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by Camilo González Ruilova

Los significativos avances tecnológicos de la última década han permitido
un progreso sustancial en las observación y entendimiento de las proto es-
trellas y el disco de material que las rodea, consecuentemente dilucidando
la formación planetaria y el potencial origen del sistema solar. Incluso sin
observaciones claras o datos respecto de la formación estelar y planetaria,
los humanos hemos estado analizando y proponiendo escenarios para el
nacimiento y evolcuión de objetos cósmicos durante siglos. Sin embargo,
según obtenemos mejores images e información de las proto estrellas jóvenes
cercanas al sistema solar, muchos modelos e ideas teóricas han sido desafi-
adas. En esta tesis discutiremos varios escenarios de formación estelar y
planetaria, para diferentes tipos de objetos jóvenes hayados en la región de
formación estelar de Ofiuco, tales como proto enanas marrones y discos de
transición. Utilizando datos de radio interferometría, 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 revelarán la interacción de las proto estrellas con la
nube molecular que las contiene, como también analizaremos en profundi-
dad los fenómenos que ocurren dentro del disco protoplanetario a pocas au
de la proto estrella.

En este estudio presentaremos la muestra más 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 líneas de 12CO, 13CO, y C18O (2-1). Mientras que previos estudios han
examinado los parámetros 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 proveerán
evidencia sólida para la comparación de variados modelos de formación de
enanas marrones, y la posible formación de planetas alrededor de estas.

Adicionalmente, presentaremos el estudio del sistema estelar con las cavi-
dades más grande y pequeña en la nube molecular de Ofiuco. El sistema
ISO-Oph 2 presenta un disco de transición con dos anillos concéntricos no ax-
isimétricos, una morfología poco común en est tipo de objetos. Además esta
fuente se encuentra con una compañera lejana, a una separación de 240 au.
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Esta compañera exhibe una cavidad de aproximadamente 2 au de diámetro,
y la proto estrella huésped está 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 interacción cercana previa.

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

by Camilo González 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, 13CO, and C18O (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.



vii

Contents

Abstract iii

Abstract v

1 Introduction 1
1.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Star Formation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.2.1 Low Mass Regime . . . . . . . . . . . . . . . . . . . . . 4
1.2.2 Substellar Regime . . . . . . . . . . . . . . . . . . . . . . 6

1.3 Classification of Young Stellar Objects . . . . . . . . . . . . . . 9
1.4 Jets and Outflows . . . . . . . . . . . . . . . . . . . . . . . . . . 14
1.5 Planet Formation . . . . . . . . . . . . . . . . . . . . . . . . . . 18

1.5.1 Core Accretion . . . . . . . . . . . . . . . . . . . . . . . 20
1.5.2 Gravitational Inestabilities . . . . . . . . . . . . . . . . . 22
1.5.3 Barriers in Planet Formation Theories . . . . . . . . . . 24

Radial Drift . . . . . . . . . . . . . . . . . . . . . . . . . 24
Fragmentation . . . . . . . . . . . . . . . . . . . . . . . 26

1.5.4 Solving the barriers . . . . . . . . . . . . . . . . . . . . . 28
1.5.5 Pebble Accretion . . . . . . . . . . . . . . . . . . . . . . 30
1.5.6 Runaway Accretion . . . . . . . . . . . . . . . . . . . . 32

1.6 Protoplanetary Disks . . . . . . . . . . . . . . . . . . . . . . . . 33
1.6.1 Substructures in Protoplanetary Disks . . . . . . . . . . 33
1.6.2 Evolutionary Path for Protoplanetary Disks . . . . . . . 34

1.7 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

2 The Ophiuchus DIsc Survey Employing ALMA (ODISEA)-IV: Anal-
ysis of Young Proto-Brown Dwarf Candidates 39
2.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
2.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
2.3 Sample selection . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
2.4 Observations and data reduction . . . . . . . . . . . . . . . . . 45
2.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

2.5.1 Continuum . . . . . . . . . . . . . . . . . . . . . . . . . 49
2.5.2 Molecular lines . . . . . . . . . . . . . . . . . . . . . . . 50

BKLT J162546-242337 . . . . . . . . . . . . . . . . . . . . 54
CRBR 2315.8-1700 . . . . . . . . . . . . . . . . . . . . . . 56
CRBR 2317.5-1729 . . . . . . . . . . . . . . . . . . . . . . 57
[GY92] 197 . . . . . . . . . . . . . . . . . . . . . . . . . . 59
[GY92] 344 . . . . . . . . . . . . . . . . . . . . . . . . . . 61
2MASS J16274825-2442256 . . . . . . . . . . . . . . . . . 63



viii

BKLT J162858-244054 . . . . . . . . . . . . . . . . . . . . 65
2MASS J16313383-2404466 . . . . . . . . . . . . . . . . . 66
2MASS J16313679-2404200 . . . . . . . . . . . . . . . . . 68
ISO-Oph 200 . . . . . . . . . . . . . . . . . . . . . . . . . 69
ISO-Oph 204 . . . . . . . . . . . . . . . . . . . . . . . . . 71
WLY 2-69 . . . . . . . . . . . . . . . . . . . . . . . . . . 73

2.6 Discussions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
2.6.1 Gas and dust masses . . . . . . . . . . . . . . . . . . . . 75
2.6.2 Possible planet formation . . . . . . . . . . . . . . . . . 79
2.6.3 Statistics between Class I, FS and II sources . . . . . . . 80

2.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
2.8 Data Availability . . . . . . . . . . . . . . . . . . . . . . . . . . 85
2.9 Extra Material . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

3 A Tale of Two Transition Disks: ALMA long-baseline observations
of ISO-Oph 2 reveal two closely packed non-axisymmetric rings and
a ∼2 au cavity 93
3.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
3.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
3.3 Observations and data analysis . . . . . . . . . . . . . . . . . . 96

3.3.1 ALMA observations . . . . . . . . . . . . . . . . . . . . 96
3.3.2 Data analysis . . . . . . . . . . . . . . . . . . . . . . . . 96

3.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
3.4.1 (Sub)stellar masses . . . . . . . . . . . . . . . . . . . . . 97
3.4.2 Continuum . . . . . . . . . . . . . . . . . . . . . . . . . 98

Primary disk . . . . . . . . . . . . . . . . . . . . . . . . 98
Secondary disk . . . . . . . . . . . . . . . . . . . . . . . 100

3.4.3 Molecular gas (12CO) data . . . . . . . . . . . . . . . . . 103
3.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
3.6 Summary and Conclusions . . . . . . . . . . . . . . . . . . . . 107

4 Conclusions 111
4.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
4.2 Future Perpectives . . . . . . . . . . . . . . . . . . . . . . . . . 115

4.2.1 Extended Emission around YSOs . . . . . . . . . . . . . 115
4.2.2 Modelling Protoplanets with Transition Disks . . . . . 117
4.2.3 Planet Formation in situ . . . . . . . . . . . . . . . . . . 118

A A systematic Characterization of the Outflows at Ophiuchus Molec-
ular Cloud 121
A.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
A.2 Scientific justification . . . . . . . . . . . . . . . . . . . . . . . . 122

A.2.1 The Ophiuchus disk sample . . . . . . . . . . . . . . . . 123
A.2.2 Objectives: . . . . . . . . . . . . . . . . . . . . . . . . . . 124

A.3 Description of observations . . . . . . . . . . . . . . . . . . . . 127

Bibliography 129



ix

List of Figures

1.1 Scheme for multiple phases, from molecular cloud, passing
by protostar formation, finishing with evolved planetary sys-
tems. This big picture of planet formation represents, in part,
the same spatial multiscale analysis in this thesis. All the evo-
lutionary stages are briefly described, in white, in front of each
artistic representation. Credit to Bill Saxton/NRAO/AUI/NSF 3

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 ob-
jects, Class 0 (blue crosses), I (Magenta crosses), and FS (Cyan
crosses). Figure extracted from Tobin et al. (2020). . . . . . . . 5

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. Wheat-
ley (STScI). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.4 Schematic panels of different Classes (0, I, II and III), with the
SED representation of each Class and their respective model of
black body emission (Left column). In addition there are visual
representations of the material interacting with the circumstel-
lar disk and protostar, corresponding to the respective Class
(Right column). This figure is adapted from Zhang (2015). . . 11

1.5 Left: First dettection of protoplanet PDS 70 b, using the SPHERE/IRDIS
instrument at VLT, at NIR wavelenghts. Plot from Müller 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 c, and the observation were made by
ALMA observatory at 0.8 mm wavelenght. Plot from Benisty
et al. (2021). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

1.6 Spectacular colored image of the jet HH 212 in the L1617 re-
gion. This observation was taken by VLT telescope, at the
wavelenght λ = 2.1 µm, corresponding to the emission of H2
molecular line. This structure extend by > 4×104 au from each
extreme of the jets. This Figure is presented in Bally, Reipurth,
and Davis (2007), but originally in black and white in Zin-
necker, McCaughrean, and Rayner (1998). . . . . . . . . . . . . 16



x

1.7 Observation from the JWST using the NIRCam instrument,
and the filters F200W, F335M, F444W, and F470N. The target
corresponds to IRAS 04368+2557 in the Taurus constellation.
This image shows the presence of very extended bipolar out-
flows around a YSO. Credits to: Joseph DePasquale (STScI),
Alyssa Pagan (STScI), Anton M. Koekemoer (STScI) . . . . . . 18

1.8 In blue line the Giant Gas Planet timeline representation, for
all the evolutionary stages. Same for the rocky planets in red
line. X axis represents the time range estimations for the differ-
ent processes, and Y axis corresponds to a representative size
scale for the material that participates in every physical evolu-
tionary track. Figure from Raymond and Morbidelli (2022). . . 21

1.9 Simulations of spirals patterns produced by Gravitational In-
estabilities 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.
Credits to Daniel J. Price (video). . . . . . . . . . . . . . . . . . 23

1.10 Some of possible mechanisms forming transition disks, and
dust trapping. Each panel labeled the respective mechanism.
Figure from van der Marel (2023) . . . . . . . . . . . . . . . . . 30

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 multi-
ple systems. This was the first ALMA large program of PPDs
in high angular resolution. Figure from Andrews et al. (2018). 35

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). . . . . . . . . . . . . . . . . . . 37

2.1 Coordinates of proto brown dwarfs candidates in the sample
(green circles), within Ophiuchus molecular cloud. The back-
ground corresponds to H2 column density map, from Herschel
Gould Belt Survey, for the L1688 (Ophiuchus) region. . . . . . 47

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, ...]× rms for each image. . 52

2.3 Multiple systems from the same observations presented in Fig.
3.2. Left panels: Wide binary systems. Right panels: Zoom in
corresponding to white squares in for the respective left panel.
Green contours have the same levels than Fig. 3.2. The syn-
thesized beam size (in white) is presented in the left bottom
corner of right panels. . . . . . . . . . . . . . . . . . . . . . . . 53

https://www.youtube.com/shorts/_JgwlWDL3aw


xi

2.4 Top panels: Integrated intensity maps (moment 0). Bottom
panels: Velocity maps (moment 1). Left to right: maps for
12CO, 13CO, and C18O (2-1) lines. The maps correspond to
the emission associated to BKLT J162546-242337 source. White
countours represent the line emission at [3, 6, 9, 12, ...]× rms,
and green contours are 100%, 75%, 50% and 25% of the peak,
for the continuum (1.3 mm) emission. Beam sizes are pre-
sented in the bottom-left corner in each panel. . . . . . . . . . 58

2.5 Maps of moments for CRBR 2315.8-1700, analogous to Fig. 3.4 58
2.6 Maps of moments for CRBR 2317.5-1729, analogous to Fig. 3.4 60
2.7 Maps of moments for [GY92] 197, analogous to Fig. 3.4 . . . . 62
2.8 Maps of moments for [GY92] 344, analogous to Fig. 3.4 . . . . 63
2.9 Maps of moments for 2MASS J16274825-2442256, analogous to

Fig. 3.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
2.10 Maps of moments for BKLT J162858-244054, analogous to Fig.

3.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
2.11 Maps of moments for 2MASS J16313383-2404466, analogous to

Fig. 3.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
2.12 Maps of moments for 2MASS J16313679-2404200, analogous to

Fig. 3.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
2.13 Maps of moments for ISO-Oph 200, analogous to Fig. 3.4 . . . 71
2.14 Maps of moments for ISO-Oph 204, analogous to Fig. 3.4 . . . 73
2.15 Maps of moments for WLY 2-69, analogous to Fig. 3.4 . . . . . 74
2.16 Plot of disk mass versus flux of 12CO (2-1) line for sources with

continuum and/or molecular line detections presented 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 respective
axis of the arrow. . . . . . . . . . . . . . . . . . . . . . . . . . . 78

2.17 Pie charts illustrating the recurrence statistics of proto-BD can-
didates categorized by class (I, FS, and II), juxtaposed with the
distribution of total YSOs in the Ophiuchus molecular region.
Top-left chart: The percentages of YSOs classified by class ac-
cording to the c2d program. Top-right chart: The percent-
ages of proto-BD candidates delineated by class. Bottom chart:
Combination of the data from the upper charts, with solid col-
ors representing the total YSO distribution at the center, and
the proportions of proto-BD candidates by class depicted with
smoothed colors along the edges. . . . . . . . . . . . . . . . . . 82

2.18 Empirical Cumulative Distribution Functions (ECDFs) illus-
trating disk masses in proto-BD candidates categorized by class
(I, FS, and II) in the Ophiuchus region. The distribution for
Class II proto-BDs is sourced from data presented by Testi et
al. (2016). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83



xii

2.19 12CO channel maps for the source BKLT J162546-242337. White
contours are the area, with emission intensity ≥ 3 × rms, con-
sidered for the flux integration measurement. In left-bottom
corner of each plot, it is the beam size shape in white. The ticks
levels are the same in all the plots, the same as in left-bottom
plot. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

2.20 12CO channel maps for CRBR 2315.8-1700, analogous to Fig. 2.19 86
2.21 12CO channel maps for CRBR 2317.5-1729, analogous to Fig. 2.19 87
2.22 12CO channel maps for [GY92] 197, analogous to Fig. 2.19 . . . 87
2.23 12CO channel maps for [GY92] 344, analogous to Fig. 2.19 . . . 88
2.24 12CO channel maps for 2MASS J16274825-2442256, analogous

to Fig. 2.19 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
2.25 12CO channel maps for BKLT J162858-244054, analogous to

Fig. 2.19 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
2.26 12CO channel maps for 2MASS J16313383-2404466, analogous

to Fig. 2.19 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
2.27 12CO channel maps for 2MASS J16313679-2404200, analogous

to Fig. 2.19 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
2.28 12CO channel maps for ISO-Oph 200, analogous to Fig. 2.19 . 90
2.29 12CO channel maps for ISO-Oph 204, analogous to Fig. 2.19 . 91
2.30 12CO channel maps for WLY 2-69, analogous to Fig. 2.19 . . . 91

3.1 Left: 1.3 mm image of the ISO-Oph 2 system, including the
disks around both stellar components and a zoom-in of the
secondary disk where the cavity is marginally resolved. Right:
A zoom-in of the primary disk with two non-axisymmetric
rings. North is up and East is to the left. . . . . . . . . . . . . . 99

3.2 (a) Deprojected image of the disk around the primary with
normalized intensity to 0.3×peak. (b) Average deprojected ra-
dial profile of the disk around the primary and the 5-σ con-
trast curve of the VLT-NACO observations at 2.2 µm reported
by Zurlo et al. (2020). (c) Polar radial deprojection from image
(a). (d) Same as panel (c), but averaged over radius, between
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. . . . . . . . . . . . . . . . . . . . . . . . . . 101

3.3 The deprojected visibility profile of the disk around the sec-
ondary. Both the Real (top panel) and the Imaginary (bottom
panel) parts are shown. A null is seen at a baseline length of
∼5000±500 kλ (6500 m), indicating a dust cavity with a radius
of ∼2.2 AU. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103



xiii

3.4 (a): the Moment-0 map from the combined visibilities at 0.03′′,
0.2′′ and 1.1′′ resolution imaged with an 0.1′′ beam. The black
contours represent emission at ≥ 3− σ with steps of 3-σ. Con-
tinuum contours in 0.2′′ are shown in white. (b): the Position-
Velocity diagram with PA=169o, length=3.4′′ and averaging
width=1′′ (see rectangle in panel a), revealing significant emis-
sion connecting both disks at ∼1.5 km/s. (c): the channel map
corresponding to velocities between 0.25 and 1.75 km/s. (d):
the moment-1 map of the same data from panel (a). The posi-
tion of the stars from Gaia, corrected for the proper motion of
the primary are also indicated. . . . . . . . . . . . . . . . . . . 105

A.1 Top panels: Moment 0 maps for two bipolar outflows in 12CO. Bot-
tom pannels: Moment 1 maps for the same sources and line, using
>5×rms 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. . . . . . 128





xv

List of Tables

2.1 Sourcenames; Right ascension; Declination; Distances from Gaia
DR3, and for sources without Gaia parallaxes, an average dis-
tance of 140 pc from Ortiz-León 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) Ruíz-Rodríguez 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). . . . . . . . . . . . . . . 46

2.2 Observational information from the QA2 ALMA report, con-
sidering the execution block, array configuration (Array Con-
fig.), 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) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

2.3 Measurements for continuum detections. All parameters pre-
sented were obtained using the IMFIT tool. . . . . . . . . . . . . 51

2.4 Measurements from the data cubes for the molecular lines 12CO,
13CO, and C18O (2-1). For the integrated fluxes (Fline), the
units are [Jy km s−1], for the root mean square (rms) it is [Jy
beam−1 km s−1], and for the velocity range [km s−1 - km s−1]. 55

3.1 ALMA observations of the ISO-Oph 2 system. (a) beam size
corresponds to Briggs weighting and robust parameter of 0.5. 109





xvii

List of Abbreviations

ACA = Atacama Compact Array
ALMA = Atacama Large Millimeter/submillimeter Array
BD = Brown Dwarf
CMF = Core Mass Function
CPD = CircumPlanetary Disk
CTTS = Classical T-Tauri Star
DSHARP = Disk Substructures High Angular Resolution Project
FS = Flat Spectrum
HST = Hubble Space Telescope
IMF = Initial Mass Function
ISM = InterStellar Medium
IR = InfraRed
JWST = James Webb Space Telescope
LCO = Las Campanas Observatory
MHD = MagnetoHydroDynamics
NIR = Near InfraRed
ODISEA = Ophiuchus DIsc Survey Employing ALMA
PPD = ProtoPlanetary Disk
rms = root mean square
SED = Spectral Energy Distribution
SFR = Star-Forming Region
SNR = Signal-to-Noise Ratio
SpT = Spectral Type
VLA = Very Large Array
VLT = Very Large Telescope





xix

Physical Constants

Astronomical Unit au = 1.495 98 × 1011 m
Speed of Light c0 = 2.997 92 × 108 m s−1

Mass of Jupiter MJup = 1.898 13 × 1027 kg
Mass of Sun M⊙ = 1.9891 × 1030 kg
Mass of Earth M⊕ = 5.9722 × 1024 kg
Parsec pc = 3.0857 × 1016 m
Boltzmann constant k = 1.380 649 × 10−23 J K−1

Mass of Hydrogen atom mH = 1.673 557 5 × 10−27 kg
Pi π = 3.14159265...
Jansky Jy = 1 × 10−26 W m−2 Hz−1





xxi

Dedicated to my brother, Cristóbal. . .





1

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 (VLT, 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-

ficient 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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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 ∼ 103-104 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 (MJup), 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.

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

first 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

(Vázquez-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 MJup, and

hence exhibit temperatures as low as 2200 K to ∼ 250 K in their atmospheres
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(Beamín et al., 2014). The inaugural observation of a BD, Teide 1, was doc-

umented by Rebolo, Zapatero Osorio, and Martín (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 (1H) within their cores, thus relying on

deuterium (2H) combustion as their primary energy source. In instances of

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

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 ∼ 10-6 M⊙ yr-1 to 10-9-

10-12 M⊙ yr-1, at a critical time of tc ∼ 104 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 µm. The parameterization of these slopes,

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

αIR =
dlog(νFν)

dlog(ν)
=

dlog(λFλ)

dlog(λ)
(1.1)

Where αIR 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 λ < 20µm): 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 ϕop < 90o (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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FIGURE 1.4: Schematic panels of different Classes (0, I, II and III), with the SED
representation of each Class and their respective model of black body emission (Left
column). In addition there are visual representations of the material interacting with
the circumstellar disk and protostar, corresponding to the respective Class (Right

column). This figure is adapted from Zhang (2015).
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b) Class I (αIR > 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).

c) Class FS (-0.3 < αIR < 0.3): Being an intermediate class between Class

I and II, 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 < αIR < -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 (αIR < -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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