disks, with large cavities and compact inner disks of
a few au in radius, confirming what was previously observed in the SEDs,
with little hot material in the inner part of the disk, but material prevailing
in external zones of the disks (Casassus, 2016).

Using the VLT telescope, the protoplanet PDS 70b was observed in the
PDS 70 source (Keppler et al., 2018; Miiller et al., 2018). Subsequently, using
ALMA, the circumplanetary disk surrounding the protoplanet PDS 70c was
observed (Benisty et al., 2021). While detecting protoplanets within the cav-
ities of transition disks is not trivial, it is expected that in the coming years,
observations with high sensitivity will provide us with more detections and
properties of these protoplanets. An example of such disks, which could po-
tentially harbor protoplanets, is ISO-Oph 2, discussed and analyzed in Chap-

ter 3 of this thesis.

1.4 Jets and Outflows

As outlined in Section 1.2, the gravitational collapse within the clumps of
the cloud gives rise to a complex system comprising a nascent proto-star, en-
veloped by a circumstellar disk, and surrounded by a shell of gas and dust
(e.g., Shu, Adams, and Lizano, 1987; Allen et al., 2007; Dunham et al., 2014a).
During their early developmental phase, proto-stars remain deeply embed-
ded within their envelopes, which, in turn, are embedded within the molec-

ular cloud.
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Once the protostar initiates its nuclear reactions, along with the interac-
tion of the circumstellar disk, magnetohydrodynamic (MHD) activity is gen-
erated in the protostar. Similar to other astronomical phenomena on larger
scales, this MHD reaction produces the emission of jets of ionized material
at high velocities, reaching distances of several hundred km s~!. The first
observation of the interaction of these jets with the hosting molecular clouds
was given by compact clumps of bright emission in nearby star-forming re-
gions (Herbig, 1951; Haro, 1952). These objects exhibited collinear emissions
extending over thousands of au close to de NGC 1999 molecular region. This
is how they were termed Herbig-Haro objects (HH), encompassing all obser-
vations of similar phenomena in molecular clouds. It was only decades later
that this phenomenon was discovered to be associated with YSOs in their re-
spective clouds (Schwartz, 1977). With the development of new instruments
and observations across various wavelengths, the nature of such emissions
was ultimately confirmed. Figure 1.6 displays a sample of observations for
jets around YSOs, showcasing extensive spatial lengths and bright hot mate-
rial from the cloud interacting with the jets. It is possible to note that there is
no visible central protostar, but the presence of diffuse bipolar outflows close
to the central positions of the jets.

The morphologies, sizes, and velocities of outflows are contingent upon
various factors, including the specific tracer employed, as well as the lumi-
nosity, mass, evolutionary stage, and age of the young stellar object (YSO).
Additionally, they depend on the durations of active accretion and outflow-
driving phases, and the properties of the environment through which the
flow traverses. Among the available tracers, the low-] rotational transitions
of CO have been extensively utilized for molecular outflow studies. CO
is abundant (with N(CO) ~ 10~* N(Hjy)), and its lowest energy levels are

readily populated by collisions with Hj, aligning with the typical densities
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FIGURE 1.6: Spectacular colored image of the jet HH 212 in the L1617 region. This
observation was taken by VLT telescope, at the wavelenght A = 2.1 um, correspond-
ing to the emission of Hy molecular line. This structure extend by > 4x10* au from
each extreme of the jets. This Figure is presented in Bally, Reipurth, and Davis (2007),
but originally in black and white in Zinnecker, McCaughrean, and Rayner (1998).
and temperatures of molecular clouds. These CO emission lines are de-
tectable from ground-based observatories in the 3, 1.3, and 0.85-mm atmo-
spheric windows. However, higher-] transitions of CO, as well as species
like SiO and H20, whose abundances may increase in shock environments,

and shock-excited Hj, are more indicative of the accelerated warm and hot

gas present in molecular outflows.
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Outflows are pivotal in dispersing protostellar cores, terminating the in-
tall phase, and facilitating the removal of disk angular momentum crucial for
accretion (Machida and Hosokawa, 2013; Frank et al., 2014; Offner and Arce,
2014; Bally, 2016). They significantly impact the mass assembly process, final
star masses, and the initial mass function (IMF; Alves, Lombardi, and Lada,
2007; Arce et al., 2007; Pascucci et al., 2023). Comparative studies between
the core mass function (CMF) and the IMF suggest a strong correlation, with
a core-to-star efficiency of approximately 30% (e.g., Alves, Lombardi, and
Lada, 2007; André et al., 2010; Motte et al., 2022). Observations indicate that
outflows possess sufficient energy and momentum to disperse the material
in surrounding parent cores within 1 Myr (Dunham et al., 2014b; Zhang et
al., 2016). While some studies suggest that outflow opening angles widen
over time, facilitating gas clearing in the surrounding envelope (Arce and
Sargent, 2006; Velusamy, Langer, and Thompson, 2014; Hsieh, Lai, and Bel-
loche, 2017), others argue that outflow mass-loss rates are insufficient to be
the primary agent of core dispersal (Curtis et al., 2010). Recent observations
using Hubble Space Telescope (HST) near-infrared (NIR) images found no
evidence for the widening of outflow cavities as protostars evolve (Habel et
al., 2021), challenging the notion that outflows are the main driver of the low
star formation efficiency of 30%.

As previously mentioned, the presence of outflows depends on the evolu-
tionary state of YSOs, primarily being found in sources of Classes 0, I, and FS.
Figure 1.7 showcases an image of the exciting future for studying outflows
around young sources. This image was recently obtained with the JWST and
displays outflows of large spatial scale around a very YSO, with an age of
just 0.1 Myr, located in the Taurus star-forming region. The significance of
such structures in the evolution of protostars and protoplanetary disks will
be discussed in Chapter 2, along with future observations related to this the-

sis presented in Appendix A.
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FIGURE 1.7: Observation from the JWST using the NIRCam instrument, and the fil-

ters F200W, F335M, F444W, and F470N. The target corresponds to IRAS 04368+2557

in the Taurus constellation. This image shows the presence of very extended bipo-

lar outflows around a YSO. Credits to: Joseph DePasquale (STScl), Alyssa Pagan
(STScl), Anton M. Koekemoer (STScI)

1.5 Planet Formation

Over recent decades, advancements in telescope technology have revolution-
ized our understanding of planetary formation processes within protoplane-
tary disks encircling proto-stars. However, the roots of conceptualizing plan-
etary formation from small solid materials trace back nearly three centuries.

In 1734, Emanuel Swedenborg proposed that planets in our solar system

formed from a surrounding structure fragmenting around the Sun, an idea
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inspired by Newton’s work on gravity. Immanuel Kant expanded on this
concept in 1755, suggesting that stars and their planets formed from slow-
rotating nebulae under gravitational forces.

Similarly, in 1796, Pierre-Simon Laplace proposed a model involving a
vast solar pseudo-atmosphere, cooling and shedding material that coalesced
into planets. Despite initial acceptance, Laplace’s model faced challenges,
particularly regarding angular momentum distribution within the solar sys-
tem, leading to its eventual abandonment.

In the early 20th century, alternative theories emerged but failed to gain
traction. Andrew Prentice revisited Laplace and Kant’s ideas in 1978, formu-
lating the "modern Laplace theory," which faced challenges from subsequent
simulations revealing turbulence’s dissipative nature.

In 1972, Safronov formulated a seminal theory positing that planets formed
from collisions and accretion of asteroid-like bodies in a disk-shaped system
around the Sun. His work emphasized collision dynamics and gravitational
forces’ role in particle aggregation, leading to the formation of planetary bod-
ies over millions of years.

Safronov’s theory provided insights into planetary rotation rates and ax-
ial tilts, highlighting collision dynamics’ fundamental importance in shaping
planetary systems.

Given the lack of a comprehensive explanation for the regulation of an-
gular momentum and the kinetic and dynamic barriers in the interaction be-
tween gas, dust, and larger bodies within the protoplanetary disk, two theo-
ries emerge to address these theoretical limitations. These theories, known as
Core Accretion (Reviewed by Lissauer (1993)) and Gravitational Instabilities

(Boss, 1997), remain the primary models in the study of planetary formation.
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1.5.1 Core Accretion

Essentially stemming from the aforementioned accretion models, this idea
entails the accumulation of refractory solid material, where micron-sized
dust grains coexist within the same regions of the disk, clumping and stick-
ing together to form increasingly larger and more massive bodies. Within
the disk, not only is there hot dust of dense elements, but also, beyond the
snowlines, these granules of material include ice-water solidifications. Over
periods of thousands of years, these material grains interact by colliding at
low velocities, merging, and gaining increasingly more mass, reaching sizes
on the millimeter/centimeter scale, and decoupling from the gas also rotat-
ing in the disk, ultimately accreting towards the proto-star. As the mass of
these grains begins to increase (to meter and/or kilometer diameters), grav-
ity becomes an important factor in driving collisions, initiating a "run-away"
process for the mass growth of the grains, which begin to collide and merge
ever more rapidly. As gravity becomes the driving mechanism for the growth
of these bodies, an oligarchic growth process begins, where protoplanets be-
gin to accrete smaller-sized material, leaving almost exclusively the objects
of greater mass, culminating in the formation of rocky planets (Earth-like),
and the cores of ice giants (Neptune-like) and gas giants (Jupiter-like). In the
event that rocky or icy cores continue to accrete material and reach a mass
between 5-10 Mearth, while the disk remains gas-rich, then these cores will
accrete the available gas around their orbits, obtaining increasingly massive
and dense atmospheres. Finally, if these protoplanets surpass the threshold
of ~ 30 Mg, then a "run-away" process will begin in the gas accretion from
the disk, culminating in the formation of gas giant planets within the plane-
tary system. The theoretical timescales for these processes are as follows: (1)
10* years for the dust sticking of micrometer-sized dust. (2) 10° years for the

"run-away" growth of planetary embryos. (3) 10°-107 years for the oligarchic
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growth of protoplanets. (4) 107-10% years for the final formation of rocky
planets, where they undergo the last collisions of great impact prior to sys-
tem stability. In the case of the cores of giant planets (of ice and /or gas), when
they reach the "run-away" stage in gas accretion, they accelerate their forma-
tion and growth process, ultimately reaching their final mass between 10°-107
years. Figure 1.8 shows an scheme for the theoretical timescales with previ-
ously mentioned formation stages, and the timeline for the different planet
types.

This model exhibits some limitations or barriers in certain aspects of its
processes, particularly where the mechanisms or estimations for gas and dust
values are inaccurately estimated or significantly deviate from recent obser-
vational data. Subsequently, we will provide a brief overview of the most

prominent barriers within this planetary formation model.
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tive size scale for the material that participates in every physical evolutionary track.
Figure from Raymond and Morbidelli (2022).
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1.5.2 Gravitational Inestabilities

Within the physical phenomena affecting objects in space, the most signifi-
cant is gravity. Generally, we associate gravity among different bodies, which
interact with each other through it, depending on the masses and distances
of the objects forming part of the system. An interesting behavior to study is
when objects become massive enough to not only interact with other distant
objects but also gravitationally interact with themselves. This phenomenon
is called self-gravity.

Suppose a thin and axisymmetric gaseous disk; it can be subject to gravi-
tational instabilities due to its interaction with the central proto-star, leading
to the fragmentation of the disk into dense gas clumps distributed radially,
mainly in the form of spiral arms (Rice et al., 2003; Zhu et al., 2012). These
clumps are subject to self-gravity, collapsing in on themselves and producing
the first planetary embryos (Boss, 1997).

For disk fragmentation to occur, there is a criterion formulated by Toomre
(1964), where by studying the stability of axisymmetric and infinitesimally

thin disks, he arrives at the following equation:

csQ)

Q= (1.2)

Where cs corresponds to the gas sound speed, () is the orbital frequency,
Y.gas is the surface density distribution along the disk, and G is the universal
gravitational constant. So, for the disk to become unstable, a critical value of
the Toomre parameter is needed, given by Qitical = 1. That is, as long as the
disk has a parameter Q > Qitical, it Will be gravitationally stable. Despite
this theoretical critical value, numerical simulations for gaseous disks have
shown that for values Q < 1.7, spiral arms with gas overdensities clumps be-
gin to form (e.g., Durisen et al., 2007). Although we mentioned that reaching

the Q < Quitical 1S Necessary for Gravitational Instabilities (Gls) to occur, this
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is not a sufficient requirement to generate core fragmentation.

Figure 1.9 shows a capture, from a whole simulation, modeling the frag-
mentation of the PPD due Gravitational Inestabilities. In difference with
sub-mm observations, models present several spiral arms, at least at the first
stages of the fragmentation. Also dense cores are forming at large distances
from the protostar, > 10 au in this case. This contrasts with the existence of
massive exo-planets detected at short distances from their host stars (few au),

like Hot Jupiters.
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FIGURE 1.9: Simulations of spirals patterns produced by Gravitational Inestabili-

ties in a circumstellar disk, around a YSO. Dense cores of material form at different

distances from the protostar, driven by the spiral arm structures accumulating the

material, and changing the dust and gas density distribution within the disk. Cred-
its to Daniel J. Price (video).


https://www.youtube.com/shorts/_JgwlWDL3aw
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1.5.3 Barriers in Planet Formation Theories
Radial Drift

In the early stages of planetary formation, micrometer-sized dust particles
(ym) embedded within the protoplanetary disk are coupled to the motion
and pressure of gas molecules, thus unable to move or float freely. The forces
acting on the dust particles depend not only on the relative motion between
the dust and gas but also on the size of the particles. When the dust particles
are sufficiently small, 2 < A, with a being the radius of the particles and A
the mean free path of gas molecules, then the system can be assumed to be in
the "Epstein drag regime". In this case, the drag force (Fyr,g) is given by the

following equations:

(1.3)

3t 5 5
Farag = ——PgAUMYV ; Uy =
& 4

where p, is the gas density, vy, is the thermal velocity, v is the velocity of
the particle relative to the bulk motion of the gas, k is the boltzmann constant,
T the temperature of the system, u is the mean molecular weight, and myy is
the mass of the hydrogen atom.

When dust particles begin to agglomerate and increase in size such that
they reach a size similar to the mean free path of gas molecules, 2 2 A, a
flow pattern emerges around the dust particle, and the drag force (Fyrag) is
characterized as being in the "Stokes drag regime". In this case, the drag force
included now a friction time parameter (77), due the interaction with the
particles and gas. The Stokes drag force is given by the following equation:

mv 4 a*py

Fdrag — T—f 7 Tf — §Cspg/\

(1.4)

In these equations m and v represent the mass and velocity of the parti-

cles, p; is the density of the particles, and cs the speed of sound in the system.
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In the Stokes regime, a useful parameter emerges to simplify the behavior
of floating particles interacting in gaseous mediums. The Stokes number is
a dimensionless value representing the aerodynamic efficiency of different
materials in various mediums. In this particular case, it denotes the friction
time (7y) relative to the orbital period (Q)k) of particles in the disk. The Stokes

parameter is given by the following formula:

St = Tf Qg (1.5)

This dimensionless value proves highly beneficial for such problems as
it standardizes the aerodynamic capabilities of diverse bodies in different
materials. Hence, regardless of the medium or particle properties, if two
objects share the same St number, they will exhibit equivalent aerodynamic
efficiency in their respective mediums.

The existence of these drag forces gives rise to the phenomenon of radial
drift by dust particles, which, depending on their Stokes numbers, and con-
sequently their sizes and masses, could lead them to fall towards the proto-
star at a speed greater than necessary to form planetary embryos or proto-
planets. To clearly understand how radial drift affects dust particles, one
must first comprehend the force balances within the gaseous disk, consid-
ering gravitational, centrifugal, and pressure forces. Gravity, exerted by the
central proto-star, points towards the interior of the disk, whereas centrifugal
force naturally pushes the gas towards the outer region of the disk. The pres-
sure experienced by the gas also points towards the outer part of the disk.
This is because the higher gas density at higher temperatures is found in the
inner disk, near the proto-star, resulting in sub-Keplerian velocities in the gas

motion, as explained by the following equation:

2alnpv
olnr X

1/H
Vgas = VK — AV AV=—<—>

5= (1.6)
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Where vk is the keplerian velocity and Av is the sub-Keplerian velocity
difference. For the logarithmic pressure radial gradient, usually is considered
dlnP/dlnr = -3.5 in the mid-plane of the disk. Also in the minimum mass
solar nebula (MMSN), the aspect ratio H/r is proportional to 1/7%, estimating
a sub-Keplerian velocity difference of Av ~ 50 m s~

Finally, combining the last two equations, we obtain the following expres-
sion for the radial velocity v, of dust particles:

2Av

v, = —— 1.7
' St + St 1 (17)

With this, we can study different scenarios for the Stokes number (St) for
various types of dust particles. For smaller particles, which are fully coupled
to the gas, St < 1, and thus v, < 1. For larger particles, the same phe-
nomenon occurs as they are completely decoupled from the gas motion, so
if St > 1, it also implies that v, < 1. The most complex case arises for par-
ticles with St ~ 1, where the radial velocity takes values v, ~ —Av, causing
this material to rapidly fall towards the center of the disk, and consequently
towards the proto-star.

Although the radial drift for the dust, there are porposed mechanisms to
retain the dust orbiting the proto-star, and stopping the radial drift. We will

discuss those mechanisms in next sections.

Fragmentation

When dust particles accumulate and form pebbles of sizes greater than XX,
their interaction with gas turbulence ceases to be significant, and the growth
of dust will depend solely on the interaction between these pebbles. In this
size regime, two additional barriers to pebble growth through accretion ap-

pear due to collisions between them, namely bouncing or fragmentation of
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these bodies upon mutual collision (Blum and Wurm, 2000; Birnstiel et al.,
2010; Krijt et al., 2015).

Fragmentation, as its name clearly illustrates, occurs when two solid ma-
terial granules collide, but instead of undergoing a plastic collision resulting
in a pebble larger than the two prior ones, they fragment into smaller gran-
ules, thus preventing the formation of increasingly larger bodies.

The outcome of collisions between dust granules depends on the size, ve-
locity, and mass of the participating bodies in the collision (e.g. Wada et al.,
2007; Wada et al., 2008). Therefore, studies on grain growth based on accre-
tion propose a velocity range of ~0.1-50 m s, given the turbulence of the
grain medium, suggesting a grain growth over millimeter sizes just consid-
ering a threshold velocity of v > 30 m s~! (Brauer, Dullemond, and Henning,
2008). Laboratory experiments have shown that fragmentation velocity is
much lower than that proposed by aggregation growth models, concluding
that only collisions at velocities v, < 1 m s~! could prevent the fragmen-
tation of initial micron-sized silicate monomers (Gtittler et al., 2010). This
pertains to solid and dry dust granules (mainly silicates), but there are also
studies proposing more promising conditions for icy grains. In these types of
granules, due to the physical properties of ice, they could couple together in
collisions with higher velocity ranges, v, < 9.6 m s~!, allowing for a greater
chance of success in icy grains (Gundlach and Blum, 2015).

The other barrier, also related to collisions between granules, is bouncing.
For velocities smaller than those causing fragmentation, it happens that dust
granules withstand collisions without fragmenting but do not have the ideal
structure to generate plastic collisions, bouncing off each other, resulting in

nearly elastic collisions.
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1.5.4 Solving the barriers

To address the barriers of grain growth, it is necessary to prevent grains from
having a high radial velocity, thus allowing them enough time to couple and
adhere to each other before being accreted by the star. In addition to reducing
the turbulence of the disk, avoiding grains from colliding at high speeds and
ending up fragmented or bounced.

One of the most successful solutions among the community, for main-
taining regions of high dust density while avoiding radial drift, are pressure
bumps. These regions of the disk have a positive pressure gradient, causing
dust grains to feel a push towards the outer part of the disk, counteracting
radial drift. The ways to generate these gas and dust overdensities (dust
trapping) in the disk are mainly as follows:

Dead Zones: These regions of the disk are associated with the outer part
of the mid-plane, presenting low levels of ionization, and therefore, low tur-
bulence. Given the low ionization of the medium, there is no action from
magnetorotational ionization (MRI), being one of the first explanations and
candidates for zones of dust trapping. Additionally, in these external regions
of the disk, up to 20 au, there are variations in the viscosity of the medium,
allowing grains to grow and greatly reducing radial drift. Hydrodynamic
simulations have shown that Dead Zones are capable, by themselves, of pro-
ducing gaps and structures present in transition disks (Pinilla et al., 2016;
Delage et al., 2023).

Snow Lines: These regions correspond to radial limits, where the tem-
perature allows the condensation of volatiles, thus obtaining a region where
both volatiles in solid and gaseous states coexist. In general, the majority of
volatiles present in the protoplanetary disk correspond to H,O, CO, and COs.

By coexisting in different states, the addition of these volatiles to dust grains
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becomes fundamental in altering the physical properties of the grains, allow-
ing for better coupling between them. Additionally, the multiple changes of
physical states that occur in the Snow Lines increase the surface density of
these regions, increasing the viscosity of the medium, decreasing the radial
drift of the material, and consequently, producing zones of dust trapping
(Pinilla et al., 2017). These material accumulation zones have been observed
in accordance with CO (Guidi et al., 2016) and H,O (Cieza et al., 2016) Snow
Lines.

Photoevaporation: Given the interaction between the disk and the central
proto-star, solid particles falling radially towards the central source increase
in temperature; depending on the star’s luminosity, they would evaporate,
generating viscosity gradients in the disk, with the same material coexist-
ing, similar to what occurs in the Snow Lines, in liquid and gaseous states.
Thus, negative pressure changes would be produced, generating dust trap-
ping. This Photoevaporation of the inner disk would move radially, as the
disk front, exposed to the highest amount of radiation from the proto-star,
would evaporate radially, opening an increasingly larger cavity, until reach-
ing the thermal limit given by the brightness of the proto-star, and eventually
forming bright rings of accumulated material (Pascucci et al., 2023, in a re-
view).

Presence of a Giant Planet: Here lies the dilemma of the chicken and
the egg since various studies have shown that the presence of Neptune-type
planets can generate pressure bumps in the disk (e.g., Rice et al., 2006; Pinilla
et al.,, 2012). Depending on the scale-height, density distribution, and vis-
cosity of the disk, the mass necessary for a protoplanet to open a gap wide
and/or deep enough to be visible in current observations is determined. Ad-
ditionally, the presence of a sufficiently massive, Saturn-type planet can even
generate more than one pressure bump in the disk (Bae, Zhu, and Hartmann,

2017), thus allowing the accumulation of material and reduction of radial



30 Chapter 1. Introduction

drift in multiple locations of the disk. Not only have models been shown to
allow dust trapping in disks interacting with massive planets, but it is also
possible to find an increase in grain growth for millimeter-sized particles, de-
pending on the disk conditions, coalescing into larger particles (Bi, Lin, and
Dong, 2021).

An schematic representation of some of mentioned dust trapping mech-
anisms, it is presented in Figure 1.10. In this particular case, each diagram
represent a possible mechanism to form transition disks, with bright rings in
the external region of the PPDs, and a cavity of sub-mm emmiting material

around the protostar.
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FIGURE 1.10: Some of possible mechanisms forming transition disks, and dust trap-
ping. Each panel labeled the respective mechanism. Figure from van der Marel
(2023)

1.5.5 Pebble Accretion

In the preceding sections, we have listed and described various arguments
and models that would address the barriers to the growth of solid bodies or
planetary embryos, overcoming both radial drift and fragmentation in col-
lisions. However, it remains unclear how planetesimals begin to grow into

cores of giant planets. In this context, the theory of pebble accretion emerges,
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where planetary embryos start to accrete pebbles in gaseous environments
violently and rapidly to quickly reach a critical size and mass to begin accret-
ing gaseous material in the disk.

Ormel and Klahr (2010) propose 2D models for the interaction of dust of
different sizes and St with protoplanets radius Rp 2 100 km. Using the Hill
Radius (Ryjy), presented in equation 1.8, where ag is the semi-major axis of
the orbit, and M), the mass of the protoplanet, they analyze the behavior of
the dust in different gas interaction regimes, interacting with the protoplanet

and its vicinity.

M, \ 3
Ry = ao i (1.8)
*

Thus, they analytically study three possible scenarios for the trajectories
of pebbles due to the influence of giant planet cores:

Settling Encounters: In this case, particles have direct falling trajectories
towards the protoplanet, where pebble accretion is independent of the pro-
toplanet’s Ryy.

Hyperbolic Encounters: Here, particles fall tangentially to the gravitational
influence of the protoplanet, similar to what would be an unstable orbit, ul-
timately accreting onto the larger body. In this case, the velocity of descent
towards the protoplanet is mainly influenced by gas drag.

Three-body Encounters: The gravitational attraction given by the Ry at-
tracts pebbles around the protoplanet’s orbit, which, together with gas drag,
allows some of the pebbles within Ry to accrete onto the protoplanet. The
main conclusion of these models shows that when protoplanets reach a size
Rp ~ 10° km, they can rapidly and effectively accrete pebbles with a St ~ 1,
being a simple and efficient way for hurried protoplanet growth.

Despite efforts to explain the existence of giant planets in short time-

frames within the protoplanetary disk, it still takes too long for protoplanets
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that are dozens of AU away from the star, contradicting current observations.
This is why new pebble accretion models showed that giant planets could
indeed form rapidly, both at ~ 5 AU and at ~ 50 AU from the proto-star,
providing support for the core accretion theory, as the cores of gaseous giant
planets could now reach the critical mass of mj ~ 10 Mg, necessary to be-
gin the rapid gas accretion phase. This m; would form in timeframes of <1
Myr, a time shorter than estimated observationally for gas dissipation within
protoplanetary disks. For these models to work, a large quantity of pebbles
in the midplane of the disk is needed, ideally with 7; ~ 0.1 (Lambrechts and
Johansen, 2012).

1.5.6 Runaway Accretion

Once the pebble accretion stage is surpassed, and the heavy cores of giant
planets reach their mq;, then the next evolutionary stage begins, the run-
away gas accretion. This process, where protoplanets begin to primarily en-
rich themselves with Hydrogen and Helium, was proposed by Pollack et al.
(1996). However, the core accretion mechanisms known up to that point re-
quired much longer time ranges than those observed subsequently (Alibert
et al., 2005). This barrier is overcome by pebble accretion models, providing
much more realistic ranges, compared to observations, for the formation of
gas giants.

This gas accretion period is divided into different stages. Firstly, the core
of the future gas planet forms an envelope of material around it, all driven
by the influence of gravity through the Hill sphere, or the possible type I
migration of the protoplanet within the disk (Crida and Bitsch, 2017). The
growth of this envelope of material surrounding the protoplanet is generally
assumed to be within a hydrostatic regime in the vicinity of the protoplanet.

Additionally, the continuous accretion of planetesimals and pebbles towards



1.6. Protoplanetary Disks 33

the protoplanet generates a high-temperature system and greater luminosity
on the surface of the protoplanet. Once a mass quantity is reached in the
envelope, similar to that of the protoplanet’s core, the atmosphere’s Kelvin-
Helmholtz cooling time begins. Essentially, this is the time it takes for the
gas present in the envelope to fall towards the core, making room for more
gas from the disk to fill the envelope in the Hill sphere (Piso and Youdin,
2014). At the same time, as the protoplanet begins to generate a massive gas
envelope, it opens gaps or cavities wide enough to mitigate the accretion of
planetesimals and pebbles, so it only interacts with the remaining gas within
the gap in its orbit. When the atmosphere reaches a mass similar to or greater
than the heavy core, this cooling stage reaches its peak, beginning a rapid
gas accretion process, where the material passes directly from the envelope
to the protoplanet’s atmosphere (Ikoma, Nakazawa, and Emori, 2000). This
runaway process lasts depending on the amount of gas available in the vicin-
ity of the protoplanet’s Hill sphere influence, obtaining a final mass once the

gas present in the gap is depleted (Goodman and Rafikov, 2001).

1.6 Protoplanetary Disks

1.6.1 Substructures in Protoplanetary Disks

Since the inception of the Atacama Large Millimeter Array (ALMA) radio
telescope, investigations into planet formation and protoplanetary discs have
undergone an exponential surge. ALMA'’s exceptional angular resolution,
achieving 65 < 0.1", coupled with its extensive frequency coverage span-
ning from 40 GHz to 870 GHz in 10 bands, enables unprecedentedly detailed
observations of both continuum and spectral lines. Moreover, the 66 anten-
nas comprising the interferometer endow ALMA with productivity and ef-

ficiency orders of magnitude higher than previous instruments, facilitating
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observations with equivalent sensitivity in mere minutes, a task that would
have taken hours or even days with previous telescopes.

This study harnesses ALMA’s ultra-high angular resolution and excep-
tional sensitivity to scrutinize protoplanetary discs within exposure times of
less than a minute. Notably, the pioneering observation of the proto-star HL
Tau by ALMA (ALMA Partnership et al., 2015) marks a significant milestone
in the field. HL Tau, classified as Class I-II, presented humanity with un-
precedented morphological details of a protoplanetary disc, unveiling multi-
ple rings, gaps, and a luminous inner disk characterized by heightened ma-
terial density. This seminal image laid the foundation for the comprehensive
understanding of planet formation that has evolved over the ensuing decade.

Subsequently, building upon the success of HL Tau, the Disk Substruc-
tures at High Angular Resolution Project (DSHARP) conducted the first large-
scale observation program of protoplanetary discs (Figure 1.11), specifically
targeting Class II sources (Andrews et al., 2018). The DSHARP survey pro-
duced high-resolution ( 3 au) continuum images of 20 protoplanetary discs,
revealing a plethora of substructures including gaps, rings, spiral arms, asym-
metries, and dense dust clumps. Detailed analysis by Huang et al. (2018a)
elucidated that many of these observed substructures likely arise from inter-
actions between protoplanets and the disc in a low-viscosity regime, affirm-

ing theoretical predictions.

1.6.2 Evolutionary Path for Protoplanetary Disks

In section 1.4.1, we presented examples of a significant portion of the Proto-
planetary Disks (PPDs) observed with high angular resolution, detecting the
presence (or absence) of well-defined substructures, and spatially resolving

their morphology, size, or distance from the central source.
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FIGURE 1.11: Continuum images for the 20 disks present in the DSHARP survey. It

is possible to observe a big variety of sub structures, like spiral arms, bright clumps,

ring, gaps, cavities, and multiple systems. This was the first ALMA large program
of PPDs in high angular resolution. Figure from Andrews et al. (2018).

Most observational projects have aimed to understand the physical phe-
nomena capable of shaping disk substructures, primarily focusing on Class II
objects. These objects exhibit a greater variety of morphologies and have less
contaminating material from envelopes or outflows, making them preferable
targets for study.

Despite efforts, our understanding of PPD evolution remains limited, with
a lack of high-angular-resolution observations (Ares < 0.1") for Class 0, I, or
FS sources. Additionally, the proportion of these young sources is consid-
erably lower compared to Class II sources in nearby Star Forming Regions
(distances < 300 pc).

As part of the ODISEA project, Cieza et al. (2021) present a sample of 10
Young Stellar Objects (YSOs) in the Ophiuchus molecular cloud, spanning
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Classes I, FS, and II. Their observations, conducted at a spatial resolution of
3-5 au, provide valuable insights into bright disks at various evolutionary
stages, proposing an evolutionary sequence for substructures within proto-
planetary disks (Figure 1.12).

Assuming that most substructures are generated by protoplanets, Figure
1.9 proposes a sequence where Class I disks typically lack discernible sub-
structures, such as rings, gaps, or spiral arms (also observed by Ohashi et
al., 2023), due to the absence or insufficient mass of protoplanets to carve
the disk. However, evidence suggests that bodies such as mini-Neptunes or
Earth-mass planets could produce detectable structures (Pérez et al., 2019;
Rosotti et al., 2016; Dong et al., 2017).

As planets accrete material from the disk and increase in mass, they open
larger gaps and produce dense accumulations of material (bright rings) in
the outer disk regions (Casassus et al., 2013). Multiple rings in early stages
merge into a single ring with a halo of material, while the inner disk cavity
shrinks with material accretion towards the central source (e.g., Elias 2-24
and DoAr 44).

Ultimately, only a bright ring of material remains, with an indiscernible
inner compact disk, trapping material from the disk’s periphery. Material
between the ring and the source is accreted by the star or planets, akin to
rocky bodies in the Solar System. This morphology persists until Class III
disks, debris disks, where the ring’s material compacts, forming a structure

analogous to the Kuiper belt (e.g. White et al., 2017; Matra et al., 2019).

1.7 Thesis Outline

Using ALMA observations at band 6 (1.3 mm), at angular resolutions of 1.1",
0.2", and 0.03" (~ 154, 28, and 5 au, respectively), the objective of this thesis

is to study structures at different spatial scales around Young Stellar Objects
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FIGURE 1.12: Proposed evolutionary path for the observable substructures, in the

continuum, present in PPDs. At the begining, there are disks with not evident gaps

or rings, moving to formation of first substructures, ending with bright rings and
large cavities. Figure from Cieza et al. (2021).

(YSOs) of Class I, FS, and II disks. These structures, previously described
in this introduction, are observed both on large scales (envelopes, outflows,
and/or streamers) and on disk dimensions (rings, gaps, cavities, etc.). For
more extended material structures, mainly molecular line observations will
be used, including 12CO, 13CO, C'80 (2-1). For substructures related to proto-
planetary disks, wavelengths relative to continuum emission will be utilized.
The details of each observation and the methodology used for their analysis
are described in each chapter. The different topics are organized as follows:
Chapter 2 discusses continuum observations for circumstellar disks around

sources in the sub-stellar regime, present in the ODISEA survey. It also dis-
cusses and analyzes the morphological and physical properties of large-scale
structures observed in molecular lines in these proto-Brown Dwarf Candi-
dates. Additionally, it compares the emission properties, both dust and gas,
among sub-stellar sources of different IR classes.

Chapter 3 analyzes in-depth the ISO-Oph 2 system, consisting of a wide
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binary at a distance of 240 au. This system is composed of the longest and
shortest cavity observed in the Ophiuchus cloud to date. Using available
observations at different angular resolutions for the continuum, the sizes of
the cavities, the asymmetries of the rings, and all possible morphological
parameters for each source are measured. In the case of lines, various image
processing methods are employed to avoid contaminating cloud emission
and to observe the gas related to each source and the entire system.

Chapter 4 summarizes and concludes the most impactful results of each
chapter and discusses the current premises regarding the evolution of ma-
terial around YSOs based on the discussions of each chapter. Additionally,
it reflects on and proposes future observations and analyses to better under-
stand the evolution of YSOs in different galaxy SFRs, as well as to link these

projects with potential new discoveries related to planet formation.
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2.1 Abstract

The formation of brown dwarfs (BDs) remains an unresolved puzzle. Sev-
eral BDs formation scenarios have been proposed in the literature. In order
to better understand those mechanisms and the predominant one we need to
study young BDs, when they are still embedded in their parental cloud, in a
phase analogous to the protostar stage in the low-mass stars regime. In the
context of the "Ophiuchus Disc Survey Employing ALMA" (ODISEA), we
selected a subsample containing all class I and Flat Spectrum proto-brown
dwarf (proto-BD) candidates to study the distribution of gas and dust sur-
rounding them. As a result we found that out of a total of 21 objects, 16
exhibit extended continuum emission. Additionally, 12 sources show molec-
ular emission in 2CO, 13CO, and/or C!¥0O (2-1), close to the central source,
either tracing rotating disks, outflows, or possible streamers or envelopes.
Compared to Class II proto-BDs within the Ophiuchus region, we observe
a higher detection rate among younger classes (I and FS) relative to the to-
tal young stellar object (YSO) population. This prevalence of material sur-
rounding proto-BD candidates suggests an extended lifetime, particularly
during early substellar stages. Our findings shed light on the evolutionary
timescales and formation mechanisms of substellar objects within Ophiuchus

star-forming region.

2.2 Introduction

In recent years, the study of protoplanetary disks (PPDs) has undergone
exponential growth. High-resolution observations have provided unprece-
dented insights into these objects, revealing structures and features (ALMA

Partnership et al., 2015) that were previously beyond observational reach



2.2. Introduction 41

(Kwon, Looney, and Mundy, 2011) just over a decade ago. Much atten-
tion has been directed towards achieving very high angular resolution im-
ages of young stellar objects (YSOs) (e.g., Andrews et al. 2018; Cieza et al.
2021; Garufi et al. 2022; Rich et al. 2022) and conducting statistical analy-
ses across various star-forming regions (SFRs) such as Lupus (Ansdell et al.,
2016), Chameleon (Pascucci et al., 2016), Taurus (Andrews et al., 2013), Upper
Sco (Barenfeld et al., 2016), o-Orionis (Ansdell et al., 2017), among others.
Within this context, the ODISEA project (Cieza et al., 2019) emerged, lever-
aging the capabilities of the Atacama Large Millimeter /submillimeter Array
(ALMA) radio telescope to survey all YSOs previously cataloged in the c2d
project (Evans et al., 2009) within the Ophiuchus molecular cloud. Notably,
Ophiuchus stands out due to its proximity to our solar system (140 pc on
average) and its relatively young age of 1-2 Myr (Wilking, Gagné, and Allen,
2008), and observable by ALMA in the southern hemisphere, making it a
valuable target for understanding YSO and protoplanetary disk evolution. It
is noteworthy that Ophiuchus hosts one of the highest concentrations of IR I
and Flat Spectrum (FS) class objects among nearby SFRs (Evans et al., 2009).
The prevalence of early-stage YSOs in Ophiuchus offers a unique oppor-
tunity to study the primordial environments where protostars and proto-
planetary disks first form. According to current star formation theories, pre-
stellar cores initially coalesce in dense regions of molecular clouds (Ward-
Thompson et al., 1994), gradually accreting material to form a protostar with
surrounding gas and dust circumstellar disk and envelope (Shu, Adams,
and Lizano, 1987). As nuclear fusion ignites within the protostar, powerful
jets emerge, piercing through and shaping the surrounding envelope (Bally,
Reipurth, and Davis, 2007). Over time, these jets heat the envelope material,
triggering the generation of bright outflows (Ray et al., 2007), which progres-

sively carve out larger and denser structures as they excavate the envelope
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(Arce et al., 2007). Despite the apparent coherence of this evolutionary pro-
cess, the linearity and duration of its stages remain subject to ongoing investi-
gation (Takami et al., 2018; Takami et al., 2019), necessitating further scrutiny
of YSOs in their early formation stages and the large-scale spatial structures
(> 1000 au) enveloping them.

The material enveloping YSOs not only influences the formation and evo-
lution of protoplanetary disks, but also dictates the accretion process onto
the protostar, consequently impacting the final stellar mass (Hartmann, Her-
czeg, and Calvet, 2016). Various mechanisms regulate the accretion rates
onto protostars (e.g., Tsukamoto et al. 2023), dispersing material (Hasegawa
et al., 2022) or inflowing it (Mottram et al., 2013), with a comprehensive un-
derstanding of these mechanisms enabling extrapolation of the final masses
of YSOs and, by extension, the amount of material within protoplanetary
disks capable of forming planetary systems. Studies have revealed correla-
tions between accretion rates and protostellar masses (e.g., Lodato et al. 2017;
Somigliana et al. 2022), offering insights into future stellar properties such as
temperature, luminosity, and mass. Moreover, protostellar properties play
a crucial role in understanding their interaction with surrounding material
envelopes, thereby facilitating the precise interpretation of related observa-
tions, including envelopes, infalling streamers, disk winds, outflows, and in-
flows, that have been previosly modelled with stellar population interacting
simulations (Hirano and Yoshida, 2013).

Despite the predominance of YSOs within certain mass ranges in obser-
vational studies, significant numbers of very low mass sub-stellar sources,
including Brown Dwarfs (BDs), with masses < 0.1 Mg, have been identi-
fied in the Milky Way (e.g. MuZi¢ et al., 2017). These objects, incapable of
sustaining hydrogen fusion due to their low masses (below 0.07 M), only
undergo deuterium fusion, resulting in extremely low temperatures (2200 -

250 K) that render them almost undetectable in the optical range. The origin
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of BDs remains a topic of active debate, with proposed scenarios suggesting
either a scaled-down version of the star formation process or the ejection of
sub-stellar objects from protoplanetary disks due to gravitational fragmenta-
tion (Reipurth and Clarke, 2001; Stamatellos and Whitworth, 2009; Machida,
Inutsuka, and Matsumoto, 2009). Regardless of the specific formation mecha-
nism, observations of exoplanets orbiting BDs suggest the possibility of sub-
stellar objects having their own circumstellar material disks at some point
during their formation.

Recent investigations have shown proto-BDs accompanied by protoplan-
etary disks (e.g. Testi et al., 2016; Santamaria-Miranda et al., 2021; Riaz and
Bally, 2021) and extended material structures such as outflows and jets (e.g.
Santamaria-Miranda et al., 2020; Riaz and Machida, 2021). However, despite
these findings, conclusive evidence supporting a specific formation scenario
for sub-stellar objects remains elusive.

Within the framework of the ODISEA project, we have identified 21 can-
didate proto-BDs of classes I and FS (Section 2.3). These candidates were an-
alyzed using observations at varying angular resolutions (Section 2.4), with
image synthesis parameters modified from those originally published by Cieza
et al.,, 2019. Our analysis includes the detection of continuum emission (1.3
mm or 228 GHz) from 16 of these sources (Section 2.5.1), and the identifica-
tion of gas emissions in lines of 2CO, 3CO, and C'®O (2-1) in 12 proto-BD
candidates (Section 2.5.2). Furthermore, we estimated disk masses (Mgjsk =
Mgust + Mgas) for sources with continuum detections, described the observed
gas structure morphologies by measuring all available physical parameters,
and compared these measurements with those of class II proto-BDs (Testi et

al., 2016) also present in Ophiuchus (Section 2.6).
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2.3 Sample selection

Starting from the YSOs in Ophiuchus, detected and cataloged in the c¢2d pro-
gram (Evans et al., 2009), with their respective measured infrared classes,
the ODISEA survey (Cieza et al., 2019) observed ~300 sources with the 12m
array of the ALMA observatory. Using the same proto-brown dwarfs selec-
tion criteria employed by Testi et al. (2016), and based on the spectral def-
inition of brown dwarfs (BDs), we have selected all sources with a spectral
index equal to or later than M6 as possible proto-BD candidates within the
ODISEA survey. Additionally, using infrared data from the FIRE instrument
at Las Campanas Observatory (LCO), we applied the BT-Settl spectral mod-
els for low-mass stellar objects, obtaining estimations of their spectral indices
(Ruiz-Rodriguez et al. in prep).

In table 2.1, we present the source selection parameters, along with their
respective literary references and spectral estimates from FIRE’s spectrum
observations. The final sample consists of 21 potential sub-stellar object can-
didates, where the majority of the spectral indices are consistent between the
literature and the estimates from Ruiz-Rodriguez et al. (in prep). In some
cases, a precise spectral index estimate was not found, but objects previously
classified as proto-BDs, BD candidates (BDc), and likely substellar were in-
cluded.

For the Class II sources present in the ODISEA survey that follow the
criteria mentioned as proto-BDc, all of them are already described in Testi et
al. (2016) and Ruiz-Rodriguez et al. (2022), and it was not possible to obtain
additional lines or continuum detections beyond those already mentioned in
the literature.

Fig.2.1 displays the observed column density map obtained by the Her-
schel Space Telescope. This figure is analogous to the one published by Lad-

jelate et al. (2020), with the positions of each source from this study overlaid.
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It is noticeable that a significant number of sources are immersed in regions
of high column density. Therefore, one can anticipate observing substantial
contamination or absorption originating from the cloud in the channels corre-
sponding to the systemic velocity of the Ophiuchus molecular cloud (André

et al., 2007).

2.4 Observations and data reduction

The observations presented here are part of ODISEA project (Cieza et al.,
2019) observed by ALMA (PID: 2016.1.00545.S). The data is divided into two
different array configurations, which provided ~0.2” and ~1.1"” angular res-
olutions. Both antenna’s configurations include 5 spectral windows, 2 dedi-
cated to observe continuum emission, centered at 218.998 and 232.014 GHz,
and 3 more for detecting molecular emission from the transitions >CO, 13CO
and C180 (2-1) at 230.544, 220.404 and 219.566 GHz respectively, with 30 kHz
(~0.04 km s~') spectral resolution. Data reduction was made entirely us-
ing the CASA software (McMullin et al., 2007) version 5.8.0. Continuum
and line imaging were performed with the task TCLEAN, using the mul-
tiscale deconvolver. Self-calibration process was not applied, because there
is not improvement in SNR for the continuum images and line cubes. For
the continuum results we used both spectral windows centered at 218.998
and 232.014 GHz, the C40-5 antenna’s configuration data, and natural 2.0
weighting to improve the sensitivity, and to confirm disk detections in Cieza
et al. (2019), at higher SNR (Table 2.2). For the molecular emission lines, the
dataset’s combination of different array configurations decreased the SNR,
and diluted the extended emission surrounding the central source. There-
fore in this paper we just considered the data from the C43-2 antenna’s con-
figuration (Table 2.2). Natural weighting, robust 2.0 and 0.1 km s~ ! chan-

nel width were used to produce the final data cubes. A high percentage
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TABLE 2.1: Sourcenames; Right ascension; Declination; Distances from Gaia DR3, and for sources without Gaia parallaxes,
an average distance of 140 pc from Ortiz-Ledn et al. (2018); IR classes from c2d survey (Evans et al., 2009); Spectral type
from references; Effective temperature from references; Mass of the star from references; References: (1) Ruiz-Rodriguez et
al. (in prep), (2) Alves de Oliveira et al. (2012), (3) Doppmann et al. (2005), (4) Esplin and Luhman (2020), (5) Manara et al.
(2015), (6) Geers et al. (2011), (7) Riaz and Bally (2021).

Source name % 0 Distance IR Class Spectral type Tet Mgiar References
(J2000) (J2000) (po) (K) M,

2MASS J16230686-2257367 16:23:06.867 -22.57.36.75  137+20 FS M8 2800 - (1)
BKLT J162546-242337 16:25:46.629 -24.23.36.11 140 FS L5 / Polluted 2000 - 1) /@)
BKLT J162610-243353 16:26:09.932 -24.33.54.08  141+5 I M6 2800 - (1)
CRBR 2315.8-1700 16:26:17.229 -24.23.45.37 140 I M8 / M2 1700/3600 - (1) / (3)
CRBR 2317.5-1729 16:26:18.982  -24.24.14.26 140 ES Mé6 - 0.135 (4)
EW@S Oph 2320.8-1721 16:26:22.269 -24.24.07.06 140 ES M8 / M8 2600/2700 0.037 (1) / (5)
[GY92] 154 16:26:54.771 -24.27.02.25 140 FS M6 / M6.5 2800 0064 (1)/ @)
[GY92] 197 16:27:05.246 -24.36.29.79 140 I L8 1600 - (1)
WLY 2-35 16:27:15.514 -24.30.53.68 140 FS L9 1500 - (1)
ISO-Oph 150 16:27:30.912 -24.27.33.20 140 I L6 1800 - (1)
BBRCG 58 16:27:32.138 -24.29.43.57 140 ES M6 - 0.115 4)
2MASS J16274178-2442346 16:27:41.788  -24.42.34.60 140 FS Likely substellar / L7 1700 - (1) / (6)
[GY92] 344 16:27:45.787 -24.44.53.86 140 I M6 / M6 2800 0.033 (1)/ (2
2MASS J16274825-2442256 16:27:48.25  -24.42.25.6 140 I Likely substellar - - (6)
BKLT J162858-244054 16:28:57.869 -24.40.54.92 140 I L2-BDc 1700 - (1)
2MASS J16312923-2404311  16:31:29.24 -24.04.31.1 134+7 ES MS8 2700 - (1)
2MASS J16313383-2404466  16:31:33.83  -24.04.46.6 13744 FS M6 2800 - (1)
2MASS J16313679-2404200 16:31:36.80  -24.04.20.1 140 I Proto BD - - (7)
ISO-Oph 200 16:31:43.763 -24.55.24.548 140 I Proto BD - - (7)
ISO-Oph 204 16:31:52.111 -24.56.15.67 140 FS M8 - - (1)
WLY 2-69 16:32:21.052 -24.30.35.83 140 ES L1 - - (1)
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FIGURE 2.1: Coordinates of proto brown dwarfs candidates in
the sample (green circles), within Ophiuchus molecular cloud.
The background corresponds to H, column density map, from
Herschel Gould Belt Survey, for the L1688 (Ophiuchus) region.

of sources exhibit significant contamination at speeds associated with the
molecular cloud, between ~ 2 and 4 km s~!. Consequently, various strate-
gies were employed to mitigate this emission. These included the application
of UVTAPPER and UVRANGE tools. However, the outcomes did not align
with expectations. Not only did these interventions decrease the detection
sensitivity of extended emissions within the field of view (FoV) originating
from the cloud, but they also diminished the contrast of extended emissions
associated with the sources. Consequently, the resultant products derived
from the utilization of these CASA tools were deemed unsuitable for further

analysis.
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TABLE 2.2: Observational information from the QA2 ALMA report, considering the execution block, array configuration
(Array Config.), number of antennas (N Ant.), date, time on source for the complete 147 sources (ToS), average elevation
(Avg. Elev.), mean precipitable water vapor (Mean PWV), baselines length range, angular resolution (AR) and maximum

recoverable scale (MRS)

Execution Block Array Config. N Ant. Date ToS Avg. Elev. Mean PWV  Baselines AR MRS
[sec]  [deg] [mm] [m] "1 I
uid://A002/Xc20718 /X353 C40-5 45 13-Jul-2017 5020 - 1.9 16.7-26473 02 2.0
uid:/ /A002/Xc20718/Xblc C40-5 45 13-Jul-2017 4467 74.6 1.8 16.7-26473 02 2.0
uid://A002/Xc20718/X4a8¢c C40-5 42 14-Jul-2017 4489 - 1.1 16.7-26473 02 2.0
uid:/ /A002/Xcdelcf/X3966 C43-2 45  26-May-2018 4550 73.1 1.1 15-313.7 1.1 107
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2.5 Results

2.5.1 Continuum

From the complete sample of 21 young substellar candidates, 16 of them were
detected in the continuum (Fig.3.2). It can be observed that the vast majority
exhibit bright emission (>10x SNR), with green contours starting from 3 x
rms in each panel of Fig.3.2. Using the IMFIT tool from CASA to the contin-
uum images (Fig.3.2), we obtained the results shown in table 2.3. In contrast
to what might be observed in the continuum images (Fig.3.2), only 2 sources
are spatially resolved at this resolution with the deconvolved beam, 7 are un-
resolved but with estimated sizes, and the remaining 7 do not have sufficient
size or SNR for IMFIT to find values for the size, so they are defined as point
sources.

In this case, degrading the angular resolution and increasing the SNR,
Fig.2.3 shows the detection of two wide binary systems that were not de-
tected nor published by Cieza et al. (2019). For ISO-Oph 204, its faint com-
panion GBS-VLA J163151.93-245617 .4 is already detected in different wave-
lengths (Ratzka, Kohler, and Leinert, 2005; Cieza et al., 2009; Zurlo et al.,
2020), it is classified as a YSO, part of the Ophiuchus molecular cloud (Ortiz-
Leodn et al., 2018). On the other hand, WLY 2-69 has a companion, 2MASS
J16322081-2430290, which is a YSO previously detected by Spitzer (Guter-
muth et al., 2009) and ALMA (Cox et al., 2017). However, the 2MASS J16322081-
2430290 source is not bright enough to be detected with the imaging param-
eters used in Cieza et al. (2019). The literature information is insufficient
to classify either of those companions, GBS-VLA ]J163151.93-245617.4 and
2MASS J16322081-2430290, in the substellar regime.

In order to estimate the mass evolution of these proto-brown dwarf can-
didates, we determined estimates for the mass of the dust surrounding the

host source. Similarly to the approach taken by Williams et al. (2019), the
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simplest way to obtain a dust mass value is by assuming an optically thin
behavior of the emission, a homogeneous temperature, Ty,s; = 20 K, across
the disk, and an opacity coefficient of x, = (v/100 GHz) cm?g~!. Given the
above, and assuming the submillimeter regime of the observations presented

in this work, the equation for M,;; would be as follows:

M F,d? F225GH: d \?
st = e By (Taust) 0-592Me ( 1mJy ) \ 140 pc @1)

where the Fy)56H, corresponds to the continuum flux from the concatena-
tion of both, 218.998 and 232.014 GHz, spectral windows, and d the distances
in table 2.1. Then, considering equation 2.1, the estimated masses for the
dust, within protoplanetary discs in the sample, vary from <1 to ~45 Mg.
The undetected sources in the continuum have a flux < 0.2 mJy, so despite
they are not included in Table 2.3, we consider an upper limit on mass of 0.12

Mg for the dust around non detections.

2.5.2 Molecular lines

In the context of our sample, a total of 12 proto BD candidates manifest dis-
cernible line emissions interacting with the main source, with 11 exhibiting
continuous emission and a solitary target demonstrating only the emission of
12CO ([GY92] 344). The quantified flux values corresponding to the distinct
molecular lines (12CO, 13CO, and C'®0) are tabulated in table 2.4. These
values are derived through the integration of channels that show line emis-
sion >3 xrms. We only considered structures surrounding the central source,
excluding features associated to cloud contamination.

Appendix figures (Fig. 2.19 to 2.30) portray channel maps associated with
12CO emission related to the central sources. Contoured in white are the
delineated zones deemed pertinent for gauging the total integrated line flux

showed in 2.4.
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0.2

CRBR 2317.5-1729

[GY92] 197

WLY 2-69

ADEC [arcsec]

-1 0 1
ARA [arcsec]

FIGURE 2.2: Continuum ALMA images for 16 detected proto

brown dwarfs candidates at 1.3 mm. The synthesized beam size

(in white) is presented in the left bottom corner of each panel.

The green contours correspond to [3, 9, 27, 81, ...] x rms for each
image.

To discuss the morphology and kinematics of the gas structures, inte-
grated flux maps (moment 0) and velocity maps (moment 1) are presented for
each source with associated line emission. These maps were generated using
the BETTERMOMENTS library (Teague and Foreman-Mackey, 2018), employ-

ing a smoothing of 3 channels wide for the cubes, and a clipping procedure

in the moment 1 maps, to remove all pixels with values below [10, 5, 3] X
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ADEC [arcsec]

ADEC [arcsec]

1SO-Oph 204

GBS-VLA J163151.93-245617.4

WLY 2-69

ARA [arcsec]

FIGURE 2.3: Multiple systems from the same observations pre-

sented in Fig. 3.2. Left panels: Wide binary systems. Right

panels: Zoom in corresponding to white squares in for the re-

spective left panel. Green contours have the same levels than

Fig. 3.2. The synthesized beam size (in white) is presented in
the left bottom corner of right panels.
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rms for 12CO, 13CO and C!80 lines respectively.

The calculated gas masses, outlined in table 2.3, represent an estimated
ratio of the dust mass, scaled by a ratio of Mgas/Mgyst = 100, assuming same
proportions than ISM (Bohlin, Savage, and Drake, 1978). For instances where
the detection of 13CO and C'®0O is viable, and assuming an optically thin be-
havior for these lines, grid models derived from Williams and Best (2014) are
applied to estimate the gas mass, considering the 1*CO/ C'80 ratio pertinent
to the corresponding 2CO flux regime.

This section is compartmentalized into a morphological elucidation of ob-
served structures for each source, accompanied by a detailed description of
measurable gas parameters unique to each case within the respective subsec-

tion.

BKLT J162546-242337

In figure 3.4, the 12CO emission is strongly contaminated for a cloud stream,
crossing the fov north-east to south-west (e.g: Fig.2.19 at 1.7 km s~ !). Cloud
emission could easily be confused by a monopolar extended outflow in the
plane of the sky in the blue shifted velocities, due the short velocity range of
mentioned extended emission (~2 to 2.5 km s_l) is consistent with the cloud
systematic velocity, we keep just flux with longer range velocity, mainly re-
lated to the gaseous disk. Posterior channels show no emission > 3 xrms
associated with the central source, with a range between 2.2 and 4.0 kms ™.
The red shifted velocities show the complementary side of the disk, and the
possible inner part of an outflow.

I and

Considering the redshifted velocities ranging from 4.2 to 5.1 km s™
the positions of the star and both ends of the extended emission, the open-
ing angle of the outflow corresponds to 116°, and an extension of 4.2” (~600

au) from the central object. For the blueshifted velocities between 0.8 and 1.2
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km s™!, in the contours of fig.2.19, tentative extended emission can be ob-
served, which could correspond to the northern component of the outflows.
However, it is not sufficiently bright, subsequently combined with cloud con-
tamination, to measure the physical and morphological parameters of the
outflow.

13CO emission is related with the inner part of the gaseous disk. Similarly
to the continuum, using the imfit tool, geometrical measurements for the gas
disk are obtained, with parameters of 1.9" (bmaj), 0.78" (bmin), and a posi-
tion angle of 92°. In fig.3.4, it can be observed that the 13CO disk emission
aligns with the geometry of the continuum emission. Additionally, there is
a clear gas rotation, with a peak emission at 2.1 km s~ ! in the blueshift and
another peak at 5.2 km s~ ! in the redshift. The absence of emission and self-
absorption of the cloud around the systemic velocity (~ 3.3 km s 1) prevents
the observation of a perfectly Keplerian rotation.

Unlike 3CO, C'®0 shows minimal emission > 3xrms. In the velocity
map (Fig.3.4; right-bottom panel), only a few channels in the blueshifted ve-
locities exhibit emission, centered around 2 kms~'. The detection of the
blueshifted side of C'®0 is morphologically and kinematically consistent
with the gas disk of '3CO (Fig.3.4; mid-bottom panel). In this case, due to
the low emission, it is not possible to obtain geometric estimations of the

C180 disk.

CRBR 2315.8-1700

Unlike most of the others gas-emitting sources, CRBR 2315.8-1700 exhibits a
narrow range of emission velocities, between -0.6 and 2.5 km s . Due to the
aforementioned low sensitivity, there could be emission at higher velocities,
but it is not detected in these observations.

In Figure 2.5 (left panels), extended emission in the 2CO line associated

with a rotating disk coinciding with the continuum emission is observed.
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This extended structure is large-scale, extending beyond the field of view
of the observations, i.e. >2800 au. For these observations, it is difficult to
distinguish the nature of this large-scale spatial emission, but given its mor-
phology, it resembles a gas streamer originating from the cloud (e.g. Pineda
et al. (2020), Garulfi et al. (2022), Gupta et al. (2023)). Kinematically, the gas
emission in faster velocity channels (-0.6 to 0.5 km s~ 1), it is in the vicinity of
the dust disk (Fig.2.20), while the larger extended emission is closer to cloud
velocities (0.7 to 1.7 km s~ 1 in this case). Those kinematics are consistent
with what is expected for accreting material streamers from the molecular
cloud to the protoplanetary disk and its host source (Gupta et al. (2024)).
However, the velocities for this possible streamer are close to the cloud’s ve-
locity, so there could be emission unrelated to the system or a combination of
contamination and an extended structure associated with the central source.

The rotation of the gas disk around CRBR 2315.8-1700 is clearly visible in
the 13CO line (Figure 2.5 ; middle-bottom panel), with a systemic velocity
of 1.6 kms~!. The gas disk has dimensions of 2.1" x 3.9" (200 au x 550 au)
and a position angle of 117°, with a spatial orientation coinciding with the
continuum emission. In addition to the disk, part of the extended emission
similar to that present in the '2CO line can also be observed, but it is less
extensive and closer to the cloud’s velocity, suggesting it might be partially
cloud contamination.

Also present in the C130 line, a more compact rotational disk is observed
(Figure 2.5 ; right panels), spatially unresolved, with velocity ranges almost

identical to the 13CO emission.

CRBR 2317.5-1729

This source exhibits one of the most complex gas morphologies in the sample.

For the case of '?CQ, it is possible to observe in fig.2.6 (left panels) that the
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line emission shows a possible bipolar outflow, detected with similar charac-
teristics for both the blueshifted and redshifted sides. In this case, the out-
flows have a narrow width of 3" or 520 au, and therefore, an opening angle
of 23°. Despite the thinness of the possible outflows, they have an extension
greater than 18" (> 2500 au). This morphology may suggest a young age for
the outflows, where the jets are just beginning to carve and interact with the
envelope (ref). A peculiarity of this extended emission is that there is a de-
crease in brightness between the compact emission, related to the disk, and
a distance of ~4" (560 au) from the central source. This decrease in bright-
ness may be due to self-absorption of the cloud in those regions or periodic
material ejection pulses, generating non-uniform envelope heating (ref). The
velocity map (Fig.2.6; left-bottom panel) shows emission associated with the
disk, centered on the proto BD, only on the blueshifted side. The redshift
channels show the southwest component of the outflows, but only in its out-
ermost part, from ~4" (560 au) away from the central source. In this case,
both outflows show an almost symmetrical morphology, with blueshifted
emission between 0.2 and 2.5 km s~!, and then redshifted between 5.0 and
7.2 km s~ . It is worth noting that there is significant contamination from the
cloud between the channels 4.4 and 5.2 km s~ !, west of the source (Fig.2.21).

In the 1CO line, it is possible to observe the compact emission from the
disk (Fig.2.6; mid panels), which in this case is spatially unresolved and only
shows emission for the blueshifted velocities, between 0.8 and 2 km s~ '. The
spatial distribution, although unresolved, is consistent with the dust disk in

green contours. There is no emission > rms for C'®0 (Fig.2.6; right panels).

[GY92] 197

Previously studied under different names (LFAM 26 and DCE 182), [GY92]
197 presents bipolar outflows observed in the H; lines (Ks band; Hsieh, Lai,
and Belloche (2017)) and 2CO (3-2) (sub-mm; Bussmann et al. (2007), van der
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FIGURE 2.6: Maps of moments for CRBR 2317.5-1729, analo-
gous to Fig. 3.4

Marel et al. (2013)). The measured geometric properties for these outflows
are: an opening angle of 70°, an inclination of 5°, and an extent of >7.5" (1000
au) (Hsieh, Lai, and Belloche, 2017). In addition to kinematic properties,
with velocities ranging from -0.7 to 1 km s~ for the blueshift, and 6.7 to 11.5
km s~ ! for the redshift emission (van der Marel et al., 2013).

Unlike previous observations, in this case, no extended emission similar
to the previously mentioned bipolar outflows is observed (Fig.2.7). This may
be due to self-absorption of the cloud around the central source at most veloc-
ities with line emission (Fig.2.22). Additionally, contamination of the cloud
and/or diffuse emission from the outflows can be observed in the 12CO line,

~1, vertically traversing

as an emission column, between 5.8 and 8.4 km s
(from north to south) the field of view, at a distance of 6" east of the central
source (Fig.2.7; left panels). Furthermore, a pseudo streamer of material can
be observed, interacting from the west with the source, between 6.4 and 8.4

km s, but it coincides with the position of the outflow present in the litera-

ture, hence it may be a combination of cloud contamination with outflowing
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material from the proto BD. Unlike the large-scale structure, emission related
to the rotating gas disk around the central source can be observed (Fig.2.7;
left-bottom panel). The disk has a geometry of 1.5"x1.2" (210 au x 168 au)
and a position angle of 170°. The rotation and inclination of the disk are
consistent with what is expected given the spatial position of the outflows
(they are perpendicular), nevertheless, a discrepancy is observed between
the emission of the continuum flux and the central azimuthal position of the
rotating gaseous disk, with the dust disk situated in the blueshifted sector of
the rotating gas. The velocity range for the disk is from -1 to 2.7 kms™ ! in
the blueshift, and from 6.5 to 7.9 km s~ ! in the redshift (Fig.2.22).

In the case of emission in the 3CO line, compact emission from the disk is
observed, with possible rotation between 1 and 2.7 km s~ ! (Fig.2.7; middle-
bottom panel), but cloud absorption and possible contamination cause the
absence of 13CO detection for velocities beyond 4 km s !. The geometry of
the disk for this line is... (Fig.2.7; middle-top panel). The dimensions and
kinematics for the 3CO disk are consistent with what is observed in 2CO,
with rotation centered on the continuum emission. In the case of C!¥0, no

emission >3 xrms is detected.

[GY92] 344

The case of [GY92] 344 is distinctive within this sample due to its exclusive
2CO line emission without any concurrent continuum emission. Morpho-
logically, the observed gas structure manifests as central emission linked to
the central source (Fig.2.8; left panels), accompanied by two bright, collinear
knots situated at approximately 5" (700 au) from [GY92] 344. The extended
emission across the field of view ranges from 0.8 to 2.2 km s~ ! in the red-
shift and from 5 to 6.8 kms™! in the blueshift. At 6.1 kms™* (Fig.2.23),

there is discernible evidence of what could correspond to the inner segment



) Chapter 2. The Ophiuchus Dlsc Survey Employing ALMA (ODISEA)-1V:

6 Analysis of Young Proto-Brown Dwarf Candidates

0 1 2 -0.25 0.00 0.25 0.56-0.2 0.0 0.2

S wyf _weaq Afw

DEC [arcsec]
-

1S Wy

DEC [arcsec]

LO Ke) Ke}
-12 -6 0 6 12-12 -6 0 6 12-12 -6 0 6 12
RA [arcsec] RA [arcsec] RA [arcsec]

FIGURE 2.7: Maps of moments for [GY92] 197, analogous to
Fig. 3.4

of bipolar outflows, emanating towards the northwest and southeast, respec-
tively. Given the intricacies of the structure and potential cloud contamina-
tion effects (e.g., fig.2.23, channels 5.7 to 6 km s~ 1), it remains impractical to
determine geometric parameters for the extended emission. The measured
dimensions for the central emission are 2.28"x0.8" (320 au x 112 au) with a
position angle (PA) of 148°.

Previous near-infrared studies, focusing on the Hj line emission for [GY92]
344 (or BKLT ]J162745-244454), have documented similar knots as depicted in
tig.2.8, alongside bipolar outflows originating from this proto-brown candi-
date (Khanzadyan et al., 2004; Zhang et al., 2013). Furthermore, it is hypoth-
esized that an edge-on continuum disk serves as the source of the aforemen-
tioned bipolar outflows, interacting with the envelope and thus leading to
the emission of the knots. The current 2CO observations serve to corrobo-

rate and support these proposed hypotheses.
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FIGURE 2.8: Maps of moments for [GY92] 344, analogous to
Fig. 3.4

2MASS ]16274825-2442256

The source displays a faint continuum emission, approaching the detection
threshold. Analogous to the dust content, gas lines such as 3CO and C'®0,
which are optically thin, elude detection within the sensitivity parameters of
our observations. This suggests either highly concentrated emission of these
lines at the disk center or a minimal gas mass surrounding the central source.

Nevertheless, despite the absence of the aforementioned lines, conspicu-
ous and spatially extensive structure is discerned in the 2CO line emission.
Notably, in fig.2.9 (left panels), this emission exhibits a morphology reminis-
cent of an outflow, extending predominantly in an eastern direction from the
source 2MASS J16274825-2442256. The observed structure spans a length of
15" (2100 au) with a projected thickness of 7" (980 au) on the plane of the sky.
This configuration bears resemblance to structures previously documented
in CRBR 2317.5-1729; however, a distinguishing feature is the utilization of
a shared spatial domain in the celestial plane for both blueshift and redshift

velocity regimes (Fig.2.24), suggestive of a monopolar outflow scenario. The
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FIGURE 2.9: Maps of moments for 2MASS ]16274825-2442256,
analogous to Fig. 3.4

velocity span for the blueshifted emission ranges from 0.8 to 2.9 km s},

while for the redshifted component, it spans from 5.3 to 6.4 km s

Central to the field of view and aligned with the continuum emission,
a more compact structure indicative of a protoplanetary disk is observed.
Rotational velocities within this disk range from 1.1 to 2.7 kms™! for the
blueshifted component and from 5.1 to 6.2 km s~ for the redshifted counter-
part. Noteworthy is the presence of cloud absorption surrounding the disk,
contributing to the non-detection of emissions around the systemic velocity.
Measurements of the gas disk yield dimensions of 2.18" x 1.04" (equivalent to
305 au x 146 au) with a position angle of 73°. The continuum emission from
the disk is centrally located between the redshifted and blueshifted gas emis-
sions (Fig.2.9; left-bottom panel), further supporting the assertion that com-

pact gas emissions associated with the central source are indeed attributable

to the protoplanetary disk.
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BKLT J162858-244054

Similar to other sources discussed earlier, BKLT J162858-244054 exhibits an
absence of detectable emission in the 3CO and C!®O lines above the noise
threshold (>1x rms) associated with the central source.

Regarding the >CO emission, analysis of fig.2.10 (left panels) reveals cen-
tral emission patterns consistent with those expected from the disk, aligning
well with the position of continuum detection. Notably, unlike the major-
ity of sources in our study, the >CO emission manifests solely within spe-

cific velocity channels, notably between 1.8 and 3 km s~

, corresponding to
the anticipated blueshifted component. Within the velocity range of 2.5 to 3
km s~ 1 (Fig.2.25), discernible signals suggestive of bipolar outflows emerge,
emanating from the central source towards both the southern and northern
directions. However, it’s noteworthy that these velocity channels also co-
incide with the velocities associated with the Ophiuchus cloud, raising the
possibility of this emission being a result of transposition from the cloud.
Moreover, significant self-absorption is observed around the disk emission,
particularly evident at velocities around 2.4 km s~ !, complicating the deter-
mination of the nature of the subsequently observed extended emission.

Geometric analysis of the central emission, attributed to the gas disk,
yields dimensions of 1.06" x 2.05" (148 au x 287 au) with a PA of 28°.

In addition to its candidacy as a proto-brown dwarf, BKLT J162858-244054
is also identified as a potential "ExOr candidate" due to its propensity for
eruptive events, as classified by Antoniucci et al.,, 2014. ExOr objects are
characterized by periodic enhancements in their optical luminosity (Herbig,
1989). While ExOr sources typically exhibit only rotating disks around the
central protostar, some instances may feature extended structures such as
outflows or spiral arms (e.g., Hales et al., 2020, Huang et al., 2023). De-

spite the ambiguity surrounding the nature of the extended emission in BKLT
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FIGURE 2.10: Maps of moments for BKLT J162858-244054, anal-
ogous to Fig. 3.4

J162858-244054, its designation as an ExOr candidate suggests the possibility

of extended disk or bipolar outflow structures, as evidenced in fig.2.9.

2MASS ]16313383-2404466

This source exhibits several discernible extended gas structures. In the mo-
ment 0 map of 12CO presented in fig.2.11 (left panels), the base of bipolar out-
flows is evident, extending up to 3.1" (434 au) from the central source to their
outermost regions, characterized by an opening angle of 113°. The corre-
sponding moment 1 map delineates the velocity range for both the blueshift
and redshift components of the outflows, spanning from -0.2 to 1.9 km s~
and from 2.9 to 4.6 km s, respectively. Notably, the center of the contin-
uum emission coincides spatially with both the emission peak of the 2CO
line and the centers of the outflows, all converging at the systemic velocity
2.5 kms™1).

In addition to the outflows depicted in the moment maps, intriguing fea-

-1

tures are observed within the velocity range of 1.4 to 1.8 km s™, including
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FIGURE 2.11: Maps of moments for 2MASS J16313383-2404466,
analogous to Fig. 3.4

a column of emission extending from the disk towards the northern region
of the field of view (Fig.2.26). This emission could potentially represent an
accretion streamer, the inner segment of the extended outflow, or cloud con-
tamination. However, conclusive determination of its nature is impeded by
the observational depth and the presence of self-absorption along the eastern
and western edges of the emission column. Subsequent channels, spanning
from 3.2 to 3.8 km s~ !, reveal another noteworthy large-scale gas structure
emerging westward from the central disk. This structure likely corresponds
to the western segment of the north and south outflows, particularly at their
slower blueshift velocities. Nonetheless, due to limitations in sensitivity, the
observations fail to detect outflow emissions associated with velocities far-
ther from the systemic velocity of 2MASS J16313383-2404466.

Furthermore, the depth of our observations precludes significant detec-
tion (> 3x rms) of the *CO and C!®0 lines, with only sporadic emissions
observed, likely attributable to noise within the field of view (Fig.2.11; mid-

dle and right panels).
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2MASS J16313679-2404200

In the investigation of outflows surrounding proto-brown dwarfs, Riaz and
Bally, 2021 utilized images obtained from the VLT /SINFONI instrument to
study 2MASS J16313679-2404200, revealing the presence of outflows in the
H; (2.12 ym) and [Fell] (1.257 um) lines. These outflows exhibit extended
emission, spanning approximately 6" (840 au), oriented diagonally from south-
east to northwest across the field of view, intersecting the central source.

Our observations confirm and support the findings of Riaz and Bally,
2021 regarding the existence of prominent outflows in 2MASS J16313679-
2404200. Fig.2.12 illustrates the bipolar outflows observed in the 12CO line,
extending throughout the entire field of view, with a measured extent exceed-
ing 35" (4900 au). Notably, the opening angles of these outflows are smaller
compared to those observed in the other sources of this sample, measuring
40° for the northern component and 30° for the southern component, sug-
gesting an early evolutionary stage for this source (Arce and Sargent, 2006).
Unlike typical outflows, 2MASS J16313679-2404200 exhibits both blueshifted
and redshifted components, with velocity ranges spanning from -2 to 1.9
km s~! and from 3 to 6.2 kms ™, respectively (Fig. 2.27). Across all chan-
nels displaying 12CO emission, the northern outflow appears approximately
2.7 times brighter than its southern counterpart, resulting in a wider veloc-
ity range of detection for the former, ranging from -2 to 6.2 kms™! for the
northern outflow and from 0.3 to 5.4 km s~ for the southern one. The incli-
nation of the continuum disk aligns well with the spatial distribution of the
outflows, centered at the base of these structures.

Furthermore, a central bulge surrounding the source is discernible in the
12CO emission, likely associated with the circumstellar disk, also detected in

the 13CO line (Fig.2.12; middle panels). The dimensions of the gas material
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FIGURE 2.12: Maps of moments for 2MASS J16313679-2404200,
analogous to Fig. 3.4

associated with the disk measure 1.4" x 2.2" (200 au x 300 au), with a po-
sition angle of 149°. Rotational features of the disk detected in >CO range
from 1.2 to 2.1 km s~ for blueshifted velocities and from 2.9 to 3.6 km s~ !
for redshifted velocities. However, rotational signatures are not entirely dis-
tinct in the velocity map due to overlapping spatial areas of blueshifted and
redshifted emissions.

Despite the pronounced outflow emission in >CO and the detected disk

in 13CO, no detectable emission is observed for C80 above the noise level

in these observations (Fig.2.12; right panels).

1SO-Oph 200

Utilizing the same dataset presented in this study, Riaz and Machida, 2021
conducted an exhaustive investigation of the outflow phenomena associated
with the proto-brown dwarf candidate ISO-Oph 200. For completeness and

comparative analysis, we have included our versions of the integrated flux
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and velocity maps for this source (Fig.2.13), accompanied by a concise de-
scription of the observed spectral lines.

In the 2CO emission line (Fig.2.13; left panels), a well-defined bipolar
outflow structure is evident, extending over > 16" (2240 au) with an ap-
proximate symmetric opening angle of 65° for both outflow lobes. Velocity
measurements for the blueshifted component range from -3.5 to 5.2 kms™ !,
while for the redshifted component, they span from 5.3 to 10.5 km s~ '. No-
tably, the spatial origin of the outflows coincides with the location of con-
tinuum emission. Supplementary analysis in Figure A10 reveals combined
emission from both outflows in select velocity channels, alongside potential
edge contamination effects attributed to cloud interference.

In the case of '3CO emission, our observations reveal a central flux pat-
tern indicative of an extended, rotating gas disk surrounding ISO-Oph 200,
orthogonal to the kinematic axis of the outflows, with continuum emission
centered between blueshifted and redshifted components (Fig.2.13; middle
panels). Additionally, discernible extended emission is observed in the red-
shifted direction, likely associated with inner wall cavities as elucidated by
Riaz and Machida, 2021.

Furthermore, the presence of the gas disk associated with ISO-Oph 200 is
corroborated by observations in the C'®0 line (Fig.2.13; right panels). Anal-
ysis of the moment 0 map highlights a disparity in brightness between the
northeastern and southwestern regions, indicative of potential spatial dis-
placement between gas and dust disk emission. However, precise quantifi-
cation of this displacement remains elusive with the current dataset. Unlike
other observed lines, C'0 exhibits a narrower velocity range, spanning from
3.6 to 4.4 km s~ ! for the blueshift and from 4.7 to 5.7 km s~ for the redshift.
Tentative estimations of the disk dimensions for C!®QO yield dimensions of

approximately 3.5" x 7.5" (490 au x 1050 au) with a position angle of 31°.
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FIGURE 2.13: Maps of moments for ISO-Oph 200, analogous to
Fig. 3.4

ISO-Oph 204

In the binary system ISO-Oph 204, we observe conspicuous gas emission
distributed across the entire field of view, yet devoid of any discernible ex-
tended structures directly associated with either the central source (hereafter
referred to as ISO-Oph 204, or the primary) or the wide binary source (GBS-
VLA J163151.93-245617 .4, or the secondary).

In the 12CO spectral line, a prominent large-scale arched structure man-
ifests to the northwest of the binary system (see fig.2.14; left panels), span-
ning nearly half of the observational field. Redshifted line emissions range
between -1.4 and 2.2 kms™!, while blueshifted emissions span 4.6 to 6.8
kms~!. Notably, a blueshifted detection (Fig.2.29) exhibits a morphology
reminiscent of outflow emanating from the primary source, towards the north-
west of the celestial plane. However, emissions within the velocity range of
0.9 to 1.5 km s~ ! coincide with expectations for possible cloud contamina-
tion, blurring the distinction between emissions directly attributable to the

system and those from the surrounding cloud. Redshifted emissions largely
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correspond to the structure depicted in the moment maps (Fig.2.14; left pan-
els). Similar to blueshifted emissions, redshifted emissions likely include a
substantial component associated with cloud brightness, as indicated by neg-
ative values, indicative of cloud self-absorption, around the primary source
position and in proximity to the secondary component. Additionally, com-
pact brightness associated with the primary source, observed between veloc-
ities of 4.6 and 5.6 km s~ !, may correspond to blueshifted emission from the
protoplanetary disk surrounding ISO-Oph 204.

In the case of 13CO, we observe an extended structure closely resembling
that seen in 12CO (Fig. 2.14; middle panels). Line detections for 3CO pre-
dominantly occur within the velocity range of 1.7 to 5.6 km s ™!, with emis-
sions primarily aligning with expected velocities for potential cloud con-
tamination (Fig. 2.14; middle-bottom panel), suggesting that much of the
observed large-scale structure likely arises from contamination unrelated to
the binary system. Unlike observations in 2CO, 3CO exhibits a spatially
broader flow associated with the disk surrounding the primary source. Specif-
ically, the velocity range for disk emission spans between 2.1 and 3.2 km s~
for blueshifted emissions and between 4.2 and 5.2 kms™! for redshifted
emissions. The geometric parameters of the disk measure 1.6"x1.1" (224 au
x 154 au), with a position angle of 73°. Similar to observations in 3CO,
cloud self-absorption is evident at the same position as continuum emission
from the secondary source (Fig.2.14; middle-top panel).

Regarding C'®0, we observe structures akin to those discussed previ-
ously. Emission for this molecular line is concentrated predominantly be-
tween velocities of 2.9 and 4.1 kms™! (Fig.2.14; right panels), with a mor-
phology reminiscent of a spiral or streamer of material flowing towards the
primary component of the system. However, given the high likelihood of

contamination from the surrounding cloud, we refrain from speculating on
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FIGURE 2.14: Maps of moments for ISO-Oph 204, analogous to
Fig. 3.4
specific interpretations. Consistent with earlier observations, emission re-
lated to the disk around ISO-Oph 204 is evident, albeit confined to a few
channels centered around 4 km s~ . The emission from the C80 disk is suf-
ticiently compact as to preclude measurement of geometric parameters using

imfit.

WLY 2-69

The second binary system under investigation in this study comprises the
sources WLY 2-69 (hereafter referred to as the primary) and 2MASS J16322081-
2430290 (the secondary). This binary system exhibits a complex array of gas
structures, which may be indicative of various physical phenomena includ-
ing potential outflows, rotating disks, and/or material bridges between the
two sources.

Fig.2.15 illustrates the gas emission between these sources across all ob-
served molecular lines. In the case of >CO (Fig.2.15; left panels), the emis-

sion morphology aligns with that expected for bipolar outflows emanating
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FIGURE 2.15: Maps of moments for WLY 2-69, analogous to
Fig. 3.4
westward from the central source (primary), coinciding spatially with the
position of the secondary source. Blueshifted emission is detected within
velocities ranging from 1.1 to 3.1 km s~ !, while redshifted emission spans
velocities from 4.8 to 7.8 km s~ !. Analysis of emission channels (Fig.2.30)
reveals various interpretations for the observed structures in fig.2.15. No-
tably, weak detection of a potential southeastward outflow from the primary
source is observed at blueshift velocities between 1.5 and 2.2 km sfl, ex-
hibiting an extension >17" (2380 au) and an estimated opening angle of 119°.
Conversely, redshift detection suggests an outflow oriented entirely west-
ward from the central source, thus deviating from the spatial symmetry ob-
served in the blueshifted component. Further investigation reveals weaker
emission northeast of the source at a velocity of 5.6 km s™!, aligning with
the spatial distribution of the blueshift component and its estimated opening
angle. Hence, we propose that the outflow material may be influenced by the
presence of the secondary source, resulting in an eastward outflow from the

primary source, similar to recently reported by Ohashi et al., 2022, with an
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extension >17" (2380 au) and an opening angle of 89°. Potential interactions
or previous flybys between the sources cannot be dismissed, potentially lead-
ing to the observed gas bridge between them (e.g. Cuello et al., 2020; Cheng
etal., 2022). Additionally, a bright and rotating accumulation associated with
continuum emission from the primary source is observed, likely represent-
ing part of the protoplanetary disk surrounding the proto-brown dwarf can-
didate, in conjunction with the basal part of the outflows. This central bright
region associated with the disk measures 2.5" x 1.9" (350 au x 266 au) with
a PA of 129°.

In the 13CO line, a structure akin to that observed in 12CO (Fig.2.15;
middle panels) is noted, with an emission peak associated with the primary
source, indicative of rotation and consistent with the presence of a dust disk.
Notably, the orientation of the outflow detected in the redshift differs from
that observed in 12CO, suggesting potential deformation influenced by the
secondary component. Blueshifted emission for *CO is observed within ve-
locities ranging from 2.9 to 3.5 km s~ !, with redshifted emission spanning
velocities from 4.8 to 6.3 km s~ 1.

Finally, for C'®0 (Fig.2.15; right panels), gas patches are exclusively de-
tected within the bridge region between both sources, with emission concen-

trated between velocities of 4.4 and 5.7 km s~ .

2.6 Discussions

2.6.1 Gas and dust masses

As discussed previously in section 4.2, initial estimates of gas masses relied
on simplistic yet widely-used approximations to gauge the gas content based

on continuum emissions. However, for sources where 3CO and C180 were
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detected, application of models proposed by Williams and Best, 2014 pro-
vided more refined estimates. Specifically, for BKLT J162546-242337, a gas
mass of 3.7 + 0.4 M]up (with a gas-to-dust mass ratio of 65) was obtained,
while for CRBR 2315.8-1700, a gas mass of 13.6 + 2 M]up (with a gas-to-dust
mass ratio of 92) was derived. These ratios, alongside the limited validation
from only two sources, suggest that the ratio used for the remaining sources
(Mgas/ Mgyt = 100) serves as a reasonable approximation or, at most, rep-
resents an upper limit for gas mass in the disk.

In the case of ISO-Oph 200, emissions were detected across all spectral
lines. However, differentiating emissions originating from outflows and stel-
lar winds from those arising from the protoplanetary disk itself (as illustrated
in Fig. 2.13) proved to be challenging. Consequently, flux measurements for
13CO and C'®O lines did not permit the application of the aforementioned
models to estimate gas mass accurately. Nonetheless, Riaz and Machida,
2021 provided an estimate for the total disk mass (Mgas+Mg¢t) of ISO-
Oph 200, ranging between 4 and 7 M]up'

For the remaining sources, disk masses ranged from 0.08 to 14.3 M]up'
while the upper mass limit for brown dwarfs (BDs) stands at around 80
M]up‘ Therefore, the observed mass of proto-brown dwarf candidates in
this study should not exceed 65 M]up' assuming complete accretion, in or-
der to remain within the substellar regime throughout their evolutionary
lifespan. It is anticipated that a portion of this material will eventually be
photo-evaporated or accreted by planets forming within the protoplanetary
disk (refs). However, for this sample of Class I and FS sources, continual
accretion of material from the envelope is expected (refs), implying that the
amount of gas and dust in later stages of evolution should exceed that de-
scribed in this study. Nevertheless, the anticipated margins for proto-BD

mass growth should remain consistent with those previously discussed.
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2.1 provides a summary of stellar mass estimations from existing litera-
ture (refs), with estimations available for only five sources. Among these,
CRBR 2317.5-1729 has already surpassed the mass threshold for the substel-
lar regime, presenting the highest disk mass (14.3 M]up)' thereby extend-
ing the margin for the remainder of the sources to approximately 70 M]up
to complete their evolutionary transition into BDs. Another source exceed-
ing the theoretical mass limit for the substellar regime is BBRCG 58, which
neither exhibits continuum nor line emissions; nonetheless, inclusion in this
sample is justified based on its M6 spectral type. Both of these sources can
be classified as very low-mass stars (VLMS, refs). Furthermore, [RR90] Oph
2320.8-1721 is estimated to have a mass of 39 M]upf without exhibiting any
continuum or line emissions, marking it as the first source confirmed as a
proto-BD in this study. Following suit, [GY92] 154 has a mass of 67 M]up'
with weak continuum detections and no line emission, suggesting an esti-
mated disk mass of < 1 M]up and designating it as the second proto-BD
confirmed in this investigation. Lastly, source [GY92] 344, with a mass of 35
M]up and no continuum emission, exhibits 12CO detection as described in
section 4.2.5. Given its low mass and marginal disk material, this source is
identified as the third confirmed proto-BD in this study.

All sources examined in Section 2.5.2 display line emission associated
with their disks, alongside extended emission of potentially diverse physical
origins. Figure 16 depicts the relationship between disk mass, inferred from
continuum flux, and the flux of 2CO (2-1) emission, distinguishing between
Class I and FS sources. Interestingly, there is no discernible difference in the
gas detection rates between these classes, nor is there a significant distinc-
tion in the distributions of disk mass and extended gas emission. However,
a linear correlation between dust mass and gas flux is evident, suggesting a
potential evolutionary link between Classes I and FS, distinct from Class II

sources.
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FIGURE 2.16: Plot of disk mass versus flux of '>CO (2-1) line for

sources with continuum and/or molecular line detections pre-

sented in this study. The plot points are categorized by class,

with Class I (red circles) and Class FS (green diamonds) objects.

Sources indicated by arrows represent upper limits for the re-
spective axis of the arrow.
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Nevertheless, the current sample size does not permit a robust demon-
stration of this correlation. To elucidate further, observations with increased
sensitivity are imperative to detect and accurately measure flux values, par-
ticularly for proto-BD candidates lacking of faint (< 1 Mg and/or Jy km
s~1)detections in these observations (some of which are indicated as upper
limits in Figure 2.16). Such data would help to address the absence of de-
tections below certain thresholds, enhancing our understanding of the spa-
tial scales inherent to different proto-BDs relative to classical T-Tauri Stars

(CTTSs).

2.6.2 Possible planet formation

The presence of exoplanets orbiting brown dwarfs has been well-established
in scientific literature spanning several decades (Chauvin et al., 2005). These
exoplanets exhibit a mass spectrum up to 7.5 M]up/ with orbital distances
extending up to 15 au from their respective host brown dwarfs (Bowler and
Hillenbrand, 2015).

Within our surveyed sample of proto-brown dwarf candidates, a notable
76% of the sources display continuum emission (Fig. 3.2). The dust mass
within these sources ranges from 0.24 to ~ 50 Mg (Table 2.3), presenting
conditions conducive to the formation of terrestrial planets, and for more
massive disks, giant planets. Despite the youthfulness of these sources, dis-
cernible substructures within their disks are notably absent. This observation
could be attributed to the early evolutionary stage of the disks, suggesting
the possible absence of giant planets, or it may be a result of inherent lim-
itations in angular resolution. Notably, prior studies employing ultra-high
angular resolution techniques on Class 0-I disks similarly failed to detect sub-
structures (e.g., Ohashi et al., 2023), supporting the former hypothesis.

High-angular resolution observations, particularly of Class II sources within
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the substellar regime, have revealed substructures such as cavities (Pinilla,
2022), indicative of ongoing planetary formation within disks of similar masses
observed in our study. Thus, the proto-brown dwarf candidates investigated
in this study are well-endowed with the requisite material for planet forma-
tion, including giants in select cases, during subsequent evolutionary phases.
Furthermore, it remains plausible that these disks may already harbor pro-
toplanetary cores, albeit not yet sufficiently massive (> 10 Mg) to generate
detectable substructures (Rosotti et al., 2016).

Gonzdlez-Ruilova et al., 2020 recently published findings on the wide
binary system ISO-Oph 2, where the secondary component, identified as a
proto-brown dwarf, possesses a transition disk with a dust mass of ~ 0.8 Mg
for the continuum and a diameter extending to ~ 3.5 au. This source, cate-
gorized as a Class II object, serves as a potential evolutionary analog for the
younger proto-brown dwarf candidates and their associated protoplanetary
disks presented in our study. Notably, observations of this source, conducted
as part of the ODISEA project, also failed to detect substructures at the angu-
lar resolution employed in our study, emphasizing the necessity for higher
angular resolution, and sensitivity, observations (> 0.05") to definitively elu-

cidate the state of planetary formation within the disks in this research.

2.6.3 Statistics between Class I, FS and II sources

In accordance with the selection criteria outlined in Section 2, the identifi-
cation of proto-BD candidates in this study follows the methodology estab-
lished by Testi et al., 2016, wherein all Class II sources in the Ophiuchus re-
gion with a spectral type M6 or later are considered. Our study now encom-
passes the observations of substellar Class I, flat spectrum (FS), and Class
IT sources, allowing for a comprehensive comparison of detection rates and

disk mass distributions across infrared (IR) classes.
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Figure 2.17 illustrates detection percentages for sources classified into dif-
ferent IR classes within the Ophiuchus region, sourced from Evans et al.,
2009. Notably, Class II sources dominate the population, constituting 68.2%
of the objects, followed by FS sources at 17.4%, and Class I sources at 14.4%.
Upon integrating our proto-BD candidates with those identified by Testi et
al., 2016, we observe a relative decrease in the percentage of Class II sources
(44.7%) compared to the total young stellar objects (YSOs) within this star-
forming region (SFR). This shift implies a relative increase in the proportions
of Class I (23.7%) and FS (32.6%) sources. Such a trend prompts consider-
ations regarding the evolutionary timescales and formation mechanisms of
proto-BDs within the cloud environment.

Furthermore, Figure 2.18 presents the cumulative distribution of disk masses
across different IR classes. Notably, Class II proto-BDs exhibit a more lin-
ear and continuous mass distribution compared to Classes I and FS. A no-
table disparity emerges between the mass distributions of low and high-mass
disks for Classes I and FS, with approximately half of the disks possessing
masses < 0.4 M]up' followed by a plateau extending to ~1 M]up' This ob-
servation suggests potential differences in the formation mechanisms and
evolutionary histories between Class II proto-BDs and those in earlier evo-
lutionary stages. Importantly, to bolster sample sizes, upper limits of non-
detections (6x 1072 M]up) are included as measurements, aligning with pre-
vious methodologies employed by Testi et al., 2016.

It’s important to acknowledge that while our findings provide valuable
insights into proto-BD populations within the Ophiuchus region, these sam-
ples may not be statistically significant for conducting rigorous distribution
tests. Future investigations should aim to expand sample sizes by incorpo-
rating proto-BD candidates from diverse SFRs, assuming uniformity in disk
mass distributions across various molecular cloud environments. Moreover,

future deeper observations, particularly improving the sensitivity for dust
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FIGURE 2.17: Pie charts illustrating the recurrence statistics of
proto-BD candidates categorized by class (I, FS, and II), jux-
taposed with the distribution of total YSOs in the Ophiuchus
molecular region. Top-left chart: The percentages of YSOs clas-
sified by class according to the c2d program. Top-right chart:
The percentages of proto-BD candidates delineated by class.
Bottom chart: Combination of the data from the upper charts,
with solid colors representing the total YSO distribution at the
center, and the proportions of proto-BD candidates by class de-
picted with smoothed colors along the edges.
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FIGURE 2.18: Empirical Cumulative Distribution Functions
(ECDPFs) illustrating disk masses in proto-BD candidates cate-
gorized by class (I, FS, and II) in the Ophiuchus region. The dis-
tribution for Class II proto-BDs is sourced from data presented
by Testi et al. (2016).
and gas detections, hold promise for refining our understanding of mass dis-

tributions within less massive disks and further elucidating the mechanisms

driving proto-BD formation and evolution.

2.7 Conclusions

In this work, we have presented observations of continuum and molecular
line emissions for 21 proto-BD candidates in the Ophiuchus cloud, belonging
to the ODISEA survey. In general, the main results for extended emission and
protoplanetary disks are as follows:

1) We detected 16 sources in the continuum at 225 GHz, with fluxes rang-

ing from 0.1 to 55 mJy, where only 2 could be spatially resolved at 0.3" angular
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resolution.

2) The dust mass is sufficient to form planets in most of the detected disks,
contradicting previous observations for more evolved Class II sources.

3) Nearly half of the sample, 10 sources, exhibit emission in at least one of
the three molecular lines presented here (12CO, 13CO, and C180). All these
sources are associated with extended emissions >150 au, which in some cases
correspond to mono and bipolar outflows, possible accretion streamers from
the cloud, and more compact rotation disks.

4) The significant contamination of the cloud around the systemic velocity
hinders the interpretation of the data for extended gas structures. Deeper ob-
servations are necessary to detect and analyze high-velocity emissions, away
from cloud contamination.

5) Assuming that the statistics and observations, encompassing Classes I,
FS, and II, are representative and cover almost all proto-BDs present in Ophi-
uchus, we can conclude that there is a higher prevalence of young sources,
Class I and FS, compared to the statistical evolution of the rest of the sources
in the cloud. The expected result, following the trend of more massive and
brighter sources in Ophiuchus, would imply a much larger proportion of
Class II proto-BDs than I and FS.

Whether to study planetary formation around proto-BDs or to elucidate
the formation mechanisms of these sub-stellar objects, future sub-mm ob-
servations with higher angular resolution and sensitivity are necessary. In
any case, these observations demonstrate the efficiency of the ALMA radio
interferometer, considering that each observation requires <1 minute of inte-
gration per source, making it cost-effective to obtain observations that could

be crucial for understanding these common sources in the Milky Way.
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2.8 Data Availability

The data underlying this article are available in the ALMA archive: https:
//almascience.eso.org/aq/, with Project ID (PID) 2016.1.00545.S.

2.9 Extra Material

Here we present the channel maps, corresponding to the '2CO data cubes
of sources discussed in Section 2.5.2. White contours showed in each Figure
represent the area of measured the integrated line flux, presented in Table 2.4.
The gray plots in some of the figure represent the channels/velocities range
where is not emission > 3 x rms. The contours do not consider the whole
emission which reach the rms levels mentioned, due the cloud contamination
in some cases, we constrained the area of flux emission to avoid, much as

possible, the pollution unrelated with the central proto-BD candidates.
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FIGURE 2.19: 2CO channel maps for the source BKLT J162546-
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FIGURE 2.20: 2CO channel maps for CRBR 2315.8-1700, analo-
gous to Fig. 2.19
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FIGURE 2.21: 2CO channel maps for CRBR 2317.5-1729, analo-
gous to Fig. 2.19
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FIGURE 2.22: 12CO channel maps for [GY92] 197, analogous to
Fig. 2.19
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FIGURE 2.23: 12CO channel maps for [GY92] 344, analogous to
Fig. 2.19
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FIGURE 2.24: '2CO channel maps for 2MASS J16274825-
2442256, analogous to Fig. 2.19
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3.1 Abstract

ISO-Oph 2 is a wide-separation (240 au) binary system where the primary
star harbors a massive (Mgyst ~40 Mg) ring-like disk with a dust cavity ~50
au in radius and the secondary hosts a much lighter (Mg,st ~0.8 Mg) disk.
As part of the high-resolution follow-up of the “Ophiuchus Disk Survey Em-
ploying ALMA” (ODISEA) project, we present 1.3 mm continuum and '2CO
molecular line observations of the system at 0.02" (3 au) resolution. We re-
solve the disk around the primary into two non-axisymmetric rings and find
that the disk around the secondary is only ~7 au across and also has a dust
cavity (r ~2.2 au). Based on the infrared flux ratio of the system and the
MO spectral type of the primary, we estimate the mass of the companion to
be close to the brown dwarf limit. Hence, we conclude that the ISO-Oph 2
system contains the largest and smallest cavities, the smallest measured disk
size, and the resolved cavity around the lowest mass object (M, ~0.08 M)
in Ophiuchus. From the 2CO data, we find a bridge of gas connecting both
disks. While the morphology of the rings around the primary might be due
to an unseen disturber within the cavity, we speculate that the bridge might
indicate an alternative scenario in which the secondary has recently flown by
the primary star causing the azimuthal asymmetries in its disk. The ISO-Oph
2 system is therefore a remarkable laboratory to study disk evolution, planet

formation, and companion-disk interactions.

3.2 Introduction

The Atacama Large Millimeter/submillimeter Array (ALMA) is revolution-
izing the field of disk evolution and planet formation by studying large pop-
ulations of protoplanetary disks in nearby molecular clouds and individual

objects in unprecedented detail. On one hand, disk demographic surveys
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provide information on fundamental disk properties such as mass and size
as a function of stellar mass (Pascucci et al., 2016; Barenfeld et al., 2016), age
(Ansdell et al., 2017; Ruiz-Rodriguez et al., 2018), and multiplicity (Cox et al.,
2017; Manara et al., 2019; Zurlo et al., 2020). On the other hand, detailed high-
resolution studies can deliver images at 3-4 au resolution at the distance of
nearby star-forming regions (140-200 pc) such as Taurus, Lupus, Ophiuchus,
and Chamaeleon in order to study their substructures (ALMA Partnership
et al., 2015; Andrews et al., 2018).

With almost 300 targets, the "Ophiuchus Disk Survey Employing ALMA"
(ODISEA) project (Cieza et al., 2019; Williams et al., 2019) is so far the largest
of the disk demography surveys in nearby clouds and has identified several
interesting objects for high-resolution follow-up observations. One of the
most interesting targets identified by ODISEA is ISO-Oph 2, a binary system
with a projected separation of 240 au and a flux ratio of 0.08 in the K-band
(Ratzka, Kohler, and Leinert, 2005). The primary star has an M0 spectral type
and an accretion rate typical of Classical T Tauri stars (10787 Moyr—1; (Gatti
et al., 2006) and hosts a massive (Mgyst ~40 Mg) disk with the largest dust
cavity (~50 au in radius) seen in the Ophiuchus cloud (Cieza et al., 2019).
The secondary star, which lacks a spectral classification in the literature, ar-
bors a much lighter (Mg,st ~ 0.8 Mg) disk that remained unresolved at 30 au
resolution (Cieza et al., 2019).

ISO-Oph 2 was observed with ALMA as part of the high-resolution follow-
up of the 10 brightest ODISEA targets that were not included in the ALMA
Cycle-4 Large Program DSHARP (Andrews et al., 2018). The full sample
of ODISEA targets observed at high-resolution is discussed in Cieza et al.
(in prep.). Here we present the initial results of this long-baseline program
and show that the ISO-Oph 2 system displays several exceptional properties

when observed at 0.02” (3 au) resolution.
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3.3 Observations and data analysis

3.3.1 ALMA observations

The long-baseline data of ISO-Oph 2 were obtained during ALMA Cycle 6
under program 2018.1.00028.S. The source was observed in Band-6 (1.3 mm /230
GHz) in two different epochs with baselines up to 16.2 km. The correlator
setup was chosen to maximize the continuum bandwidth (7.5 GHz). Three
spectral windows were configured in Time Division Mode, with spectral res-
olution of 43 km s~!, and overlap the continuum frequency from the Cycle 4
ODISEA observations at ~217, 219, and 233 GHz. A fourth baseband was
centered in the >CO J = 2-1 line (230.538 GHz) and delivers a modest reso-

1, enough to isolate the line (line width ~5 km s~') and

lution of 1.5 km s~
trace the spatial distribution of the gas. The observing log of the Cycle-6
long-baseline observations are shown in Table 3.1, together with relevant in-
formation on Cycle 4 data at lower spatial resolutions (Cieza et al. 2019, PID

=2016.1.00545.5) that we use to complement our new 2CO observations (see

Section 3.3).

3.3.2 Data analysis

All data sets were calibrated using the ALMA Science Pipeline which in-
cludes Water Vapor Radiometer and system temperature correction, as well
as bandpass, phase, and amplitude calibration.

Continuum and line imaging was performed using the TCLEAN task in
CASA v.5.6.1 (McMullin et al., 2007), with Briggs weighting and robust pa-
rameter of 0.5. Continuum images were produced using the continuum spec-
tral windows of the high resolution data only, yielding an image with synthe-
sized beam of 0.02” x 0.03” centered at 225 GHz. Since there are two sources

in the field of view, manual masks around each source were defined during
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the CLEANing process. Two iterations of phase-only self-calibration were
conducted on each epoch separately using a mask covering both sources.
Self calibration improved the signal-to-noise ratio of the final image by a fac-
tor of 1.7. The resulting image is shown in Figure 3.1, and its properties are
described in Table 3.1.

Line imaging of the '2CO gas was performed combining the datasets with
0.02",0.2", and 1.1" resolution. The datasets at 0.02" and 0.2" resolution (2019
and 2017 epochs) were recentered using the location of the secondary disc
at 0.02” resolution in the continuum as reference point. The coordinates of
the 1.1” images (2018 epoch) were taken at face value as the secondary disc
is only barely detected. Self-calibration of the line data from all epochs and
resolutions was done by applying the self-calibration solutions derived from
the respective continuum datasets. We used the UVCONTSUB task to sub-
stract the continuum from the line data, after which the data was CLEANed
using an auto-masking process (for regions up to 3xrms) in TCLEAN to
generate line cubes with 1.5 km s~! resolution. To obtain an optimal balance
between spatial resolution and sensitivity, we applied an UVTAPER with an

UPPERTAPER = 0.1ARCSEC.

3.4 Results

3.4.1 (Sub)stellar masses

In order to estimate the mass of each component in the binary system, we
tirst use the spectral type of the primary star (M0, Gatti et al. 2006) and the
infrared photometry to estimate its extinction, mass and age, and then use
the flux ratio in the K-band to estimate the mass of the secondary object as-
suming the same age and extinction. We assume that the observed J-K color

from 2MASS (Cutri et al., 2003) is photospheric and calculate the extinction
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in K-band as Ax = 0.53 x [(J] — K) — (] — K)], where (] — K) is the pho-
tospheric color of an MO star. This assumption is supported by the fact that
the ALMA data place an upper limit of 0.1 Mg, for the mass of an inner disk
around ISO-Oph 2A (see Section 3.4.2), but we note that the presence of K-
band excess can not be ruled out for neither the A or B component in the
system. This approach gives Ax = 1.3 mag and Ay = 14.5 mag. Adopting
the BT-Settl models (Allard, Homeier, and Freytag, 2012) and a distance of
144 pc (Gaia Collaboration et al., 2018), we estimate that the primary is a ~1
Myr old star with a mass of 0.5 M, based on its spectral type and extinction
corrected absolute K-band magnitude, 2.45. Similarly, the flux ratio indicates
that the secondary has a extinction-corrected K-band absolute magnitude of
5.2, corresponding to a T, of 2900 K and a mass of 0.08 Mg, right at the
stellar /substellar boundary. However, we note that stellar masses and ages
of low-mass stars and brown dwarfs are model-dependent and notoriously
difficult to estimate for individual objects (Gonzales et al., 2020), and hence

that these values must be taken with caution.

3.4.2 Continuum
Primary disk

The disk around the primary star shows a large cavity devoid of millimeter
emission and a narrow and structured continuum outer disk (see Fig. 3.2).
The outer region is bright and breaks into substructure in the form of two nar-
row rings, which show spectacular azimuthal asymmetries. The outermost
structure peaks toward South of the star and presents a prominent decrement
to the North-West. On the other hand, the innermost structure peaks toward
the North-West and becomes nearly undetectable toward the South-East. We
do not detect emission near the center of the cavity, placing strong constraints

on the mass of a putative inner disk. Based on the 5-¢ noise (0.18 m]Jy/beam)
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of the continuum observations and adopting the same basic assumptions as
in Cieza et al. (2019), this limit corresponds to a dust mass of 0.1 Mg for an
unresolved inner disk.

In order to highlight the substructure in the disk, a process of unsharp-
masking was applied (Pérez et al., 2020a), which accentuates the narrow
rings. This sharper image is obtained by convolving the image with a cir-
cular Gaussian kernel to produce a smoothed version of the disk which is

later subtracted from the original image.
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FIGURE 3.1: Left: 1.3 mm image of the ISO-Oph 2 system, in-
cluding the disks around both stellar components and a zoom-
in of the secondary disk where the cavity is marginally re-
solved. Right: A zoom-in of the primary disk with two non-
axisymmetric rings. North is up and East is to the left.

In Figure 3.2, we show the unsharp image of the disk around the primary
deprojected to a Position Angle (PA) and an inclination (i) of 0.0 deg (panel a)
and the corresponding radial profile (panel b). To perform the deprojection,
we explored a grid of different PA, i, and centers. We find that a PA = 1.0
deg (E of N), and an i = 36.4 deg, together with the coordinates from the Gaia

Data Release 2 (Gaia Collaboration et al., 2018) corrected for proper motions!

IRa = 246.408838 deg; Dec = —24.376830 deg; Epoch = 2015.5; pmra = —5.4 mas yr~};
pmdec = —25.2 mas yr !
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provide the most circular deprojected image. This suggests that the primary
star is likely to be located at the center of the disk to within ~15 mas or 2
au). Both rings show azimuthal variations in intensity and/or width, which
are difficult to disentangle, but as shown in panel b, when averaged over
azimuth, the inner ring extends from a radius of ~0.3" to ~0.4" (43 to 58 au),
while the outer one does from a radius of ~0.4" to ~0.6” (58 to 86 au).
Figure 3.2 (panel b) additionally includes the K-band 5-¢ contrast as a
function of radius (dashed-line) corresponding to the VLT-NACO image of
ISO-Oph 2 presented in Fig. 6 of Zurlo et al., 2020. While the 2.2 ym NACO
data is not particularly deep, it allow us to rule out the presence of an equal
brightness binary at the resolution limit of the observations 0.05” (7 au) and
of a 0.08 M brown dwarf (K-band contrast ~0.08) at distances larger than
50 au from the primary. In Figure 3.2, we also show the deprojected profile
in polar coordinates (panel c), which we also average over the radial range of
each ring, 0.3" — 0.4" for the inner ring and 0.4" — 0.6" for the outer ring (panel
d). These radially-averaged azimuthal profiles allow us to better characterize
the azimuthal asymmetries. The outer disk has a minimum at a PA of ~50
deg West of North, but emission is detected at all azimuths. The inner ring
is fainter and radially narrower. It has an azimuthal extension of ~260 deg
(from PA =100 deg East of North to 160 deg West of North), peaking close to

the minimum seen in the outer disk.

Secondary disk

The disk around the secondary star is only 1.3 mJy and remained unresolved
in our 0.2” resolution observations (Cieza et al., 2019).The long-baseline data
shows that the disk is very compact, 0.05” (7 au) across (FWHM measured
with the IMFIT routine within CASA) and exhibits the double peak (Fig. 3.1,
panel b) characteristic of a transition disk with a marginally resolved inner

dust cavity.
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FIGURE 3.2: (a) Deprojected image of the disk around the pri-
mary with normalized intensity to 0.3 xpeak. (b) Average de-
projected radial profile of the disk around the primary and the
5-0 contrast curve of the VLT-NACO observations at 2.2 ym re-
ported by Zurlo et al. (2020). (c) Polar radial deprojection from
image (a). (d) Same as panel (c), but averaged over radius, be-
tween 0.3-0.4” and 0.4-0.6”, for the inner ring (blue line) and
outer ring (red line), respectively. Shaded regions correspond

to the errors in the mean.
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Given the small flux and angular size of the disk, which push the limit of
ALMA'’s capabilities, we estimate the size of the dust cavity adopting an ana-
lytical approach based on deprojecting the visibilities to 0.0 deg i and 0.0 deg
PA in the u — v plane. In particular, the Real component of the visibilities as
a function of deprojected u — v distance for a face-on narrow ring is a zeroth-
order Bessel function and the imaginary flux components of such a ring is 0.0
at all spatial frequencies. Following Hughes et al. (2007), the location of the
tirst null on the Bessel function, R, is related to the cavity radius, Reqo, as

follows:

77916 [ Distance 1au
) = 72 (Fae”) (=) ey

The deprojected u-v-distances are given by R = /d2 + d?, where d, =
VuZ 4+ 02 sin ¢ and d, = Vu2 + 02 cos ¢ cos i, ¢ = arctan(v/u) — PA (Lay,
Carlstrom, and Hills, 1997).

In order to construct the visibility profile of the disk around the secondary
star, we first subtracted the visibilities of the CLEAN model of the disk around
the primary from the visibility data, following Pérez et al. (2020b). We also
changed the phase center to the position of the secondary as measured with
IMFIT in CASA, which also provided initial approximations for the i and
PA of the secondary disk.

More precise values were obtained by minimizing the imaginary compo-
nents in the imaginary part of the visibility profile. The resulting visibility
profile corresponding to an i = 10 deg and PA = 122 deg is shown in Figure
3.3. A null is seen at 5000 = 500 kA, which according to Equation 1 corre-
sponds to cavity radius of 2.2+ 0.25 au. Given the small size of the outer
disk (FWHM/2 = 3.5 au), we conclude that the secondary disk also shows
a ring-like morphology like the primary (e.g., with a width smaller than its

inner radius).
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FIGURE 3.3: The deprojected visibility profile of the disk

around the secondary. Both the Real (top panel) and the Imagi-

nary (bottom panel) parts are shown. A null is seen at a baseline

length of ~50004+500 kA (6500 m), indicating a dust cavity with
a radius of ~2.2 AU.

3.4.3 Molecular gas (12CO) data

We find that the molecular line data of ISO-Oph 2 system exhibits interest-
ing features as well. The 12CO line peaks inside the cavity, but the emission
is shifted toward the south, reaching the secondary (Fig. 3.4, panel a). As
shown in the Position-Velocity (P-V) diagram (panel b), the disk around the
primary is mostly detected at ~1 and ~4 km/s, while there is significant
cloud contamination at velocities between 2 and 3 km/s. The secondary, on
the other hand, is mostly detected at ~1.5 km/s. At velocities between 0 and
2 km/s, the P-V diagram also shows what seems to be a bridge of gas con-
necting both disks. This bridge becomes even more evident in the channel
map containing emission between 0.25 and 1.75 km/s (panel c).

Finally, in panel d of Figure 3.4, we show the intensity-weighted mean
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velocity (moment-1) map of the 12CO data. This map is consistent with Ke-
plerian motion as the extreme velocities are observed along the major axis of
the disk. We therefore conclude that there is no indication of an inner cavity
in the gas, which is consistent with the relatively high accretion rate of the
system (10787 Mgyr—!; Gatti et al. 2006). We also note that the kinematic
center of the disk (where the minimum and maximum velocities converge)
coincides with the expected location of the star based on the position and

proper motions from Gaia.

3.5 Discussion

ALMA observations at 3-30 au resolution have shown that protoplanetary
disks in general, and transition disks in particular, have diverse substruc-
tures. The DSHARP project, the largest long-baseline survey of disks thus far
(Andrews et al., 2018) has revealed that narrow rings and gaps are the most
common substructure in protoplanetary disks. Unfortunately that project
does not include transition objects. More recently, Francis and van der Marel
(2020) collected a large sample of ~40 of disks with large (r > 25 au) dust cav-
ities. Around half of the stars in that sample have dusty inner disks detected,
something that is not seen in ISO-Oph 2 A.

Most transition disks are azimuthally symmetric, but several examples
with azimuthal asymmetries do exist such as IRS-Oph 48 (van der Marel et
al., 2013), HD 142527 (Casassus et al., 2013), HD 135344B (Cazzoletti et al.,
2018), SR 21 (Muro-Arena et al., 2020), CIDA 9, RY Lup and HD 34282 (Long
et al., 2019; Francis and van der Marel, 2020). These asymmetries are most
likely dynamical in nature and can be planet-induced vortices (Hammer et
al., 2019) or be produced by stellar companions (Price et al., 2018; Calcino
et al., 2019). However, the disk around ISO-Oph 2 A is particularly rare be-

cause it shows not one, but two closely packed and azimuthally asymmetric
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Position-Velocity diagram with PA=169°, length=3.4" and aver-
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of the primary are also indicated.
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rings, resembling other very complex systems such as MWC 758 (Dong et al.,
2018). As demonstrated by Pérez et al. (2019), a single migrating planet can
produce multiple rings, but it remains to be established by future hydrody-
namic modeling if the rings produces this way can be as non-axisymmetric
as seen in ISO-Oph 2 A.

The possible bridge of gas connecting both disks in the system (Fig. 3.4)
might indicate a different origin for the complex structure of the disk around
the primary. At its current location, the secondary itself is too far away (240
au) to disturb the primary disc significantly. However, if ISO-Oph 2 is a very
eccentric binary system or an unbound flyby, it is possible that some of the
structure seen in the primary disk is the result of the recent close approach
of ISO-Oph 2 B. Stellar flybys are rare but still statistically possible in low-
mass star-forming regions (Cuello et al., 2020). Possible disk flybys reported
in the literature include RW Aur (Dai et al., 2015), HV Tau and DO Tau (Win-
ter, Booth, and Clarke, 2018), AS 205 (Kurtovic et al., 2018) and UX Tau A
(Ménard et al., 2020). These flybys typically exhibit arcs of gas hundreds of
au long connecting the disks in the system, in agreement with the results of
hydrodynamic models (e.g. Cuello et al. 2020). The same models show that
flybys also trigger spiral arms within the disks. Therefore, we speculate that,
if the initial configuration are two narrow rings, a close approach could result in
azimuthal asymmetries similar to the ones observed in the disc around the
ISO-Oph 2 A disk.

Unfortunately the Gaia Data Release 2 only provides proper motions for
the primary star and is not possible to constrain the relative motion of ISO-
Oph 2 A and ISO-Oph 2 B with enough precision to assess the likelihood of
the flyby scenario. However, we note that, assuming the closest encounter
occurred 500 yr ago, as in the simulation presented by Cuello et el. (2020),
the relative proper motion between the primary an the secondary would be

expected to be ~3.4 mas/yr. The flyby hypothesis could also be tested in the
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future with hydrodynamic modeling tailored to the system.

The disk around ISO-Oph 2 B is also very interesting as it has one of the
smallest cavities ever resolved at (sub)mm wavelengths. With a radius of just
~2.2 au, the cavity size is at the limit of ALMA’s resolution at the distance
of the closest molecular clouds (d ~ 140 pc). Interestingly, TW Hydra, one of
the closest stars to Earth with a protoplanetary disk (d = 60 pc) also hosts a
transition disk with a very small cavity, only ~1 au in radius (Andrews et al.,
2016). However, unlike TW Hydra, ISO-Oph 2 B has a disc that seems to be
narrow (width/radius < 1.0), resembling the structures of other disks such
as ISO-Oph 2 A, 5z 91 (Canovas et al., 2016), and T Cha (Hendler et al., 2018),
but in a much smaller scale (by a factor of 15-40 in radius). Furthermore,
ISO-Oph 2 B also is the lowest-mass object with a resolved dust cavity in
the Ophiuchus molecular cloud, and possible in any region Based on the age
(~1 Myr) and mass (0.08 M) estimates discussed in Section 3.1, ISO-Oph
2 B should have an M6.5 spectral type. However, all the 7 objects that have
resolved cavities in the ODISEA sample have earlier spectral types (Ruiz-
Rodriguez et al. in prep). That is also the case for all pre-main-sequence stars
with transition disks identified in Ophiuchus based on their IR SEDs (Cieza
et al., 2010; Merin et al., 2010); and all the transition objects with mm data
(from all regions) recently compiled by Francis and van der Marel (2020),
and Pinilla, Pascucci, and Marino (2020).

3.6 Summary and Conclusions

We present new 1.3 mm ALMA long-baseline data of the ISO-Oph 2 system
at 3 au resolution. Our main results and conclusions are as follow:

1) The ring-like structure of the primary disk is resolved into two non-
axysimmetric rings, suggesting dynamical disturbances. Future hydrody-

namic modeling could help explaining the origin of these substructures and
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establish whether they are due to an internal or an external disturber.

2) The high-resolution continuum observations reveal the disk around the
secondary is 7 au across (FHWM) and has an inner cavity just 2.2 au in radius.
This implies that ISO-Oph 2 B has the smallest (transition) disk ever imaged
in Ophiuchus and likely has a ring-like morphology (width < inner radius).

3) The flux ratio in the of ISO-Oph 2 system at 2.2 ym (0.08) and the spec-
tral type of the primary (MO) implies the secondary is at the brown dwarf
mass limit, rendering ISO-Oph 2 B the lowest mass object in the cloud with a
resolved dust cavity in its disk.

4) The 2CO observations indicate that there is significant gas within the
large cavity in the primary disk and suggest that the two disks might be
connected by bridge of gas. This bridge might indicate that the secondary
object recently flew by the primary and provides an alternative scenario for

the origin of the azimuthal asymmetries in the disk around the primary.
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Chapter 4

Conclusions

4.1 Summary

Studying the environments of Young Stellar Objects (YSOs) is crucial for un-
derstanding the processes governing the development of evolved planetary
systems as we know them. Similarly, comprehending planetary formation
within the protoplanetary disk provides insights into the past of our own
planet and the solar system.

From the formation of molecular clouds, the environment is chaotic and
dynamic, posing challenges even after proto-stars form. Outflows and in-
flows of material set the stage for the future architecture of stars and orbiting
planets. The quantity of available material for accretion by the star or planets
within the disk, as well as interactions between the star, disk, envelope, jets,
and stellar winds, could all play pivotal roles in explaining and projecting
the future of observed planetary systems and those still forming.

In Chapter 2, we studied 21 proto-BD candidates of Class I and FS. A
significant proportion (16/21) exhibited continuum detection at a spatial res-
olution of 0.3" (~45 au), revealing compact dust disks that were mostly un-
resolved spatially, as expected given their classes. Moreover, none showed
substructures or indications thereof. Regarding gas lines, using observations
with higher sensitivity and lower angular resolution (1.1" or 150 au), central

source-related signals were detected in 12/21 cases. Eleven sources showed



112 Chapter 4. Conclusions

emission in both continuum and molecular lines, while one exhibited gas
emission but not dust emission. For optically thin molecular lines like 13CO
and C!80O, emission often originated from the protoplanetary disk (PPD),
while optically thick 2CO displayed various structures such as outflows,
possible streamers, and envelopes. Although the morphologies in most cases
were not entirely clear to discern the nature of the detected emission, they
provided initial insights into the varying interaction between the envelope,
disk, and proto-BD candidate in Class I and FS sources. Lastly, we compared
the continuum emission and physical properties of the disks with Class II
proto-BD candidates in Ophiuchus, noting a higher prevalence of younger
sources (Class I and FS), suggesting either slower evolutionary development
or delayed formation compared to other low-mass YSOs in the cloud.

Similarly, the comprehensive census of line detections across all ODISEA
sources was promising. However, observations for late Class II and Class III
sources lacked the sensitivity to detect signals >3 x rms, with only one source
showing high SNR detection. For the rest, the detection percentages were
65% for 12CO, 37% for 3CO, and only 15% for C'80 relative to the complete
sample of Class I, FS, and early Class Il sources. Almost all emission from op-
tically thin molecules ('*CO and C'®0) originated from the disk. Rotational
keplerian gas allowed mass dynamic curve fitting based on Position-Velocity
diagrams in some cases, yielding estimates for the masses of the respective
stars. The expected trend was observed for extended structures, with most
observed outflows associated with Class I objects, fewer with FS, and very
few with Class IL

In light of the findings presented in Chapter 2, this sample constitutes
compelling evidence for planetary formation around BDs, based on the amount
of material in the disk, comparable to the formation of planets around low-

mass stars. Furthermore, consistent with the detection of planets orbiting
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BDs, this sample provides information consistent with observations in al-
ready evolved systems.

Based on the results obtained for the molecular lines, the presence of Out-
flows extending thousands of au around the proto-BD candidates is a signif-
icant step towards elucidating the early formation environment of BDs. In
this environment, stellar cores would be embedded in a material envelope,
analogous to low-mass stars. The interaction between the proto-BD and the
disk produces jets that traverse and begin to excavate the envelope, giving
rise to these large-scale Outflows. While other possible formation scenarios
cannot be definitively ruled out, they are less likely due to the requirement
of dense and compact material in the form of an envelope from the outset of
formation.

Deeper investigations into the relationship between mass outflowing and
mass accretion rate could confirm a physical mechanism that interrupts or
simply slows down material accretion, either from the early stages of BD
core formation.

In Chapter 3, at planetary formation scales, observations at spatial res-
olutions < 5 au are indispensable for clearly observing the evolution and
behavior of substructures within PPDs. In the case of ISO-Oph 2, one of
the most intriguing systems in the Ophiuchus molecular cloud, two disks
with cavities were observed. The larger cavity had a radius of ~50 au, while
the smaller one was ~2.2 au, both observed in Ophiuchus for the first time.
The primary source exhibited two non-axisymmetric rings, possibly due to
interaction with a planet within the cavity, shadowing from a massive ex-
ternal source, or a recent flyby of the secondary source. Additionally, CO
lines present in these observations showed rotating gas within the primary
source’s cavity and a gas bridge between both sources. The past interaction
between both objects might be explained by flyby or disk expulsion models,

but deeper and higher angular resolution line observations are needed for
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confirmation. Finally, the secondary source is in the sub-stellar regime, so re-
solving this system could also provide evidence of Brown Dwarf formation.

ISO-Oph 2 emerges as an ideal natural laboratory for studying various
physical phenomena, particularly the interaction of YSOs in the early stages
of formation within SFRs. While these observations allow for the observation
of a molecular gas bridge, the sensitivity is not sufficient to distinguish the
morphology and dynamics of this interaction, but at least it would allow pos-
sible follow-ups with evolutionary models of flybys between young objects
embedded in the cloud.

In the continuum, the non-axisymmetric annular structure of the primary
source could have various causes, as recently studied by Casassus et al. (2023),
where there would be shading given the brightness emitted from a massive
source in the same spatial direction as the asymmetry. However, a defor-
mation of the disk, given a recent previous interaction with the secondary
source, is also not ruled out. Whatever the case, there are few examples of
transition disks with all these components.

Finally, the large cavity present in the secondary source challenges sev-
eral existing models of planetary formation. With a diameter of 2 80 au, if
the cause of this cavity is the presence of a giant protoplanet within it, then
this planet would orbit the central proto-star at a tentative distance of ~ 50
au, which in combination with the low age of the system (~ 1 Myr), would be
an impossible protoplanet for most of the planetary formation theories pre-
sented in Chapter 1. Additionally, the presence of gas within the cavity could
suggest that the potential giant protoplanets would have even more material
to accrete, in the case of having reached the critical mass for runaway gas
accretion. Models for protoplanets that can carve cavities in transition disks
of this type would have masses > 1 My, so they would already have started

to accrete gas violently.
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4.2 Future Perpectives

421 Extended Emission around YSOs

To truly understand the evolution of outflows and envelopes around pro-
tostars, it is necessary to conduct statistical and parametrized studies of all
young sources exhibiting these structures in nearby star-forming regions (SFRs).
With the capabilities of state-of-the-art telescopes (e.g., ALMA, JWST), we
can detect all these extended structures and measure the physical parame-
ters related to the outflows, such as CO column density, mass outflow rate,
dynamical time, size, opening angles, momentum, energy, force, etc. Further-
more, we can compare the structures and their properties in both the infrared
(IR) and sub-millimeter (sub-mm) wavelengths, with highly sensitive detec-
tions, thus obtaining more precise measurements for the kinematic ranges
and morphologies of the outflows.

In 2023, we obtained new data from the Atacama Compact Array (ACA)
in ALMA for 20 sources in the Ophiuchus molecular cloud. These young
stellar objects (YSOs) exhibit outflows and extended gas emission that have
not been fully parameterized with existing observations in the archive. One
of the barriers to accurately measuring the extent of these structures is the
limited field of view of the ALMA main array (FoV < 40" in diameter). In
almost all the sources in these observations, the outflows extended beyond
the field of view of the images, requiring observations with smaller anten-
nas to more accurately measure the length of the extended emission. For
this reason, we proposed observation time with the ACA. This time was ob-
tained (PID: 2022.1.00450.S) for the Cycle 9 observation, corresponding to the
years 2022 and 2023. All details of this successful proposal are provided in
Appendix A. While these data have not yet been thoroughly analyzed, it is

possible that in some cases, the new field of view and sensitivity may not be
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large enough to provide highly precise morphological, dynamic, and kine-
matic measurements (Gonzalez-Ruilova in prep.).

However, compared to current main array observations, these data will
by far be the most comprehensive dataset for outflows in the Ophiuchus
molecular cloud and one of the most extensive for nearby SFRs. For cases
where ACA observations continue to be limiting for physically parameter-
izing the extended structures, observations with NIRCam on the JWST, or
single-dish telescopes such as APEX or IRAM, could provide the missing
details, thus providing a deeper and more complete big picture of the evo-
lution and presence of outflows in Ophiuchus. Additionally, this will lay
the groundwork for conducting analogous studies in other regions of similar
ages.

Another continuation of these studies regarding the chemical and phys-
ical analysis of disks in sources with outflows is provided by correlations
between disk properties and their interaction with the protostar, and the
properties of the outflows surrounding these systems. At this point, ALMA’s
Large Programs such as eDisk (Ohashi et al., 2023), AGE-PRO (Zhang et al.,
in prep.), and DECO (Cleeves et al., in prep.) will provide key information
for young objects of Class 0, I, and FS regarding their disks, such as geomet-
ric properties, rotation velocities, mass estimates, among others. These data,
along with the confirmation of outflows in the sources, would provide cru-
cial information to discover or confirm correlations between the behavior of
the outflows, the disk, and the protostar.

Additionally, new observation programs of the JWST, regarding the same
mentioned projects as well as new projects, will allow for a broader view
of the chemistry among sources in young evolutionary stages, and more

evolved sources (Class II and III), thus providing a clearer idea of how the
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interaction between YSOs and the cloud hosting them, through material ex-
change, could alter the chemistry of the location where planets will subse-

quently form.

4.2.2 Modelling Protoplanets with Transition Disks

The ODISEA high angular resolution sample mentioned above included tran-
sition disks with inner dust cavities (r > 10 au). Figure 1.12 shows transition
disks with very interesting radial brightness profiles, already discussed for
ISO-Oph 2 in Chapter 3, with either bright rims (DoAr 44, WSB 82, and SR
24S) or narrow rings (RX J1633.9). The origin of these substructures remains
to be established, but in principle they can be understood in terms of planet-
induced pressure bumps and radial migration of dust (Pinilla et al., 2012).
So a logical modelling analysis in those datasets, it is to use numerical mod-
els to reproduce the 1.3 mm the substructures of the disks around DoAr 44,
WSB 82, and SR 24S and RX J1633.9. The objetives of this future work are
to test the planet-disk scenario and confirm that the observed substructures
can be reproduced by young giant planets embedded within the disk, and
to constrain the location and masses of the putative planets in each disk.
Confirming the planetary origin of the substructures would have strong im-
plications for planet formation as it would impose stringent constraints on
the formation timescales (1-2 Myr) of giant planets at large distances from
their parent stars (tens of au). Furthermore, if the substructures are indeed
produced by giant planets in wide orbits, their detailed study would provide
a new avenue to investigate a population of planets that remains mostly un-
detectable by other techniques. Previous studies have been made the same
analysis, but just with punctual sources, as similar as the followed method-
ology outlined in Pinilla et al. (2021), which shows an analysis analogous to

the one proposed here. Using ALMA observations at different frequencies
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and at high angular resolutions, they studied the disk around the very low
mass star (0.1-0.2 M) CIDA 1. In this case, they find that planets causing the
cavity interior would have a M, = 0.5 My, at 12 au.

For the modeling, It can be assumed that the cause of the cavities is a gi-
ant planet in formation, which produces a pressure bump near its orbit, thus
preventing the rapid drift of dust towards the star. Given this hypothesis,
the modeling consists of making, as a starting point, models for protoplan-
etary disks without any structure, with homogeneous and smooth dust dis-
tribution. Combining the properties of the host star, the dust (opacity, grain
size distribution, angular momentum, etc.), and the tentative distance for
the formation of the protoplanet (from observations), then using hydrody-
namic equations (Crida, Morbidelli, and Masset, 2006; Pinilla et al., 2015) we
can evolve the initial model in time, obtaining curves for the radial profile
of brightness at different times, added to the distribution profiles of density,
grain sizes and mass of dust particles.

In any case, there are several other algorithms of dust distribution evo-
lution within the PPDs, those can be used for the purposes of this proposed
analysis in the future, looking the gas giants protoplanets that can carve the

substructures in Class II and Transition disks.

4.2.3 Planet Formation in situ

As discussed, in part, in Chapters 1 and 3, the formation of planets within
PPDs, and their recent detections (Figure 1.5), is a hot topic today. Detec-
tion mechanisms, in particular, related to direct imaging (Miiller et al., 2018;
Benisty et al., 2021), and asymmetries in the emission of Keplerian rotation
gas in PPDs (Perez et al., 2015), have been highly sought after, being the main

argument of multiple observation programs on different telescopes.
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Regarding direct imaging, there are several programs to observe and de-
tect protoplanets directly within the cavities of transition disks. For this
purpose, instruments that have emerged in recent years, such as VLTI-ERIS,
would provide images with very high angular resolution for transition disks,
capable of detecting emission blobs within the disks, corresponding to the
brightness of giant protoplanets in young stages. Additionally, along with
the upgrades announced for ALMA, ALMA2030, new correlators, the in-
crease in the number of antennas, and the enabling of the most extensive in-
terferometer configuration possible (~16 km), would allow for much deeper
observations, in shorter times, and at higher angular resolutions, making it
much easier to detect CPDs within PPDs. Looking further into the future,
the operation of the METIS instrument on the Extremely Large Telescope
(ELT) could detect, in unprecedented detail, CPDs around YSOs (Oberg et
al., 2023).

In the case of indirect observations of CPDs, through gas kinematics, there
is currently the large ALMA program, exoALMA (Teague et al., in prep.),
which observed 15 transition disks, with high angular resolution and deep
sensitivity, to study possible kinks in the gas kinematics in the disks, thereby
discovering possible protoplanets causing those kinks. These results are not
yet public, but their upcoming release could provide guidelines for the search
for protoplanets in disks in the future. For this thesis, the results of exoALMA
are relevant for future projects, as the ISO-Oph 2 disk could be a great can-
didate for conducting analogous observations with high angular resolution,
spectral resolution, and deep sensitivity, in search of possible protoplanets

forming within the cavity (or on the outer edge of the ring).
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Appendix A

A systematic Characterization of
the Outflows at Ophiuchus
Molecular Cloud

A.1 Abstract

While essentially all nearby (< 200 pc) star-forming regions (Ophiuchus, Lu-
pus, Chamaeleon, and Taurus) have already been surveyed by ALMA in the
continuum, a systematic identification and characterization of their molecu-
lar outflows is yet to be done. The Ophiuchus molecular cloud is particularly
well suitable for such an study as it contains a large number of embedded
sources. Using ALMA archival data available for the entire population of
young stellar objects in the cloud, we have identified a total of 20 new molec-
ular outflows associated to Class I to Flat spectrum sources. Here we propose
a Band-6 project to characterize the morphology and dynamical parameters
of the new identified outflows. This will result in the first systematic demo-
graphic study of outflows at high angular resolution in a nearby molecular
cloud and associated to Class I to Flat spectrum sources, which will help to
put into context the many studies of individual outflows already present in

the literature.
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A.2 Scientific justification

Molecular outflows in young stellar objects are one of the most prominent
signposts of star formation, affecting the evolution of the star and disk and
influencing the initial conditions for planetary formation. In the current
paradigm of low-mass star formation (Shu, Adams, and Lizano, 1987), a
dense core accretes material from a surrounding envelope while a bipolar
jet is launched from the central protostar, sweeping up the material from the
ambient cloud and forming a molecular outflow. Outflows phenomena can
extend within less than an au from the central protostar and can reach several
parsecs linear size. They are one of the best examples in astrophysics on the
connection between small and large scales. Outflows a) play a critical role in
disk accretion by carrying the excess of angular momentum from the rotat-
ing disk that would otherwise prevent accretion of material onto the central
protostar, b) disperse circumstellar envelope material and regulate the star-
formation efficiency at the molecular-core scale, and c) affect the dynamics of
the cloud as an important source of turbulence (Frank et al., 2014).

Observations of molecular outflows in the submillimetre are a powerful
tool to study the evolution of their morphology, kinematics, and dynamical
characteristics, as well as the accretion history of the central protostar. The
level of outflow activity and the morphology of the outflows evolves with
time (Arce and Sargent, 2006). The most powerful outflows are found in
the youngest protostars, when they are still embedded in their natal enve-
lope and the outflow activity declines during the later stages of the accretion
phase. On the other side the morphological characteristics are also affected
by the stage of evolution of the central source, appearing less collimated and
widening the outflow cavity with time.

Studies on outflows in the literature expand a wide range of data qual-

ity and analysis methods in different star forming regions, which difficult
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the combination of results to understand properly the mechanism driving
the outflow activity and their evolution with time. More complete and unbi-
ased samples of outflows in any given star forming region are required, and
ALMA with its sensitivity and angular resolution capabilities is well suited
to perform these studies in a more homogeneous way. In particular the At-
acama Compact Array (ACA) in band 6, with resolution ~5" and LAS~29"
offers a unique opportunity to study outflow interaction at envelope scales

(hundreds AU - thousands AU) in nearby star forming regions.

A.21 The Ophiuchus disk sample

The Ophiuchus molecular cloud, at a distance of 140£10 pc (Ortiz-Leén et
al., 2017), is particularly well suitable for a systematic study of outflows as it
is a southern and nearby star-forming region that contains a large number of
young stellar sources, including many tens of embedded objects (Class I and
Flat Spectrum sources). As part of the Ophiuchus DIsk Survey Employing
ALMA (ODISEA) project (Cieza et al., 2019; Williams et al., 2019; Zurlo et al.,
2020), ALMA has already observed the full catalog of 297 Young Stellar Ob-
jects (YSOs) in Ophiuchus from the “Cores to Discs” Spitzer Legacy Program
(Evans et al., 2009).

The ODISEA observations include >?CO(2-1), 3CO(2-1), and C'80(2-1)
transitions, with two additional windows dedicated to observe the contin-
uum.

Thus far, all ODISEA papers have focused on the dust continuum, and
molecular line data remain unpublished. However, we have recently ana-
lyzed the spectral emission line data using ALMA archival data for ODISEA
(PID : 2016.1.00545.S) and found ?CO emission that traces clear outflows and

envelope structures in 20 of the sources. We find that ~70% of the sources
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with 12CO outflows and/or envelopes are also detected in *CO and C!80
lines.

The available data have spatial resolution ranging from 0.2" to 1" and
Maximum Recoverable Scales (MRS) ranging from 3" to 10".

Most of the detected molecular outflows are relatively compact and al-
most fit within the ALMA 12-m array primary beam in band 6 (~ 30”), with a
tew of them extended beyond FOV (e.g. Figure A.1). Moreover most of these
outflows have not been reported in the literature nor been observed with
ALMA before. The small Maximum Recoverable Scales of the ODISEA data
implies that a significant fraction of the CO flux are likely to be missed, mak-
ing new observations with the Compact Array necessarily to properly char-

acterize the morphological and dynamical characteristics of the outflows.

A.2.2 Obijectives:

We propose observations using the Atacama Compact Array (ACA) in band
6, which will provide a spatial resolution of ~5" and largest angular scales of
~29" to characterize the gas emission detected in the ODISEA sample. The
main goal of this proposal is to confirm and characterize the gas emission we
detected using ALMA archival observations that is associated with molec-
ular outflows and envelopes. The ACA angular resolution and sensitivity
are perfectly suited to complete the objectives of this proposal in a large sam-
ple of sources and in a homogeneous way investing a reasonable amount of
time. At the distance of Ophiuchus molecular cloud (140 pc), the proposed
observations allow to study outflow interaction at envelope scales (hundreds
AU - thousands AU). For that we propose to set up the ACA correlator to
observe the 2CO (2-1), 13CO (2-1), and C'80 (2-1) molecular transitions as

primary goal. We also include DCN (3-2) and H,CO lines in our spectral set
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up as complimentary secondary goals. The main objectives of the proposal

are:

* A characterization the morphology of the newly detected outflows:
We will measure the cavity opening angle and the extend of the outflow.
For that we will use the CO (2-1) transition, which is known to be a sen-
sitive tracer of high velocity outflows (Hartigan et al., 2000). We will
compare these morphological characteristics with the different stages
of evolution (SED classes) of the driving sources to infer evolutionary
trends. Based on the first analysis from ALMA archival, data we expect
to most of the outflows will fit within the ACA field of view of ~46".
If any outflow is larger than the ACA primary beam, we will infer up-
per limits and those sources will followed up either with a future ACA
mosaic, or ACA+TP observations, or using the Atacama Pathfinder Ex-
periment (APEX) antenna to map the whole extension of the outflow,

as needed.

¢ Extract dynamical properties of the outflows and correlate them with
source properties: Using CO(2-1) line we will calculate mass, angular
momentum, and force of the outflows. 13CO(2-1) line will be used to ap-
ply opacity corrections in the line wings of the outflows (e.g. Dunham
et al., 2014c; Ruiz-Rodriguez et al., 2017). The less abundant, optically
thinner C'80(2-1) will be used to trace the denser envelope material.
The mechanical force of the outflows is a key parameter that measures
the outflow strength and the rate at which momentum is injected into
the envelope by the outflow. We will then search for correlations be-
tween the outflow force and the bolometric luminosity of the protostar
(which indicates a single mechanism is responsible for driving the out-

flow studied by Cabrit and Bertout, 1992) and with the envelope mass



1jgppendix A. A systematic Characterization of the Outflows at Ophiuchus
Molecular Cloud

to check if the outflow activity declines towards the later stages of the

accretion phase, as suggested in the literature (Bontemps et al., 1996).

¢ Study episodic ejects and changes in outflow direction. Episodicity is
of great interest since it is invoked in addressing the protostellar lumi-
nosity problem. We will search for clumpy or knot-like structures along
the outflow (as a sign of episodic ejects) versus a smooth distribution.
This will reveal the accretion history of the sample as episodic or con-
tinuous. Changes observed in the ejection direction could be produced
by variations in the angular momentum of the episodically accreting
gas (if drastic changes in the ejection direction) or close binaries inter-
action (Okoda et al., 2021). The sample size will allow us to look at

these phenomena from a statistical perspective.

* Probe physical conditions on the outflow-envelope interaction regions
using H,CO and DCN: The main goal of this proposal is to detect the
three CO isotopologues proposed, but taking profit on the ALMA cor-
relator capabilities we plan to include transitions of HyCO and DCN
in our spectral setup without the need for additional observing time.
Formaldehyde (H,CO) is an ubiquitous complex organic molecule in
molecular clouds. It is produced in the surface of dust grains through
CO hydrogenation, and shocks and UV heating are responsible for its
sublimation (Woon, 2002). In the proposed spectral setup, we can si-
multaneously tune the three para-H,CO transition at ~218 GHz (393202,
320271, and 3,1—2p0). Since collisions govern the relative populations of
the Ka ladders of the H,CO, the selected H,CO lines are good tracers
of the kinetic temperature around protostars (Mangum and Wootten,
1993), especially in the regime of 50-200 K. In low mass stars H,CO has
been observed in regions where the outflow interacts with the envelope

(Schoier et al., 2004). DCN (J = 3-2 multiplet) traces higher density gas
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than C'80 and it is useful to probe the envelope of embedded proto-
stars. It also traces the influence of molecular outflows on the circum-

stellar envelope (Buckle and Fuller, 2002).

Therefore both additional molecular species are a good complement
for the studies proposed here and probe the temperature and density
structure of the regions where the outflow interacts with the envelope.
We will use the AUTOFIT of the MACUBA software (https://cab.inta-
csic.es/madcuba/) to derive the physical parameters of the molecular

species (column density, excitation temperature, velocity and linewidths).

These data will provide an homogeneous characterization of new molec-
ular outflows in Ophiuchus cloud associated mostly to Class I and Flat
Spectrum sources, and an homogeneous measurement of their morpho-

logical and kinematics properties at envelope scales.

A.3 Description of observations

Analogous to the archival data, we request band 6 ACA observations for
12CO, 13CO and C'80O (2-1) transitions at 230.580, 219.560 and 220.398 GHz
respectively with a bandwith of ~ 150 km s~! enough to detect the high-

est velocity features of the outflows, and a velocity resolution ~0.1 km s~

to map in detail its kinematics. We plan to smooth channels to 0.2 km s~!
to increase the signal-to-noise ratio if needed. As a secondary goal and at no
further time expenses H,CO and DCN (3-2) lines will be included in the spec-
tral setup. We request an rms of 50 mJy (over a channel width of 0.2 km s~ 1),
which is twice better the sensitivity Vazzano et al. (2021) used to successfully
map with ACA young outflows in Lupus molecular clouds. We want to go

deeper in sensitivity because our sample contains more evolved protostars

(class I and flat spectrum sources), where it is expected less powerful fainter
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FIGURE A.1: Top panels: Moment 0 maps for two bipolar outflows
in 2CO. Bottom pannels: Moment 1 maps for the same sources and
line, using >5xrms emission. In bottom left corner of each panel, it
is the beam size, corresponding to 1.1", or ~155 au for the Ophiuchus
molecular cloud. This data was obtained from 2016.1.00545.S project.

outflows than for Class 0 sources. The archival data which are the basis of
this proposal, have 1.1” angular resolution, an rms ~ 30 mJy beam~! with
0.25 km s~! channel width, and Maximum Recoverable Scales of 9.8” (1400

au). With the ACA observations we will be able to map structures larger than

the FoV on the mentioned archival data.
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