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Resumen

El complejo de formacién estelar de Orion es un laboratorio astrofisico ideal, con un gran
numero de estrellas confirmadas espectroscépicamente como objetos jévenes de baja masa
(estrellas T Tauri) en un amplio rango de edades (1-10 Millones de anos), muy adecuado
para realizar un estudio sistematico de la rotacion estelar durante los primeros millones de
anos de vida estelar. En esta fase, los discos protoplanetarios que estan vinculados mediante
columnas de acrecién a las estrellas regulan la evolucion del momento angular. El objetivo
central de esta tesis doctoral es embarcarse en una exploracién sin precedentes de la rotacion
estelar de las estrellas T Tauri. Este trabajo se realizé desde las perspectivas observacional y

tedrica, desarrollando herramientas para la estimacion robusta de medidas de rotacion estelar:

Desde una perspectiva observacional, utilizamos estimaciones de velocidad de rotacién proyec-
tada (vsin(i)) de la colaboracién Apache Point Observatory Galactic Evolution Experiment
2, asi como masas y edades individuales derivadas del diagrama Hertzprung Russell y mode-
los evolutivos. Las estimaciones de vsin(7) fueron comprobadas con una herramienta propia
que usa métodos de Transformada de Fourier. Nuestro estudio también incluye periodos de
rotacion estimados a partir del andlisis de la curva de luz de TESS. Para las estrellas de baja
masa, encontramos una tendencia evolutiva empirica de vsin(i), que indica que los discos
de acrecion regulan la rotaciéon estelar en escalas de tiempo de aproximadamente 6 Millones
de anos, que es la escala de tiempo en la que la mayoria de las estrellas T Tauri pierden su
disco interno. Nuestros resultados proporcionan importantes limitaciones a los modelos de
rotaciéon en las primeras fases de la evolucion de estrellas jovenes y sus discos. Este trabajo

se publicé en la revista The Astrophysical Journal (Serna et al., 2021).

Desde una perspectiva tedrica, desarrollamos una herramienta que permite la generacion
de redes de modelos de rotacién estelar, que incluyen evolucién de la estructura estelar, la
interaccién estrella-disco y las eyecciones magnetosféricas en el marco de vientos estelares po-
tenciados por acrecion. De esta forma estudiamos la evolucién de la tasa de rotacion estelar
en funcién de la masa, el campo magnético y el viento estelar. Nuestros resultados confirman

que las mediciones de vsin(i) en estrellas T Tauri concuerdan con las tasas de rotacién pro-

18



Resumen 19

porcionadas por nuestros modelos. Adicionalmente, encontramos que la evolucién de v sin(7)
con la edad podria ser regulada por variaciones en (a) la intensidad del campo magnético
y (b) la fraccién del flujo de acrecién expulsado en los vientos magnéticos. Este trabajo se

encuentra actualmente en su segunda revision en la revista The Astrophysical Journal [2].

Ademas, presentamos la aplicacion web TESSExtractor, que facilita de forma intuitiva la
extraccién y el andlisis de curvas de luz TESS para diversos estudios astrofisicos, incluida la
rotacion estelar. Esta herramienta ya esta disponible y la publicacién asociada se presentard
en la revista The Astronomical Journal de este ano [3]. De hecho, TESSExtractor ya se uti-
liza intensivamente en dos proyectos Ph.D. de nuestros grupos de colaboracién (por ejemplo,

Rodriguez-Feliciano et al. (2023), Batista et al. en preparacién).

Esta investigacion ha contribuido con nuestra comprensién general de la rotacién en estrellas
jovenes en relacion con sus discos, proporcionando informacion valiosa sobre los procesos
fisicos involucrados en las estrellas T Tauri. Ademads, este trabajo ofrece modelos para
pronosticar parametros fisicos como el campo magnético y la tasa de pérdida de masa para las
estrellas T Tauri. También, proporciona herramientas para estimar observables de rotacién
utilizando fotometria y espectroscopia, lo cual resulta 1til para diversos estudios de las fases

iniciales de la vida de estrellas tipo solar.



Abstract

The Orion star-forming complex is an ideal astrophysical laboratory, with a large number of
spectroscopically confirmed low-mass young objects (T Tauri stars), spanning a wide range of
ages (1-10 Million years), well suited to perform a systematic study of stellar rotation during
the first million years of stellar life. In this stage, protoplanetary disks are linked via accretion
columns to the stars, playing a role in regulating the evolution of angular momentum. The
central objective of this doctoral thesis is to embark upon an unprecedented exploration of
stellar rotation within T Tauri stars. To achieve this, we combine two approaches to conduct

this study, developing tools for the robust estimations of stellar rotation measurements:

From an observational perspective, we use projected rotational velocity (vsin(i)) estimations
from the Apache Point Observatory Galactic Evolution Experiment 2 collaboration, as well
as individual masses and ages derived from the Hertzprung Russell diagram and evolution-
ary models. The vsin(i) estimates were checked using a tool developed in this thesis that
uses Fourier Transform methods. Our study also includes rotational periods estimated from
TESS light curve analysis. For low-mass stars, we found an empirical evolutionary trend of
vsin(i) that indicates that accreting disks regulate stellar rotation on timescales of about
6 Million years, which is the timescale in which most of the T Tauri stars lose their inner
disk. Our results provide important constraints to models of rotation in the early phases of
the evolution of young stars and their disks. This work was published in The Astrophysical
Journal (Serna et al., 2021).

From a theoretical perspective, we developed a tool to generate grids of stellar rotation mod-
els, incorporating the star-disk interaction and magnetospheric ejections in the accretion-
powered stellar winds framework to investigate the evolution of the stellar rotation rate as a
function of the mass, the magnetic field, and stellar wind. Our results confirm that T Tauri
stars’ vsin(i) measurements agree with the rotation rates provided by our models. Addi-
tionally, we find that the evolution of vsin(i) with age might be regulated by variations in
(a) the intensity of the magnetic field and (b) the fraction of the accretion flow ejected in

magnetic winds. This work has been accepted for publication in The Astrophysical Journal

20



Abstract 21

(Serna et al., 2024).

In addition, we present a user-friendly web application called TESSExtractor, which facil-
itates the extraction and analysis of TESS light curves for various astrophysical studies,
including stellar rotation. This tool is already available and easily accessible. The paper
related to TESSExtractor will be submitted to The Astronomical Journal this year [3]. In-
deed, TESSExtractor is already actively used in two Ph.D. projects of our collaboration

groups (e.g., Rodriguez-Feliciano et al. (2023), Batista et al. in preparation).

This research contributes to our general understanding of rotation in young stars in connec-
tion with their disks, providing valuable insights into the physical processes involved in T
Tauri stars. Furthermore, this work offers models to forecast physical parameters such as
magnetic field and mass loss rate for T Tauri stars. Moreover, it provides tools to estimate
rotation observables using photometry and spectroscopy, useful in studies of the early stages

of the lives of solar-type stars.



1 Introduction

Stellar rotation is fundamental for studying the formation and evolution of stars and planets
(Bouvier, 2013; Pinzén et al., 2021; Strugarek et al., 2015). In this context, it is a key piece
for understanding the early evolution of angular momentum and its relationship to various
stellar processes, such as the stellar structure, magnetic fields, stellar activity, stellar winds,
and protoplanetary disks. Angular momentum and its evolution is one of the more challeng-
ing open problems of modern stellar astrophysics. Nowadays, thanks to the large surveys and
the unprecedented precision of available data (e.g., APOGEE, TESS, Gaia), the community

is making valuable efforts and significant progress in this area (Kounkel et al., 2023).

Young stars, also known as T Tauri stars (ages < 10 Myr), are born from vast clouds of gas
and dust (Briceno et al., 2019; Hernandez et al., 2014), and even at their earliest stages, they
exhibit inherent rotation (Covey et al., 2005). As they form, the material from their natal
cores is transferred through protoplanetary disks onto the central protostar (Hartmann et al.,
2016). Consequently, the rotational velocity of these stars is expected to increase due to the
conservation of angular momentum. However, the rapid angular momentum loss observed
in these stars has been an enigma for decades (Bouvier et al., 1993). Most stars with disks
exhibit rotation rates significantly below their theoretical break-up limits (Stassun et al.,
1999). This paradox suggests that these stars lose angular momentum at an astonishing rate
during their first million years (Kounkel et al., 2023), challenging our understanding of the
underlying mechanisms driving this phenomenon. Thus, it is crucial to perform studies of
stellar rotation in young stellar pre-main sequence populations in which large angular mo-

mentum loss is expected.

One crucial aspect to consider in this study, is the presence of binary companions. Early in
their formation, binary systems can exchange angular momentum through tidal interactions,
impacting their individual rotational velocities compared to single stars (Johnstone et al.,
2019; Keppens, 1997). While this phenomenon is not the main focus of this thesis, we base
it on works that identify spectroscopic and visual binaries to filter these stars from our sam-

ple. On the other hand, radius inflation is another important phenomenon that influences

22
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the determination of stellar parameters using techniques such as the HR diagram. Stellar
radius inflation occurs due to various factors, including stellar activity, magnetic fields, and
binary interactions. This inflation affects the apparent luminosity and temperature of stars,
complicating their placement on HR diagrams and could impact our interpretations of stellar

properties, such as age and mass (Wanderley et al., 2023).

One of the physical phenomena that could induce the diminishing of the angular momentum
is disk-locking, where a star’s magnetic field interacts with its surrounding protoplanetary
disk, resulting in a redistribution of angular momentum. Despite it being a conceivable sce-
nario to explain the braking, the efficiency of this disk-locking mechanism in counteracting
the spin-up caused by accretion remains a subject of debate. Observations indicate that stars
with protoplanetary disks exhibit slower rotation rates than diskless stars, supporting the
notion of disk-locking. However, not all studies have confirmed this trend, and contradictory

results have been reported (see Serna et al., 2021).

Previous studies have proposed models based on the disk-locking mechanism, in which stel-
lar angular velocity remains constant as long as stars are in the presence of disks (Amard
et al., 2016, 2019; Gallet and Bouvier, 2013, 2015). However, new models such as Accretion-
Powered Stellar Wind (APSW) suggest that even in the presence of an accreting disk, the
stellar angular velocity can change (Gallet et al., 2019; Matt et al., 2012; Pinzén et al., 2021).
This paradigm provides an excellent opportunity to build models and explore the influence
of the physical mechanisms such as magnetic fields (B,) and mass-loss rate via stellar winds
(x = Huind

rotational velocity (vsin(i)), Mass, Age, among others.

T ) in relation to observables of CTTS, e.g., Rotational period (P,), Projected

Nowadays, we know that the relationship between rotation and physical phenomena in stars
depends heavily on age, stellar mass, and even metallicity (Bouvier, 2013), which increases
the complexity towards a better understanding of the origin and evolution of the angular
momentum of stars. However, we are in a golden era in which the stellar characterization of
young stars can be robustly and homogeneously derived thanks to large spectroscopic surveys,
such as SDSS-APOGEE (e.g., Kounkel et al., 2018), combined with the kinematic informa-
tion available in the data releases of Gaia. Additionally, multi-epoch large-scale photometric
surveys, such as TESS, can provide precise information about the rotation of spotted stars,

such as T Tauri stars.

In this dissertation, we present a multifaceted study that seeks to provide a general perspec-

tive on the stellar rotation of young stars. From an observational perspective, we contribute
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to the ongoing discussion about the role of accreting disks in shaping the observed trends of
angular momentum in pre-main-sequence stars. More details about this work are found in
Chapter 2. From a theoretical perspective, we explore the influence of astrophysical processes
in young stars such as (B,, x) in relation to the stellar rotation through a comprehensive
grid of models developed for disk stars or Classical T Tauri Stars. The reader can find more
details about this work in Chapter 3. The TESSExtractor tool developed in this work is
presented in Chapter 4. In Chapter 5, we present our conclusions, contributions to research

papers, and my ongoing/future work.



2 Stellar Rotation of T'TS in the Orion
Star Forming Complex (Serna et al.,
2021)

The analysis presented in this section constitutes my first publication during the second year
of my doctoral program. This manuscript, titled “Stellar Rotation of T Tauri Stars in the
Orion Star-forming Complex” by Serna et al. (2021), was published in ApJ and constitutes an
integral part of this dissertation. While a significant portion of the findings in this publication
originated from my master’s degree, crucial components, such as mass and age determina-
tion, the estimation and comparative analysis of projected rotational velocities in existing
literature, post-processing of the TESS light curves and period determination with errors, as
well as the development of the software introduced herein, were refined and expanded upon

during my doctoral studies.

Abstract: We present a large-scale study of stellar rotation for T Tauri stars in the Orion
Star-Forming Complex. We use the projected rotational velocity (vsin(i)) estimates reported
by the APOGEE-2 collaboration as well as individual masses and ages derived from the
position of the stars in the HR diagram, considering Gaia-eDR3 parallaxes and photometry
plus diverse evolutionary models. We find an empirical trend for vsin(i) decreasing with
age for low-mass stars (0.4M, < M, < 1.2Mg). Our results support the existence of a
mechanism linking v sin(i) to the presence of accreting protoplanetary disks, responsible for
regulating stellar rotation in timescales of about 6 Myr, which is the timescale in which most
of the T Tauri stars lose their inner disk. Our results provide important constraints to models

of rotation in the early phases of the evolution of young stars and their disks.

2.1 Introduction

Stellar rotation is a fundamental parameter in star formation and stellar evolution, and it

plays a crucial role in the origin of planetary systems. Understanding the origin and early
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evolution of stellar angular momentum is one of the most challenging problems of modern
stellar astrophysics. This study is a cross-sectional tool for multiple stellar physical processes
(Amard et al., 2019; Bouvier, 2013; Bouvier et al., 2014; Spada and Lanzafame, 2020).

While rotational velocities of most main-sequence stars decrease with age (vsin(i) o t72)
due to angular momentum (AM) losses by stellar winds (Skumanich, 1972), in very young
stars there are mechanisms not yet well understood that can affect the angular momentum
(e.g., disk-locking effect, core-envelope decoupling, stellar winds; Littlefair, 2013). Thus, find-
ing Skumanich-type relations for pre-main-sequence stars (PMS) becomes more problematic.
Regardless of these complexities, and based on observations from different young stellar as-
sociations, it has been possible to progress in AM evolutionary models for low-mass stars at
the PMS phase (Amard et al., 2016, 2019; Gallet and Bouvier, 2013, 2015; Matt et al., 2012).
The characterization of critical parameters related to the interaction between a star and its
protoplanetary disk, mass accretion rate, stellar winds, and other mechanisms of AM loss,
needs to be improved to better understand AM evolution during the early stages (Bouvier
et al., 2014), when disk dissipation and planet formation occur (e.g. Hernandez et al., 2007;
Testi et al., 2014; Williams and Cieza, 2011).

AM evolutionary models consider a disk-locking mechanism that keeps a constant stellar
angular velocity as long as stars have accreting disks (Amard et al., 2016, 2019; Gallet and
Bouvier, 2013, 2015). However, accretion-powered stellar wind models suggest that the stel-
lar angular velocity could change even in the presence of an accreting disk (Gallet et al.,
2019; Matt et al., 2012; Pinzon et al., 2021). Most observational studies support a scenario
in which magnetic star-disk coupling has a fundamental impact on young stars rotational
properties. Thus, stars with accreting disks rotate, on average, slower than stars without
accreting disks (e.g., Bayo, A. et al., 2011; Biazzo et al., 2009; Davies et al., 2014; Jayaward-
hana et al., 2006; Rebull et al., 2006, 2014; Venuti et al., 2017). In contrast, other studies
found no significant differences between rotation properties and the presence of accretion
disks, even reporting contradictory results to the disk-locking scenario (Blanc et al., 2011;
Karim et al., 2016; Makidon et al., 2004; Nguyen et al., 2009; Stassun et al., 1999). These
discrepancies can be attributed to various factors, including sample selection, observational
techniques employed, the consideration of environmental effects, and the accretion status of
the star. Especially if infrared colors are used to classify disks instead of using H, equivalent
width criteria (White and Basri, 2003). Thus, additional studies are needed to determine the
role of accreting disks, stellar magnetic fields, and stellar winds on the evolutionary trends

of angular momentum observed in PMS stars.
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In this thesis, we aim to contribute to this ongoing question through a comprehensive and
homogeneous sample of young stars at the date, previously identified by H, and Lithium lines
as T Tauri stars, with available measurements of rotation, to explore the disk-locking hy-
pothesis employing rotational estimates in combination with stellar parameters and T Tauri

star classification.

The Orion Star-Forming Complex (OSFC) is one of the best-known young regions in the
solar neighborhood. It is located at a distance of d ~ 400 pc (Grofischedl et al., 2018; Kuhn
et al., 2019) and has a wide variety of stellar populations in different environments, with
ages spanning from 1 to 10 Myr (Briceno, 2008; Bricenio et al., 2019; Kounkel et al., 2017,
2018; Zari et al., 2017, 2019). The OSFC has several well-known stellar clusters such as the
Orion Nebula Cluster (ONC; 1-2 Myr), the o Orionis cluster (3-4 Myr), the A Orionis cluster
(4-6 Myr) and the 25 Ori cluster (7-10 Myr), mainly located in two OB associations, the
Orion OBI1 association (Warren and Hesser, 1977) and the A Orionis association (Murdin
and Penston, 1977). This makes the OSFC an ideal astrophysical laboratory to perform
general studies of star formation and early stellar evolution. Thus, the OSFC is well suited
to perform a systematic study of stellar rotation during the first million years of stellar life,

when protoplanetary disks with magnetospheric accretion can affect the AM evolution.

Several works have focused on detecting and characterizing young stellar objects (YSOs)
on/off clouds of the OSFC. Briceno et al. (2019) identified more than 2000 T Tauri stars in
the line of sight of Orion OBI1 association using optical spectra. The detection of the Lil line
in absorption confirms the youth of the sample, while measurements of the equivalent width
of the Ha emission line were used to identify stars with accreting disks (e.g., Classical T
Tauri Stars; CTTS), as well as those without accreting disks (e.g., Weak-lined T Tauri Stars;
WTTS). Using similar methods for characterizing young stellar populations, Hernandez et al.
(2014) and Hernandez et al.(in preparation) present exhaustive spectroscopic censuses of the
stellar population in the o Orionis cluster and in the ONC, respectively. In addition, combin-
ing the second data release of the Gaia space mission (Gaia-DR2; Gaia Collaboration et al.,
2018) and Apache Point Observatory Galactic Evolution Experiment (APOGEE; Majew-
ski et al., 2017) high-resolution near-infrared spectra obtained in the OSFC (Cottaar et al.,
2014), Kounkel et al. (2018) have detected ~2400 kinematic members using 6-dimensional
analysis (positions, parallax and proper motions from Gaia-DR2 and radial velocities from
APOGEE; hereafter known kinematic members).

Photometric variability is widely used to identify and characterize YSOs (e.g.; Bouvier et al.,
1993; Briceno, 2008; Cody and Hillenbrand, 2018; Herbst et al., 2002; Morales-Calderon
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et al., 2011). In addition to periodic light curves (LCs) modulated by stellar rotation and the
presence of magnetic spots on a stellar surface, other mechanisms contribute to the observed
variability in YSOs such as dimming by the dust in the disk, fluctuations in the accretion rate
of the disk, eclipses caused by stellar companions or planets, and stellar pulsations (Cody
and Hillenbrand, 2010; Cody et al., 2014). The project Young Stellar Objects VARiability
(YSOVAR) (Rebull et al., 2014) has provided extensive mid-infrared time-series photometry
of YSOs in various star-forming regions, offering insights into their variability on different
timescales. Likewise, Contreras Pena et al. (2016) work has contributed to understanding
high-amplitude infrared variability in YSOs within the Galactic mid-plane, identifying various
types of variability and shedding light on the evolutionary stages of eruptive systems among
YSOs.

Nowadays, space missions have revolutionized sky photometric monitoring, providing un-
precedented information on the variable sky. Particularly, the Transiting Exoplanet Survey
Satellite (TESS), which has finished its second year of operations providing very high-quality
photometric data, is one of the most powerful large-scale astrophysical space missions. It
focuses primarily on detecting transits of planets orbiting bright host stars relatively close to
the earth (Ricker et al., 2014). TESS has provided accurate photometry with a cadence of
30 minutes during 27 days of observations for the entire OSFC. In this work, we use TESS
data to build LCs and measure rotational periods of T Tauri stars, which normally range
from 1 to 10 days (Karim et al., 2016).

Making use of large-scale spectroscopic, photometric, and kinematic surveys in the OSFC
(Briceno et al., 2019; Kounkel et al., 2018), we perform here an evolutionary study of the
stellar rotation for low-mass stellar members (0.4M; < M, < 1.2M) in this star-forming
complex. We investigate stellar rotation in T Tauri stars and the relation to their proto-
planetary disks. We also provide new rotational periods for kinematical and spectroscopic
members of the OSFC, derived from TESS data. In §2.2, we define our sample of spectro-
scopic and kinematic members. We provide a brief description of the TESS observations and
the LC analysis extraction, and we also describe the derivation and compilation of the stellar
parameters such as vsin(i), effective temperature (7,s¢), rotation period (Pt), mass, and
age. In §3.3 we present the derived relationships of vsin(i) against period, vsin(i) versus
age, and vsin(i) versus Ha line equivalent width (EWpy, ). Also, we discuss the influence of
disks on the rotation measurements of the OSFC, including evidence of disk-locking effects.

Finally, in §2.4 we summarize the results and present our main conclusions.
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2.2 OSFC sample and measurements of stellar param-

eters

2.2.1 Kinematic Members

The Gaia mission has opened the possibility of detecting young stars by studying their
kinematic properties with unprecedented precision and accuracy (Godoy-Rivera et al., 2021;
Kounkel et al., 2018; Kuhn et al., 2019; Soubiran et al., 2019; Zari et al., 2019). Recently,
the Early Third Data Release (hereafter Gaia-eDR3) of the Gaia mission became available.
It includes significant improvements with respect to previous releases (Gaia Collaboration
et al., 2020). We cross-matched the known kinematic members reported by Kounkel et al.
(2018) with the Gaia-eDR3 catalog. Based on the distributions of Gaia-eDR3 parallaxes (w)
and proper motion modulus (|| = /p2 + p2) of the known kinematic members, we define
the following membership region: 2.00< w < 3.14 mas and |u| <3.5 mas/yr. These limits
were defined using the mean and the standard deviation applying a 3o criteria. Our sample
of kinematic members includes stars with APOGEE infrared spectra (Cottle et al., 2018;
Kounkel et al., 2018; Majewski et al., 2017) that fall in the membership region. Thus, we
include stars with reliable astrometric solutions in Gaia-eDR3, not included in the previous
Gaia release. We require stars with relative errors in parallax smaller than 20%. We also
apply cuts based on the photometric and astrometric quality suggested for Gaia-eDR3 data
(Lindegren et al., 2020b). In brief, we select all kinematic members with renormalized unit
weight error (RUWE) smaller than 1.4 and satisfying the Lindegren et al. (2020b) relation:

0.001 4+ 0.039 x (BPmag — RPmag) < log E < 0.12 + 0.039 x (BPmag — RPmag) (2.1)

where E is the excess flux ratio ! and BPmag and RPmag are the magnitudes in the filters
BP and RP, respectively. Kinematic members that do not fulfill equation (2.1) could have
inconsistent Gaia-eDR3 photometric fluxes due to blends, contamination by a nearby source
or a sign of the extended nature of the source. Finally, using the GAIADR3_ZEROPOINT python
package, we estimate the value of the parallax zero-point for Gaia-eDR3. This software
applies the analytical functions to compute the expected parallax zero-point as a function
of ecliptic latitude, magnitude, and color (Lindegren et al., 2020a). To reduce systematics,
we subtract the parallax zero-point from the Gaia-eDR3 parallaxes. The left panel of Figure
2.1 shows the spatial distribution of the kinematically selected YSOs in the complex. The
resulting sample has 2204 kinematic members of the Orion Complex that will be used in this

work.

IE = % ; where Igp,Irp and I are the fluxes in the Gaia filters BP, RP and G, respectively
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2.2.2 Spectroscopic Members

An extensive optical spectroscopic study in the Orion OBI1 associations was performed by
Briceno et al. (2019). Using several instruments with similar spectral resolution (R~ 1000-
2000), they obtained optical spectra for a sample of 11200 candidate PMS stars selected
by their photometric variability and location in optical and optical-near-IR color-magnitude
diagrams. Using the IRAF/IDL based SPTCLASS tool (Hernandez et al., 2017; Hernandez
et al., 2004), Briceno et al. (2019) analyzed the mentioned sample of candidates and reported
2062 T Tauri Stars (TTSs) that were listed with their spectral types and equivalent widths
of Lil A6708A and Ha lines. Similarly, and using the same tools, Hernandez et al. (2014)
and Hernandez et al., (in preparation) performed a systematic optical spectroscopic census
of YSOs, reporting 221 TTS in the o Orionis cluster and 909 TTS in the ONC (see also
Manzo-Martinez et al., 2020). The middle panel of Figure 2.1 shows the spatial distribution
of the spectroscopically-confirmed TTS.

Using a classification scheme based on the relation between the equivalent widths of the Ha
line and spectral types, Briceno et al. (2019) reported 1696 WTTS, 214 CTTS, and 152
CWTTS in the Orion OB1 association. The CW'TTS are considered stars evolving from an
active CTTS accretion phase to a non-accreting WTTS stage. Briceno et al. (2019) proposed
that CWT'TS is likely composed of a mix of objects that are accreting at modest or low levels,
constituting the weak tail of the CT'TS and a few objects in a quiescent stage between periods
of enhanced accretion. In this work, we apply the same classification scheme to split the o
Ori and the ONC samples of TTS into WTTS, CTTS, and CWTTS. This information about
the accretion status of spectroscopically confirmed TTS is crucial to examine the relation
between the stellar rotational properties and the presence of accreting protoplanetary disks
(see §2.3.3).

2.2.3 Rotational Velocity and Effective Temperature

The effective temperatures (7.ss), surface gravities (logg), and radial velocities (RV) of
the stars in the OSFC sample (Cottle et al., 2018) were reported by Kounkel et al. (2018)
using the IN-SYNC pipeline (Cottaar et al., 2014)?. IN-SYNC was designed to analyze
APOGEE spectra of YSOs as an alternative to the APOGEE Stellar Parameter and Chemical
Abundances Pipeline (ASPCAP; Garcia Pérez et al., 2016), which is primarily optimized for
giants stars. The IN-SYNC code fits to each APOGEE spectrum Ty, log g, RV, veiling and
vsin(i), using a synthetic grid, and interpolating between the grid points (Kounkel et al.,
2018).

Olney et al. (2020) find that the stellar parameters estimated by Kounkel et al. (2018) could

2The vsin(i) for this sample was reported in Kounkel et al. (2019)
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Figure 2.1: Spatial distribution of Orion’s APOGEE sources with counterparts in the kine-
matic members sample (red dots in the left panel), spectroscopic members (middle panel,
cyan dots), and kinematic or spectroscopic members with TESS LCs (right panel, yellow
dots) in the OSFC sample. The gaps observed in the middle panel are due to a selection
effect of the spectroscopic sample (see, Briceno et al., 2019). The background image is an
astrophotograph in optical filters as a reference, courtesy of Rogelio Bernal Andreo (modified
to grayscale).

still include some non-physical systematics due to mismatches between the empirical and
theoretical spectra. Thus, using a deep convolutional neural network, the APOGEE-net
pipeline was designed to correct most of these issues, providing more reliable predictions of
log g, T.s¢ and [Fe/H] for solar and lower mass regime (7,7 < 6700 K; Olney et al., 2020).

Since Olney et al. (2020) studied only stars within the APOGEE DR14 data set, not all
APOGEE fields in the OSFC and the ones studied in Kounkel et al. (2018); Kounkel et al.
(2019) were included in their work. Thus, we use the APOGEE-net to obtain the best es-
timates for the stellar parameters of the entire kinematic members selected in §2.2.1. Since
the APOGEE-net does not predict vsin(i), we made use of the vsin(i) values obtained from
Kounkel et al. (2019). In general, the differences between the stellar parameters determined
in Kounkel et al. (2018) with the IN-SYNC pipeline and the APOGEE-net pipeline are less
than 500 K for T.ss and less than 1.0 dex for log g. To investigate whether these differences
could produce systematic errors in the vsin(i), we made a quality check for vsin(z) values
reported in Kounkel et al. (2019), using the Fourier Transform (FT) method, which does not

require the use of spectroscopic templates (Carroll, 1933).

The FT method is widely used to study stellar rotation in different ranges of stellar masses
(Royer et al., 2002; Simén-Diaz and Herrero, 2007; Thanathibodee et al., 2020). In short, the
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observed star’s spectrum can be written as a convolution of the intrinsic stellar spectrum,
the broadening function, and the instrumental function (Carroll, 1933; Royer, 2005). The
rotational broadening function produces zeros in the FT space in which the first zero is
correlated with vsin(¢). Other broadening functions such as Stark, thermal, macro-turbulence
broadening do not create zeroes in the FT space, and do not affect the derivation of v sin(7)
(Carroll, 1933; Royer, 2005). The instrumental function does not add zeroes in the F'T space

but it is related to the lower limit of v sin(7) that we can measure in a given spectral resolution.

In order to estimate the rotational velocity using the F'T method, an interactive tool was
designed in Python and Qt as a part of a suite of tools for stellar rotation (Serna et al., in
preparation). To obtain robust estimates of vsin(i), the FT method requires the selection
of single spectroscopic lines (not blended), with good signal to noise (S/N) to get a reliable
normalization (Royer, 2005). The tool enables the user to select and analyze the shape of
the spectral line of interest. The tool automatically gets the line center and width by fitting
a Gaussian function to the spectral line and the continuum using the routine imfit (Newville
et al., 2014). Thus, the line profile is properly normalized and convolved using the Fast
Fourier Transform (FFT) algorithm to get zeroes at the FT space. We use only the first
zero (o1), which, with the APOGEE spectral resolution, provides reliable vsin(z) (Reiners
and Schmitt, 2002). Thus, the rotational velocity is computed as vsin(i) = k;—(:) Follow-
ing Reiners and Schmitt (2002) prescription, we use the following approximation based on
the limb-darkening coefficient (€): k1(e) = 0.610 + 0.062¢ + 0.027€¢* + 0.012¢® + 0.004¢*. To
evaluate the robustness of the method and to obtain uncertainties for our measurements,
the tool creates an ensemble of synthetic lines for each measure, resampling 1000 times the
input line, taking into account the uncertainties of the flux and the wavelength, with the
limb-darkening coefficient varying randomly from 0.4 to 0.6 (Gilhool et al., 2018). The pro-
gram then computes vsin(i) from the median value and the associated uncertainty from the

standard deviation.

To guarantee proper line shapes in the FT analysis, we have measured v sin(i) for 271 kine-
matic members (§2.2.1) with APOGEE spectra presenting S/N>200. We analyzed at least 5
of the most intense lines within the APOGEE spectroscopic range for each star, avoiding lines
with apparent mixing with other lines. The final values (the median of the set of individual
results) are shown in Table 2.1%. All measurements with vsin(i) < 13.3 km s~! provided by
FT method are considered upper limits. The left panel of Figure 2.2 compares the v sin(i)
derived by (Kounkel et al., 2019) and the vsin(i) estimated from the FT method. In general,

both sets of measurements, above the APOGEE velocity resolution, are in good agreement

3This link includes velocity measurements for stars located in the general region of the OSFC not included
as kinematic (§2.2.1) or spectroscopic(§2.2.2) members
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Table 2.1: OSFC rotational velocities and rotational periods.

2MASS 1D vsin(i)® vsin(i)® Binary® Kinematic Accretor EW[H,] TIC Tmag Period® Period? References?
(km/s) (km/s) Class (A) (mag) (days) (days)

05180280-0106222 16.7 £ 0.7 1 w -5.3
05181171-0001356 W -3.7 249067805 13.16 1.65 £ 0.01 1.65 7
05181457+0010095 W -5.6 454223248  14.21 6.70 £ 0.03
05185716-0256047  78.3 = 6.0 0 1
05190273-0032274 W =77 249074941  14.79  8.23 £ 0.01 8.21 7
05191214-0242275 13.5 £ 0.6 1 W -3.6
05191549-0204529 74+12 1 1
05192175-0217193 16.4 £ 0.6 1 1 4011038 13.03 4.88 £ 0.01
05194010-0121224 282+ 5.9 0 1
05194349-0116397 10.2 £ 0.6 1 1
05194988-0408068 w -5.9 4068446 14.06  0.52 £ 0.01
05195655-0520227 w -4.2 4069106 13.75  3.36 £ 0.01
05195766-0301262 16.4 £ 0.4 1 1
05200104-0100101  198.9 + 21.8 0 1

2 Kounkel et al. (2018); Kounkel et al. (2019): 0- Undeconvolvable cross-correlation function
(CCF); 1- Only a single component in the CCF; 2- Multiple components in the CCF; -1-
Spotted pairs or SB2 Uncertain.
> Fourier Method, §2.2.3.
¢ TESS periods §2.2.4.
4 Known periods: 1) Stassun et al. (1999); 2) Rebull (2001); Rebull et al. (2006); 3) Carpenter
et al. (2001, ; J-band); 4) Herbst et al. (2002); 5) Cody and Hillenbrand (2010); 6) Morales-
Calderén et al. (2011); 7) Karim et al. (2016, 7).

Only a portion of the table is shown here. The full version is available in electronic form.

within 5 km s 1.
(Kounkel et al., 2019), to those derived using the ASPCAP pipeline, which uses different

spectral theoretical libraries and analyzes the combined spectra obtained from multi-epoch

Similarly, the right panel of Figure 2.2 compares the vsin(i) derived by

APOGEE observations (Garcia Pérez et al., 2016). The comparison shows a good agreement
and does not reflect any biases; We also made some comparisons with the literature (Frasca
et al., 2009; Pinzon et al., 2021; Sacco et al., 2008; Sicilia-Aguilar et al., 2005; Wolff et al.,
2004). In general, we have a good agreement with Kounkel et al. (2019).

Most stars with the larger differences in Figure 2.2 are spectroscopic binaries detected by
Kounkel et al. (2019). The vsin(i) estimation in binary stars can be affected by blended
spectroscopic features from the binary components. Since we can not obtain reliable v sin(7)
in stars with low signal to noise (S/N<200) using the FT method and ASPCAP vsin(i) are
available only for stars in the APOGEE DR14 data set, we use in the following sections the
vsin(i) values derived by Kounkel et al. (2018) and reported in Kounkel et al. (2019).

2.2.4 The TESS Light Curves

TESS is an all-sky survey mission focused on searching for transit exoplanets. To date, TESS
has covered ~ 75% of the sky with at least 27 days of continuous observation with a cadence

of 30 minutes and a pixel size projected into the sky of 21 x 21. Since TESS was optimized to
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Figure 2.2: Quality check for vsin(i) measurements: The upper left panel shows a validation
between the v sin(i) measurements of Kounkel et al. (2019), which we used in this work, and
the measurements that we made with the Fourier Method. The upper right panel shows a
comparison of Kounkel et al. (2019) versus ASPCAP. Notice that the ASPCAP does not
estimate vsin(i) larger than 100 km s™!. The lower panel shows a comparison of Kounkel
et al. (2019) versus other works in the literature. Black dots denote confirmed spectroscopic
binaries (Kounkel et al., 2019). The slope of the blue dashed line in each box is one, and
the vertical black dashed line in the upper left box marks the APOGEE velocity resolution
~13.3 km s71.



2. Stellar Rotation of TTS in the Orion Star Forming Complex (Serna et al., 2021) 35

survey stars in the spectral range F5-M5 (Ricker et al., 2014), these data present a golden op-
portunity for photometric variability studies in solar-type and low-mass stars. Particularly,
in this work, we use the high quality and cadence of TESS photometric data to estimate
stellar rotational periods of TTS in the OSFC, which is widely covered by TESS Sectors 5 &
6.

We developed the TESSFExtractor tool specially optimized for periodical variability searches
of YSOs using TESS data. It can use as input the Full Frame Images (FFIs) directly, or
use the TESScut (Brasseur et al., 2019) service to downloads 10 x 10 squared pixels cutouts,
centered on each target.

To extract and process LCs of selected stars, it selects an optimal aperture to perform sim-
ple aperture photometry (SAP) using Python Photutils package (Bradley et al., 2019). The
optimal photometric aperture depends on the star’s brightness and can vary from 1.0 to 3.5
pixels radii. The annulus used for the background estimation depends on the selected aper-
ture, with the inner and outer radius varying from 2.5 to 4.0 pixels, and 3.5 to 5.0 pixels,
respectively. Also, the TESS quality flags were used to avoid any anomaly in the photometry

(e.g., Cosmic rays, Popcorn noise, Fireworks, etc.)*.

We implemented the task kepcotrend of PyKE package (Still and Barclay, 2012) in our tool,
and the first four Cotrending Basis Vectors (CBVs) provided by TESS to identify and reject
LCs dominated by systematics. To avoid possible contamination from scattered light pat-
terns on the TESS detector, we reject all data points with a strong sky variability, above
95% of the median background estimation. Finally, each LC was calibrated to the TESS
photometric system based on Stassun (2019, TIC v8.0).

Given the relatively large TESS pixel size, some LCs may be contaminated by point sources
located inside the selected photometric aperture. To consider this issue we computed, the
ratio between the flux of the target and the the sum of the fluxes of Gaia-sources that

fall within the aperture (’;) The fluxes are based on the G filter of Gaia-eDR3. We

fin .
f*
facilitate visual inspection and verify if neighboring sources contaminate the target source,

flag the targets with > 20% as stars contaminated by nearby sources. Additionally, to
TESSExtractor generates an image per each studied target, where one can compare the DSS2
image and TESS image with a field of view of 210 x 210 corresponding to a TESS image of
10 x 10 pixels (see Figure 2.3).

4TESS Data release notes: https://archive.stsci.edu/tess/tess_drn.html
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Figure 2.3: An example of a TESS light curve and its analysis. From the left to the right
in top: (A) Light curve in TESS magnitudes with a representative error bar. The legend at
top refers to the star identification, and the mean TESS magnitude. (B) Field of view (210
x 210 sq arcsec) corresponding to a TESS image of 10x10 pixels. The white circle shows
the photometric aperture, and the orange circles the sky annulus. The red dot marks the
centroid of the star. In the bottom panels from the left to the right: (C) Phase-folded light
curve to the estimated best period. The legend shows the amplitude. (D) Lomb-Scargle
periodogram, with the estimated period. (E) 210 x 210 pixels Digital Sky Survey (DSS2)
thumbnail, same field of view as (B).
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TESS Rotational Periods

Using the Lomb-Scargle periodogram (LSP; Lomb, 1976; Scargle, 1982) within the TESSEz-
tractor tool, we obtain stellar rotational periods for a sample of kinematic members and
spectroscopic members in the OSFC (§2.2.1 & 2.2.2). We use a grid of 1000 periods in the
interval of 0.04 < P < 25 days. Our minimum period is twice the TESS cadence, and the
maximum period of 25 days is the average length of the TESS time series. We use the boot-
strap technique as a proper way to estimate the period uncertainty. Each LC was re-sampled
100 times within the magnitude uncertainties and the rotational period was recomputed in
each iteration. At the end, we have an ensemble of measurements, where the reported period
is the median of the individual values, and the standard deviation is adopted as the period
uncertainty. Given the highest peak in the periodogram and assuming Gaussian noise, we
have obtained the maximum False Alarm Probability (FAP) of the estimated period, based
on the Baluev method (Baluev, 2008) using the task statistics.false_alarm_probability from as-
tropy package (Astropy Collaboration et al., 2013b). As a result, we have FAPs below 0.01%,
indicating that the period measurements are highly reliable. We perform phase folding of
the LCs at the estimated period (Figure 2.3). Additionally, we select those stars that show
a clear periodicity by visual inspection since their LCs show a regular pattern. Rotational
periods are reported for this sample in Table 2.1 °.

We compile stellar rotation periods from some multi-epoch and multiband studies performed
in selected regions of the OSFC. Table 2.2 lists the studied regions with the respective nominal
stellar ages, the analysis method used to obtain the rotational period, and the photometric
band used for each selected reference. We have included rotational periods obtained from
the All-Sky Automated Survey for Supernovae (ASAS-SN) database that provides ~ 4 years
baseline LCs for sources brighter than V < 17 (Jayasinghe et al., 2018, 2019). Figure 2.4
shows comparisons between the compiled periods and the TESS periods derived in this work
regardless of different databases for the LCs (e.g., cadence, photometric bands, observational
windows, range of brightness, sensitivity, and technique). We recognize the presence of
aliasing, harmonics, and other effects may complicate the interpretation of periodic signals
in the light curves and could be present in our analysis. Certainly, the first harmonic in the
TESS data corresponds to the period of 7 days, associated with half an orbital period from
TESS. The second harmonic is for 14 days. In Figure 2.4 left panel, we get a good agreement
between TESS and literature periods where almost no sources have a harmonic period offset.
Some discrepancies can be seen due to the non-continuum cadence observations of Karim et
al. 2016. In the right panel, we also can see a good agreement between TESS and ASAS-SN

periods within 80%. However, 5% are in harmonic 1 TESS orbit, and 1% are in harmonic

5Table 4 available clicking this hyperlink, includes TESS rotational periods for stars located in the general
region of the OSFC not included as kinematic (§2.2.1) or spectroscopic(§2.2.2) members
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0.5 TESS orbit. Also can be seen an alias between 0.25 and 0.5 TESS orbit.

Table 2.2: Compilation of rotational periods in the OSFC.

Region Age Filter Band # stars Reference
(Myr)
ONC 1-2 I, 254 Stassun et al. (1999)
ONC 1-2 J, H K 233 Carpenter et al. (2001)
ONC 1-2 I, 138 a  Rebull (2001); Rebull et al. (2006)
ONC 1-2 3.6], [4.5], 1., J, K 150 Morales-Calderén et al. (2011)
ONC 1-2 ESO filter 851~ I. 369 Herbst et al. (2002)
ONC 1-2 V,R, I, J, H K 29 Frasca et al. (2009)
ONC 1-2 V,R, I 148 Parihar et al. (2009)
o Ori 3 I, 84 Cody and Hillenbrand (2010)
Orion OB1 Association 4-10 V, R, 1. 564 Karim et al. (2016)
OSFC B,V 40 Marilli, E. et al. (2007)
OSFC Vv ~1000 Jayasinghe et al. (2018, 2019)

a) Sources of Rebull (2001) with periods reported in Rebull et al. (2006)

Literature P, (days)

© Stassun+1999
Carpenter+2001
Herbst+2002

© Rebull+2006
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Figure 2.4: Left panel: TESS periods versus periods from the literature. Right Panel: TESS
Periods versus ASAS-SN periods (Jayasinghe et al., 2018, 2019). Error bars for TESS periods
are smaller than the marker size. Dotted lines represent 1:2; 1:1, and 1:1/2 relationships,
respectively.
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2.2.5 Reddening, masses, and ages

We use the MassAge code (Hernandez et al. in preparation) to obtain reddening, lumi-
nosities, stellar ages, and masses for each kinematic member (with T.;; <6500 K) of the
OSFC. The MassAge code uses the effective temperature from the APOGEE-net pipeline
(§2.2.3), photometry (Gp, Rp, and Bp), and parallax from Gaia-eDR3 (Gaia Collabora-
tion et al., 2020), and the J and H magnitudes from 2MASS (Cutri et al., 2003)°. The
uncertainties in the estimated values are obtained using the Monte Carlo method of error
propagation (Anderson, 1976), assuming Gaussian distribution for the uncertainties in the
input parameters to generate 500 artificial points per each source. The adopted final results

and uncertainties of the estimated values are the median and the median absolute deviation
(MAD; 10=1.4826 xMAD), respectively.

To estimate the reddening to each star of our sample, the MassAge code tests several values
of Ay until we obtain the best match between the observed colors ( [My; - Mo|os ) and the
standard colors affected by reddening ( [My; - Molsta + [Axi/Av-Ao/Av]x Ay ), where My, are
the Gaia/2MASS magnitudes (Bp, Rp, G, J, H) and A); is the extinction in magnitudes in
those photometric bands. The standard colors were taken from Luhman and Esplin (2020)
and the adopted reddening law A,;/Ay values from Fitzpatrick et al. (2019), assuming a
canonical interstellar reddening law (Ry=3.1). The effective wavelength for each filter (A7)
was calculated using the filter transmission (7)) and the stellar flux (S)) in the respective
bandpass as in equation 2.2 (e.g., Brown et al., 2016). The stellar flux was approximated
using a PHOENIX synthetic reddened spectrum (Husser et al., 2013) with a T, similar to
the target star. The reddening effect on the synthetic spectra corresponds to the values of

Ay that we tested and the extinction law comes from Fitzpatrick et al. (2019).

[ ATAS A

Ni =
" T TShdA

(2.2)

Once each star of our sample is located in the HR diagram, we estimated its stellar age
and mass using three different evolutionary models: Baraffe et al. (2015), Dotter (MIST;
2016), and Marigo et al. (PARSEC-COLIBRI; 2017). Note that the adopted luminosities
were derived from the reddening-corrected J band photometry, with the J band bolometric
correction for PMS stars from Pecaut and Mamajek (2013), and the corrected Gaia-eDR3
parallaxes. For each of the 500 artificial points, we selected the stellar mass and the stellar

age corresponding to the closest theoretical point in the evolutionary model grid. Table 2.3

6Since K-band photometry could be contaminated by emission from disks on the OSFC sources, it was
not included in this procedure



2. Stellar Rotation of TTS in the Orion Star Forming Complex (Serna et al., 2021)

40

Table 2.3: Masses and ages for kinematic members with 7.5 < 6500 K

2MASS ID

Ty (K)
(K]

L,
(L]

Av
[mag]

Mass?®
[Mo]

Age®
[Myr]

MassP
[Mo]

AgeP
[Myr]

Mass®
[Me]

Age©
[Myr]

05365409-0253155
05391151-0231065
05355077-0516291
05415845-0115486
05392147-0723300
05365014-0641292
05320778-0655368
05392519-0238220
05353907-0508564
05314751+0217129

4335.9 £ 51.3
3755.3 + 48.6
4135.2 £ 49.8
3945.3 + 50.3
3509.5 + 51.4
4039.1 £ 47.3
3540.2 + 51.7
3917.5 + 50.0
4252.3 £ 92.9
5954.1 + 52.1

1.08 &+ 1.04
0.52 £ 1.05
0.97 £ 1.05
0.86 + 1.06
0.78 £ 1.09
0.95 £ 1.07
0.21 £ 1.08
1.08 &+ 1.06
1.57 + 1.05
3.83 £ 1.04

0.36 £ 0.07
0.80 £+ 0.11
0.85 £ 0.11
3.43 £ 0.20
4.84 £0.24
3.52 £0.17
0.00 £ 0.16
1.39 £ 0.13
0.96 £ 0.10
0.00 & 0.15

0.94 £ 0.06
0.50 £ 0.04
0.75 £ 0.05
0.59 £ 0.04
0.33 £ 0.03
0.66 £ 0.04
0.39 £ 0.04
0.55 £ 0.04
0.80 £ 0.09
1.43 + 0.04

1.98 + 0.32
1.30 £ 0.21
1.37 £ 0.23
0.98 £ 0.17
0.38 + 0.14
1.08 £ 0.19
2.81 £ 0.63
0.64 £ 0.09
0.88 £0.23
10.53 £+ 0.97

0.81 £ 0.05
0.56 = 0.04
0.71 £ 0.02
0.60 + 0.04
0.30 + 0.03
0.66 £ 0.04
0.58 £ 0.04
0.54 £ 0.04
0.73 £ 0.05
1.47 + 0.04

1.55 + 0.24
1.53 £0.28
1.26 £ 0.15
1.01 £ 0.17
0.36 £ 0.16
1.09 + 0.18
5.03 £ 1.12
0.67 £ 0.09
0.78 £ 0.14
9.85 £+ 0.87

1.04 & 0.06
0.62 £ 0.05
0.84 + 0.04
0.74 £ 0.03

0.78 £ 0.03
0.44 £ 0.05

0.97 & 0.06

2.27 £0.40
1.75 £ 0.41
1.57 £ 0.26
1.24 £ 0.20

1.25 £ 0.21
3.55 £ 0.91

1.09 + 0.16

@ MIST Dotter (2016).

> PARSEC Marigo et al. (2017).
¢ Baraffe et al. (2015).
Only a portion of the table is shown here. The full version is available in electronic form.

includes the stellar parameters derived for the kinematic sample. It is important to mention

that masses and ages derived using this method can be affected by unresolved binaries or

stellar variability. Figure 2.5 shows comparisons between the stellar ages derived by the

MassAge code using the different evolutionary models. Stellar ages from MIST are in good

agreement with those derived from Baraffe et al. (2015). In contrast, stars with stellar masses
~0.5 Mg, or smaller have stellar ages from PARSEC-COLIBRI models systematically larger

than those derived from MIST.
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Figure 2.5: Comparison between the stellar ages derived by the MassAge code using different
evolutionary models. Left panel: ages derived using PARSEC-COLIBRI (Marigo et al., 2017)
versus MIST (Dotter, 2016). Right Panel: ages derived using Baraffe et al. (2015) and MIST
(Dotter, 2016). The color bar represents masses derived using MIST models.
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2.3 Results and Discussion

2.3.1 wsin(i) vs Py

In Figure 2.6 we plot the rotational period (P,) obtained from our TESS LC analysis versus
the vsin(i) parameter measured for 277 stars that are OSFC kinematic members. Assuming

a solid body rotation, these parameters are related to the stellar radius (R) as follows:

27 R sin(7)

2.
Prot ( 3)

vsin(i) =

As a reference, we also plot the theoretical upper limit of vsin(i) for each P, assuming
a maximum stellar radius of 2.5 R; and a rotation axis inclination of i=90. Using solar
metallicity MIST models (Dotter, 2016), this corresponds to a maximum stellar mass of 1.2
M, with an age of 1 Myr, that of the youngest sub-associations in the OSFC.

We have considered v sin(i) measurements for double-line spectroscopic binaries (SB2) in Fig-
ure 2.6 reported by Kounkel et al. (2019). As expected, vsin(i) estimates could be strongly
affected by stellar companions. In this sense, Figure 2.6 can be used as a diagnostic plot to

detect potential candidates for spectroscopic binaries.

The inclusion of close companions within our sample may introduce challenges in accurately
determining space velocities and RV, and could potentially entangle the interpretation of
kinematic membership within a moving group or cluster. Furthermore, in cases where close
binaries approach contact having a comparable stellar radius, they may exhibit W UMa-type
light curves. This type of variability, visually is comparable with the light curve morphology

of the spot transits over the surface, confusing the rotation analysis.

To inspect possible binaries in our sample, we have added stars that did not pass the binarity
criteria of the Kounkel et al. (2019) analysis, reported as unresolved SB2 or stars dominated
by starspots (SB2/sp). In the latter case, one does not expect a vsin(i) larger than the one
derived from the rotation period and the typical radius at 1 Myr (blue dashed line in Fig.
6). Generally, we expect binary stars or stars younger than 1 Myr to be located above the
blue dashed line. Two of the stars above the blue dashed line have ages younger than 1
Myr (§2.2.5), and eight stars result in possible SB2, a spectroscopic follow-up is required to

confirm the nature of these targets.

An anti-correlation between vsin(i) and P, is expected according to equation 2.3. The scat-

ter in this trend is mainly produced by different spin axis inclinations (i) and different stellar
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radii in the sample. Undetected stellar companions could also affect the anti-correlation of
Figure 2.6. There is a possibility that broader spectral features are produced by unresolved
combined features from both components in binary stars instead of those produced by fast ro-
tation (e.g., Hernandez et al., 2014; Maxted et al., 2008). Additional scatter can be produced
by latitudinal differential rotation, which increases toward smaller inclination angles (Reiners
and Schmitt, 2002). However, Barnes et al. (2005) show that differential rotation decreases
with temperature. In particular, differential rotation is low for stars with 7.7; <5000K and
disappears at 3500K. Since most stars in our sample have T, ;s <5000K, we expect this effect
to be minimal in our sample. In addition, the inhibition of convective transport of energy
by stellar magnetic fields and/or the presence of cool magnetic starspots can produce the
so-called radius inflation effect (Jackson and Jeffries, 2014; Lanzafame et al., 2017; Somers
et al., 2020). This effect is expected to be below 15% (Kesseli et al., 2018). Regardless of
these effects, plots like Figure 2.6 can be used as a tool for searching binary candidates, as

these would fall above the reference line.

o = = Upper limit (1.2M,, 2.5R,, i=90°)
\\1/‘7 Upper limit of vsin(i)
S ¢ Age>1Myr
\\\ ® Age=1Myr

102 1

km
T)

vsini (

101 S

T
Periodress (days)

Figure 2.6: wvsin(i) versus P, derived in this work. The blue dashed line shows a solid
body model of 1.2M, 2.5R, at 1 Myr, sini = 1. Black crosses are double-line spectroscopic
binaries (SB2), and black open circles are uncertain SB2 (Kounkel et al., 2019). The red
dotted line shows the upper limit to vsin(i)=13.3 km s~'. The period error bars are smaller
than the marker size.

Combining v sin(i) measurements (§2.2.3), the TESS rotational periods (§2.2.4), and the L,
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and T,¢ estimates (§2.2.5), we derived the ratio of projected radius to the model radius
(Rsli%rll(i)

) as follows:

Rsin(i)  vsin(i) P Ao
R o X I T2 (2.4)

where the second term is the inverse of the model radius (R,) derived from the luminosity
and T¢s¢ according to the Stefan-Boltzmann law. In the subsequent analyses, the sample is
restricted to those objects with vsin(i) > 13 km s™! (the instrumental resolution limit).
Rsin(7)
R
to increase with P,:. A similar trend was reported before for CTTS and WTTS (e.g.,
Artemenko et al., 2012; Venuti et al., 2017). We include in Figure 2.7 stars of the Pleiades

cluster (age=125 Myr; e.g., Somers and Stassun, 2017), using the measurements of vsin(z),

L EsinG) Rsm (7)

We found that stars trace a sequence on the versus P, diagram, wit tending

P,ot, and stellar radii reported by Hartman et al. (2010). It is apparent that stars in Pleiades
and stars in the OSFC share similar behavior in Figure 2.7. There are a significant number of
stars showing a larger projected rotational radius than the expected theoretical radius. This
radius inflation effect has been observed previously and has been attributed to enhanced
magnetic activity and the presence of stellar spots (e.g. Bouvier et al., 2016; Jackson, R. J.

et al., 2016; Jaehnig et al., 2019; Lanzafame et al., 2017; Somers and Pinsonneault, 2015;
Rsin(1)
R
of T.sr and L, due to starspots, plages, or contamination by binaries (Somers and Stassun,

Somers et al., 2020). Other effects can increase the parameter. e.g., systematic offsets
2017). Also, systematic errors in the estimation of vsin(i) can be introduced by unresolved
binaries (Kesseli et al., 2018) or by using a not suitable limb darkening law in pre-main-
sequence stars (Rhode et al., 2001). Finally, it is challenging to detect photometric rotational
modulation for stars with a low inclination, especially for those with longer periods. Low

values of RS”} @ are frequent at low P,o; and diminish with the increase of P,. Exploring

h Rsm(z) > 1 is beyond the scope of this paper. A detailed analysis of

the origin of stars wit
the radius inflation effect and the derived inclination pole distributions will be addressed in

future works.

2.3.2 Rotational Evolution

We use vsin(i) and individual stellar ages of the kinematic members in the OSFC sample
(§2.2.1) to examine evolutionary trends during the first million years of their life. We con-
sider v sin(i) measurements that have fractional errors smaller than 10%. Additionally, stars
identified as multiple stellar systems (Kounkel et al., 2019) were excluded from our sample.
We prefer the use of vsin(i) instead of rotational periods because it is difficult to obtain

rotational periods from TESS LCs in clustered young stellar regions (e.g., o Ori, ONC).
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Figure 2.7: R%I}(i) of the OSFC compared with the Pleiades both as a function of P,,;. The

left panel show the OSFC stars with %ﬂl(i) and periods estimated in this work (blue dots).

The grey dots represent the Pleiades stars with %z(i), and periods compiled from (Hartman
et al., 2010). Black crosses are double-line spectroscopic binaries (SB2) and black open
circles are uncertain SB2 or spotted star (Kounkel et al., 2019). The dashed line represent
the mathematical limit for the inclination (sin(i¢) = 1). Right panel: Normalized histogram
of the vertical axis.



2. Stellar Rotation of TTS in the Orion Star Forming Complex (Serna et al., 2021) 45

Moreover, the complex brightness variability in stars with accreting disks prevents obtaining

estimates of rotational periods in most CTTS.

Figure 2.8 shows the evolution of v sin(i), considering ages derived with three different evolu-
tionary models (Baraffe et al., 2015; Dotter, 2016; Marigo et al., 2017) as described in §2.2.5.
We find a large scatter of vsin(i) at all ages. This is caused by several factors (e.g. Stassun
et al., 1999), among them, variations on inclination angles (sin(7)), on stellar masses, uncer-
tainties in the determination of ages, and differing initial conditions of angular momentum
evolution (e.g. the distribution of initial rotational periods).

To investigate the general evolution of stellar rotation for the kinematic members, we plot the
median vsin(i) values (solid line) and the interquartile range (IQR) estimated for different
age bins; The IQR corresponds to 50% central confidence interval (gray zones). We select
the age bins to contain approximately the same number of stars per bin (0—1, 1—2, 2—3,
3—4, 4—5, 57, 7—=10, y 10—20 Myr).

Gallet and Bouvier (2015) present parametric spin-evolution models ranging from 1 Myr to
10 Gyr for slow, medium, and fast rotators for three selected stellar masses (0.5, 0.8, and 1.0
Myg). These models include star-disk interaction, a magnetized stellar wind, core-envelope
decoupling, and structural stellar evolution (i.e., mass, radius, moment of inertia) of the
inner radiative core, and the outer convective envelope provided by Baraffe et al. (1998).
During the accreting disk lifetime, the angular velocity for the stellar surface is constant
as a consequence of the balance between the angular momentum added to the star from
disk accretion and that extracted from it through the magnetic star-disk interaction (Matt
et al., 2012). After the end of the accretion phase, the angular velocity evolution for PMS
low-mass stars is regulated mainly by the structural stellar evolution and magnetized stellar
winds, once the star arrives to the main sequence (Kawaler, 1988). By transforming angular
velocities (w) into rotational velocities (Vo = R.w), we plot in Figure 2.8 the prediction of
the models for medium rotators (Gallet and Bouvier, 2015). Each model is associated to a
stellar mass of 0.5, 0.8, and 1.0 M, that in turn is related to a disk lifetime, 3, 5, and 6 Myr,
respectively. Regardless of the stellar evolution models used for estimating stellar ages, the
general rotational behavior of the kinematic members follows the general trend predicted by

these models reasonably well.

For reference, we over-plot in the upper-left panel of Figure 2.8, a couple of "toy models”
showing extreme scenarios for angular momentum evolution (dotted lines). Model "A” de-
scribes a star with an accreting disk. The disk-locking effect keeps a constant angular velocity

up to 20 Myr. We assume a solid body with a constant period of 6 days, similar to that
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adopted by Gallet and Bouvier (2015) in their 0.8 M model. The evolution of vsin(i) is

proportional to the stellar radius (v, = 2”15 :t(t)), which is reduced by 50% between 1-10

Myr (Baraffe et al., 2015). In contrast, the model "B” describes a diskless star. The v sin(i)

evolution is derived only from the stellar radius evolution and the AM conservation. As a

starting point, we use the AM (Jy) derived from the empirical model of Kawaler (1987) and
referred in Landin et al. (2016, Equation (1)):

M 0985

Jo = Iw = 1.566 x 1050(%;) [cgs].
We consider a solid body rotator with a moment of inertia I = k*M, R?; The gyration radius
(k) and the stellar radius (R,) are obtained from the stellar evolutionary models of Baraffe

et al. (2015). In this case, the vsin(i) evolution is inversely proportional to the stellar radius

_ J
(Vrot = FEOM. T (D) )-

In agreement with Gallet and Bouvier (2015), the vsin(i) statistical trend observed in the
kinematic members of the OSFC (see Figure 2.8) suggests the existence of two phases in the
early PMS evolution. The transition time between these phases is similar to the inflection
point observed in the evolution of the disk frequency, where the fraction of low-mass accre-
tors decreases about 90% during the first 5-6 Myr (Briceno et al., 2019; Fedele et al., 2010;
Hernandez et al., 2007; Manzo-Martinez et al., 2020). During the first phase (age 5-6 Myr),
vsin(i) decreases in spite of the rapid contraction. The torques originated from the mag-
netic coupling between the star and the disk remove efficiently the angular momentum from
the system. Although details about these mechanisms are still uncertain due to the lack of
knowledge of the interplay between accretion and ejection phenomena. In the second phase
(age 5-6 Myr), the disk effect on the angular momentum evolution has stopped, causing the

stellar rotation to be regulated by the structural stellar evolution and stellar winds.

The key takeaways from the present subsection are the following:

e vsin(i) decreases statistically for the first 5-6 Myr of the star’s life, which suggests
the existence of mechanisms that extracts angular momentum from the stars. Likely,

disk-locking is the most important of these mechanisms.

e Beyond 5-6 Myr, the disk disappears, and vsin(i) tends to increase due to stellar

contraction and angular momentum conservation.
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Figure 2.8: Evolution of vsin(i) versus age derived using the evolutionary models by
PARSEC-COLIBRI (Marigo et al., 2017), MIST (Dotter, 2016), and Baraffe (Baraffe et al.,
2015) for the sample of Orion’s kinematic members (aqua green dots). The median of all
points is represented by the black points joined by solid lines, while the gray zones define
the interquartile range. Model A (disk-locking model up to 20 Myr) is represented by the
blue dotted line. Model B (diskless star model) is shown as the yellow dotted line. Results
from Gallet and Bouvier (2015) models are transformed to rotational velocities, assuming
solid body rotation, sin7 = 1, and radius evolution from the respective evolutionary models.
These are represented with dashed lines. Model A coincides with 0.8 M (Gallet and Bou-
vier, 2015) model during the first 5 Myr. Model A and B are shown only in the third plot

for illustrative purposes.
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2.3.3 Rotation and accretion

Using the classification of TTS derived from the equivalent width of Ha (§2.2.1), we analyze
the vsin(z) distributions of the CTTS, WTTS, and CWTTS samples. For all the samples of
TTS (Figure 2.9), we plot a statistical limit that separates the slow rotators from the fast
rotators (gray dashed line), the limit is defined so that 25% of WTTS have vsin(i) greater
than this limit (i.e, vsin(i) = 28 km s™!).

In general WTTS show a large range of stellar rotation velocities, such that 25% (96/383)
of the stars are considered fast rotators. In contrast, only 12% (24/206) of the CTTS can
be classified as fast rotators (lower panel of Figure 2.9). Excluding binary stars and binary
candidates reported by Kounkel et al. (2019), the fractions of fast rotators are 16% (52/330)
and 7% (13/194) for WTTS and CTTS samples, respectively. In general, single CTTS have
vsin(i) < 50 km s~

A visual inspection of the TTS distributions suggests that CTTS exhibit distinct rotation
properties from WTTS. A Kolmogorov-Smirnov (K-S) test applied to both populations, re-
jecting binary candidates, supports this idea of statistically distinct rotation properties for
the two groups. Indeed, the test yields a probability of only 0.03 that the two distributions in
vsin(i) corresponding to CTTS and WTTS are extracted from the same parent distribution
(Figure 2.9). These results provide a clear indication of a statistical connection between disk

and rotation properties across the OSFC.

Jayawardhana et al. (2006) found similar results in the n Cha and the TW Hydrae (~ 6-8
Myr) stellar groups. They report that all accretors are slow rotators (vsin(i) < 20 km s71),
while non-accretors cover a larger range in rotational velocities. These results suggest a clear

signature of disk-braking on the CTTS sample.

In spite of small numbers of CWTTS stars in comparison to WTTS, our results do not show
any statistical difference between CWTTS class and WTTS. From the p-value of 0.7 obtained
from the K-S test, we are not allowed to discard the null hypothesis that the two populations
are extracted from the same parent distribution. The fast rotator fraction of CWTTS is 26%
(16/61) in comparison with the 25% of the WTTS suggests that CWTTS are stars reaching
the end of their accretion phase, and could be less affected by the disk-braking effect than

accreting stars.

Following the same methodology described in §2.3.2, we plot vsin(i) as a function of age
for our sample of TTS (Figure 2.10). The results suggest that, statistically, CTTS rotate
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Figure 2.9: Left panels: vsin(i) versus EWpy, for TTS. Black crosses are double-line spec-
troscopic binaries (SB2) and black open circles are uncertain SB2 or spotted star (SB2/sp)
(Kounkel et al., 2019). The dashed line split our slow rotators from the fast ones, noted as 28
km s~!. The colored percentages show the fraction of single stars above the dashed line, and
the black percentage shows the fraction for the whole sample (single, binaries and multiple
systems) above dashed line. Right panels: histograms of vsin(i) for both the single stars
and SB2 or SB2/Sp. The results of the K-S test between WTTS, CWTTS, and CTTS are
displayed above histograms.
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slower than WTTS during the first 1.5 Myr, when the separations in vsin(i) between these
two classes are larger than the Poisson uncertainties U”—\/%“ This result also suggests that
the disk locking scenario applies for T'TS in the OSFC. In addition, the decrease in the ro-
tation rate of WTTS suggests that, although stars have recently lost their inner disk, they
have not had enough time to increase their rotation, as suggested by other studies (Biazzo
et al., 2009; Jayawardhana et al., 2006; Nguyen et al., 2009). After 2 Myr, the rotational
velocities of CTTS are comparable with those observed in WTTS. Other causes of angular
momentum loss in WTTS such as the stellar winds are expected to play important roles in
the angular momentum evolution. Theoretical modelling suggest that winds may be present
even at low stellar accretion rates, specially in stars that are magnetically active with strong
non-axisymmetric fields that promove angular momentum losses via flaring events (Nichol-
son et al., 2018). The absence of a disk creates favorable conditions for wind formation with
higher mass-loss rates that may spin-down the star in time scales of the same order than
the CTTS-WTTS transition time (Sauty et al., 2011). Additional studies of confirmed TTS
older than 4 Myr are needed to obtain a statistically robust comparison between CTTS and
WTTS at the end of the disk evolution phase.

The key takeaways from the present subsection are the following:

e In general, CTTS’s have a smaller rotational velocity than WTTS supporting the sce-

nario in which the accreting disk regulates the angular momentum of disk bearing-stars.

e The distribution of vsin(z) of CWTTS resembles that of the WTTS instead of CTTS.
This suggests that the rotation rate of these stars, which are nearly at the end of their

accretion phase, could be less affected by the disk-braking effect.

2.4 Summary and Conclusions

We have presented an evolutionary study of the stellar rotation in the Orion star-forming
complex for a very robust sample of kinematical members and spectroscopically confirmed
TTS to date. We processed and analyzed 3501 LCs from TESS observations along the OSFC.
Throughout a visual inspection to each LC, we have classified 1157 stars as periodic vari-
ables. We have studied the measurements of vsin(i) for 1935 stars with stellar masses and

ages estimates using different evolutionary models.

The main results of this work are summarized as follows:
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Figure 2.10: vsin(i) evolution for CTTS and WTTS in OSFC. Each solid dot represents the
median per bin. The error bars are obtained considering Poissonian uncertainties. Differences
between CTTS and WTTS are found to be significant only during the first ~1.5 Myr in
agreement with the disk-locking scenario.
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1. We found an empirical trend of stellar rotation vsin(i) with age. It clearly shows a
transitional phase on the stellar rotation at 5-6 Myr. This result is consistent with the
disk lifetime used by Gallet and Bouvier (2015) in their AM evolutionary models for
stars with masses between 0.8My and 1M, and in agreement with the timescale for
disk dissipation obtained by studies of protoplanetary disks (Carpenter et al., 2006;
Hernandez et al., 2007).

2. Analysis of the vsin(i) distributions shows that CTTS are slow rotators suggesting
that disk-braking effect regulates the angular momentum evolution of accreting stars,
maintaining the rotation rates substantially below the (vsin(i) < 28 km s™'). In
addition our data suggest that CTTS with vsin(i) > 28 km s™! are likely binary

systems.

3. Stars reaching the end of their accretion phase (CWTTS) have similar statistical prop-
erties than WTTS, suggesting that this sample could be less affected by the disk-braking
effect.



3 Rotational Evolution of Classical T
Tauri Stars: Models and Observa-

tions (Serna et al., 2024)

The analysis presented in this section constitutes my second publication as first author, titled
“Rotational Evolution of Classical T Tauri Stars: Models and Observations” by Serna et al.
(2024), which was carried out as part of this dissertation. This work has been accepted for

publication in ApJ Press.

Abstract: We developed a grid of stellar rotation models for low-mass and solar-type Clas-
sical T Tauri stars (CTTS) (0.3My < M, < 1.2M). These models incorporate the star-disk
interaction and magnetospheric ejections to investigate the evolution of the stellar rotation
rate as a function of the mass of the star M,, the magnetic field (B,), and stellar wind (Minq).
We compiled and determined stellar parameters for 208 CTTS, such as projected rotational
velocity vsin(i), mass accretion rate Mg, stellar mass M,, ages, and estimated rotational
periods using TESS data. We also estimated a representative value of the mass-loss rate for
our sample using the [O1] A6300 spectral line. Our results confirm that v sin(i) measurements
in CTTS agree with the rotation rates provided by our spin models in the accretion-powered
stellar winds (APSW) picture. In addition, we used the Approximate Bayesian Computation
(ABC) technique to explore the connection between the model parameters and the observa-
tional properties of CTTS. We find that the evolution of vsin(i) with age might be regulated
by variations in (1) the intensity of B, and (2) the fraction of the accretion flow ejected in
magnetic winds, removing angular momentum from these systems. The youngest stars in
our sample (~1 Myr) show a median branching ratio Mwmd/ Mpee ~ 0.16 and median B, ~
2000 G, in contrast to ~ 0.01 and 1000 G, respectively, for stars with ages 3 Myr.

53
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3.1 Introduction

Low mass (< 1.2My), Classical T Tauri Stars (CTTS) are young systems, still contracting
and accreting gas from their circumstellar disks through the stellar magnetic field. Despite
crossing a phase of gravitational contraction, the rotation rates of the majority of CTTS lie
well below 10% of their break-up limit (Bayo et al., 2012; Bouvier et al., 1993; Herbst et al.,
2002; Jayawardhana et al., 2006; Nguyen et al., 2009; Pinzén et al., 2021; Serna et al., 2021),

indicating that these stars lose angular momentum expeditiously during the first million years
(Myr).

In the so-called Disk-Locking (DL) scenario, angular momentum in CTTS is transferred
outward from the star to the disk regions beyond the corotation radius through the stel-
lar magnetic field closed lines anchored to the star surface (Collier Cameron and Campbell,
1993b; Ghosh and Lamb, 1979). Nevertheless, the stellar spin-down efficiency in the DL
model is substantially reduced due to the turbulent diffusion of the field inside the disk,
which results in more realistic magnetic field topologies with open field regions (Matt and
Pudritz, 2005b). These regions allow the appearance of stellar winds, which are an alterna-

tive source of angular momentum loss (Matt and Pudritz, 2008a).

CTTS exhibit energetic stellar and disk winds traced through the blue-shifted absorption
profiles of their most prominent lines and by the presence of intense forbidden line emission
of low ionization species in their spectra (Alencar and Basri, 2000; Edwards et al., 2003;
Hartmann et al., 1982; Kuhi, 1964). The correlation between the forbidden line emission and
stellar accretion suggests that such winds are somehow powered by disk accretion (Hartigan
et al., 1995). However, how the energy is transferred from the accretion flow to a stellar wind

through the corona is still unknown.

Magnetohydrodynamic (MHD) simulations of CTTS, including stellar and disk wind sce-
narios, have shown that stellar rotation can reach an equilibrium around 10% of the break-up
limit at the end of the Hayashi track for X-wind models (Shu et al., 1988). Mass loss mecha-
nisms such as stellar wind models (Tout and Pringle, 1992), accretion-powered stellar winds
models (APSW, Matt and Pudritz, 2008a,b), and disk wind models (Ercolano et al., 2021;
Zanni and Ferreira, 2013) can be involved to reach this equilibrium. While all these models
rely on the basis that a fraction of the accretion luminosity powers the stellar wind, only
APSW establishes an upper limit for the so-called branching ratio between the mass loss
rate in the stellar wind and the disk accretion rate (y = Mopind / Macc). This upper limit of
X ~ 0.6 has been confirmed by (Watson et al., 2016) using infrared forbidden line emission
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from the Spitzer and Herschel observations. The authors obtain a distribution of y centered
close to 0.1 with a tail towards lower values (x < 0.6), whose effect on the angular momentum

evolution of CTTS has not been properly explored.

In this work, we computed synthetic rotational velocities for low-mass stars (0.3My <
M, < 1.2My) in the framework of APSW models with the aim of obtaining the branch-
ing ratio distribution of a well-characterized CTTS sample with available rotation rates and
accretion indicators. We use a Bayesian approach to investigate the connection between
the branching-ratio parameter, the stellar magnetic fields, rotational evolution, and internal
structure. This paper is organized as follows. In §3.2, we describe the observations and data
sources used to study our sample of CTTS. In §3.3, we estimate the rotation periods using
the TESS light curves. We derive the stellar mass accretion rate (Macc) based on the H,
spectral line and identify wind tracers (e.g., [O1] A6300) to estimate the mass-loss rate by
winds (Mwmd). We also build and present the spin models for CTTS and use the Approx-
imate Bayesian Computation (ABC) technique to investigate the connection between the
model parameters and available observable distributions of CTTS. In §3.4, we discuss the

implications of our results. Finally, in §3.5, we present the conclusions of this work.

3.2 T Tauri Stars Sample And Data Sources

3.2.1 CTTS Sample

We use the sub-sample of 208 CTTS studied in Serna et al. (2021). This sub-sample has been
confirmed and characterized by Herndndez et al. (2014) and Briceno et al. (2019). It includes
low-mass accretors of the on/off cloud population in the Orion OB1 association, which span
ages from 1 to 10 Myr (e.g., ONC, o Ori, 25 Ori). Each of these targets has measurements of
the H, equivalent width, vsin(i), as well as masses and ages derived using the MassAge code

(Serna et al., 2021, Hernandez et al., in preparation). The list of parameters can be seen in
Table 3.1.

3.2.2 APOGEE-2 Data and Stellar Parameters

The APOGEE-2 northern spectrograph (APOGEE; Majewski et al., 2017) is located on the
2.5 m SDSS telescope at the Apache Point Observatory and observed thousands of stars for
the APOGEE-2 Young Cluster Survey. This instrument can simultaneously observe up to
300 objects at high resolution (R ~ 22500) in the H-band (15100-17000A) across a 1.5 deg
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radius field-of-view.

Kounkel et al. (2018) analyzed data from the APOGEE-2 survey in the Orion Star-
Forming Complex and reported nearly 2400 kinematic members using six-dimensional anal-
ysis (positions, parallax, proper motions from Gaia-DR2, and radial velocities (RV) from
APOGEE-2). Additionally, for each one of these members, Kounkel et al. (2019) report ef-
fective temperature Ty, surface gravity log(g), vsin(i), RV. However, the authors warn that
there are likely systematic features in the parameter space due to theoretical templates not
offering a perfect match to the real data. To reduce these issues on the estimated parameters,
Olney et al. (2020), based on a deep learning analysis, have provided more reliable predictions
of log g, T.ss, and [Fe/H] for low-mass stars. More recently, Serna et al. (2021) estimated
vsin(i) using the Fourier method, an independent method that does not require theoretical
templates, and found that measurements are in agreement with the estimations of Kounkel
et al. (2019), indicating that the systematic features in the parameter space suggested by
these authors do not affect their vsin(i) derivation. Since the Fourier method requires a
high signal-to-noise ratio, applying this method to the entire CTTS sample was not possible.
Thus, we adopt Kounkel et al. (2019) measurements for our sample of CTTS.

3.2.3 LAMOST

We use the data archive from the Large Sky Area Multi-Object Fiber Spectroscopic Telescope
(LAMOST; Liu et al., 2020; Luo et al., 2015), located on the 4-meter quasi-meridian reflect-
ing Schmidt telescope at the Xinlong station of the National Astronomical Observatory. We
downloaded 55 spectra of our CTTS sample at low-resolution (R~1800) in the wavelength
range 3650-9000A, and 7 spectra at medium-resolution (R~ 7500) in two bands, which cover
the wavelength ranges 4950-5350A, and 6300-6800A. From these spectra, only 24 have the
presence of the [O1] A6300 line, which was used for the mass-loss rate estimations §3.3.1.
The remaining spectra of the 55 stars without [OI] were not used in the analysis. The details
of the LAMOST data and plots of the [O1] A6300 profile are presented in Appendix A from

the electronic version.

3.2.4 X-Shooter and Giraffe/ESO

We download spectra for 25 CTTS using the ESO Archive Science Portal. From this sample,
there are 15 stars with resolution R < 18340 (X-Shooter) and 10 stars with R = 24000
(Giraffe)(Pasquini et al., 2002); both instruments are installed in the ESO Very Large Tele-
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Table 3.1: Stellar parameters of the CTTS sample

2MASS ID vsin(i)® M, Age P’ P,o¢ log My log Myina Binary®*
(kms?) (M) (Myr)  (days)  (days)  (logMoyr) (logMo yr)
05390878-0231115 12.8 £ 0.6 0.3 & 0.03 2.36 &+ 0.53 -9.37 £ 0.31 -11.13 + 0.83 1
05380097-0226079 16.2 + 0.5 0.37 & 0.03 3.77 £+ 0.85 -9.01 £ 0.3 -1043 £0.84 1
05344178-0453462 10.7 +£ 0.7 0.44 + 0.04 1.73 + 0.33 -8.95 4+ 0.3 -10.05 + 0.84 1
05373094-0223427 7.7 £ 0.6 0.36 = 0.03 6.66 + 1.46 -893 +£ 0.3 -10.38 + 0.84 1
05391151-0231065 13.7 £ 0.5 0.5+ 0.04 1.3+ 0.21 -8.89 + 0.3 -9.76 + 0.84 1
05332852-0517262 8.1 £ 1.2 0.5+ 0.04 1.56 4+ 0.27 -8.7+0.29 -10.26 £+ 0.83 1
05380826-0235562 8.8 £ 0.5 0.4 +0.03 1.03 & 0.18 -8.68 + 0.29 -9.9 + 0.84 1
05384027-0230185 183 £ 1.1 0.49 +£0.03 0.8 +0.11 7.69 + 0.01 -8.67 £ 0.29 -9.37 £ 0.85 1
05402461-0152309 14.4 + 0.5 0.54 £0.04 1.9+ 0.34 -8.66 + 0.29 -10.02 + 0.84 1
05393938-0217045 14.1 £ 0.5 0.6 = 0.04 0.98 4+ 0.16 13.52 £ 0.01 -8.61 £0.29 -9.93 £+ 0.83 1
05343395-0534512 22.3 + 0.5 0.54 4+ 0.04 0.82 4+ 0.12 -8.56 + 0.29  -9.03 £ 0.85 1
05395362-0233426 0.1 £ 0.6 0.35 £ 0.03 2.68 &+ 0.55 -8.56 £0.29 -10.75 £ 0.83 1
05324196-0539239 60.7 + 1.7 0.75 &£ 0.07 0.41 &+ 0.07 1.7 £ 0.01 1.69 £ 0.01 -856 +0.29 -9.29 £+ 0.84 -1
05400195-0221325 8.8 £ 0.5 0.36 = 0.03 0.96 + 0.15 -8.54 £ 0.28 -10.71 + 0.83 1
05391883-0230531 479 +£2.6 1.1 £0.18 2.45 4+ 1.33 1.83 £ 0.01 -853 4+ 0.28 -9.79 £+ 0.83 -1
05380674-0230227 15.3 2.1 0.52 +0.03 0.77 £ 0.11 -8.51 £ 0.28 -9.05 £ 0.85 1
05401274-0228199 509 £ 1.4 0.45 4+ 0.03 0.52 &+ 0.05 1.53 + 0.01 -8.49 + 0.28 -10.86 4+ 0.81 -1
05354600-0057522 10.3 & 0.7 0.65 & 0.05 1.75 £+ 0.32 -8.49 + 0.28 -10.01 4+ 0.83 1"
05341420-0542210 54 +£ 1.1  0.62 &£ 0.05 2.53 4+ 0.52 -8.42 £ 0.28 -9.12 £ 0.85 1
05394017-0220480 16.1 £ 0.8 0.77 £0.05 1.6 £0.27 58 £0.01 5.64 + 0.01 -8.4 + 0.28 -9.73 + 0.84 1

@ Kounkel et al. (2018); Kounkel et al. (2019): 0- Undeconvolvable cross-correlation function
(CCF); 1- Only a single component in the CCF; 2- Multiple components in the CCF; -1-
Spotted pairs or SB2 Uncertain.

b TESS Sector 6.

¢ TESS Sector 32.

" Tokovinin et al. (2020) visual binaries.

Only a portion of the table is shown here. The full version is available in electronic form.

scope (Vernet et al., 2011). We rejected three stars observed with Giraffe that do not exhibit
the [O1] A6300 line. We use the data reduced and flux-calibrated by the ESO calibration
pipelines available in the ESO archive. Additionally, we used the Molecfit tool (Kausch
et al., 2015; Smette et al., 2015) to correct each spectrum from telluric lines. Table 3.2 shows

a summary and observations details.

3.2.5 TESS Data

From the initial sample of 208 CTTS, we have 194 stars observed by TESS at 10 min and 30
min cadences for at least ~25 days. We build each light curve (LC) using the TESSExtractor’
application, which uses simple aperture photometry (SAP) to extract the stellar fluxes from
the full-frame images (FFI) provided by TESScut (Brasseur et al., 2019). Also, we use
the cotrending basis vectors (CBVs) from TESS and the task kepcotrend of the PyKE
package (Still and Barclay, 2012) to correct the LCs from any systematic effect on the data.

Once LCs were adequately processed, we performed a visual inspection and flagged the

https://www.tessextractor.app
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Table 3.2: Summary of ESO archival spectroscopy

Target Instrument”  Spectral Resolution Obs. Date (UT) Exp. time (s) SNR ESO Program ID
SO 73 XSHOOTER 8935 2019-11-18 2400 106 0104.C-0454(A)
SO 299 GIRAFFE 24000 2009-02-04 2775 22 082.C-0313(B)
SO 341 XSHOOTER 1029 2020-02-07 90 28 0104.C-0454(A)
SO 362 XSHOOTER 1512 2020-02-07 200 41 0104.C-0454(A)
SO 662 XSHOOTER 1512 2020-02-07 60 38 0104.C-0454(A)
SO 908 GIRAFFE 24000 2010-01-03 2775 39 084.C-0282(A)
SO 927 GIRAFFE 24000 2010-01-03 2775 62 0103.C-0887(B)
SO 984 XSHOOTER 18340 2019-11-17 420 83  0104.C-0454(A)
SO 1036 XSHOOTER 1512 2019-10-11 60 37 0104.C-0454(A)
SO 1075 GIRAFFE 24000 2010-01-03 2775 26 084.C-0282(A)
SO 1152 XSHOOTER 18340 2019-10-12 800 73 0104.C-0454(A)
SO 1153 XSHOOTER 1512 2021-02-13 60 37 106.20Z8.002
SO 1156 XSHOOTER 1512 2019-10-28 60 44 0104.C-0454(A)
SO 1260 GIRAFFE 24000 2010-01-03 2775 40 084.C-0282(A)
SO 1267 XSHOOTER 1512 2019-11-17 60 33 0104.C-0454(A)
SO 1327 GIRAFFE 24000 2010-01-03 2775 33 084.C-0282(A)
SO 1368 GIRAFFE 24000 2010-01-03 2775 79 0103.C-0887(B)
SO 1361 XSHOOTER 1512 2019-12-09 60 40 0104.C-0454(A)
CVSO 58 XSHOOTER 1512 2020-12-02 65 27 106.20Z8.002
CVSO 90 XSHOOTER 18340 2020-12-04 740 80 106.20Z8.002
CVSO 107  XSHOOTER 18340 2020-12-04 740 80 106.20Z8.002
CVSO 146 XSHOOTER 1512 2020-12-09 40 42 106.20Z8.002
CVSO 1876  GIRAFFE 24000 2010-01-03 2775 72 084.C-0282(A)
CVSO 1885  GIRAFFE 24000 2010-01-03 2775 49 084.C-0282(A)
V605 Ori B GIRAFFE 24000 2010-01-03 2775 39 084.C-0282(A)

"Spectral coverages X-Shooter (533.7-1020 nm) and Giraffe (611.38-640.37 nm).
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sources that exhibited periodic or quasi-periodic events as candidates for their posterior
period analysis. Figure 3.1 shows an example of the graphical product generated by the
TESSExtractor application. This product includes the light curve, the phase-folded curve,

and the periodogram used to obtain rotational periods. For more details, see section 3.3.1.

TIC 11291229, Tmag=14.716

TESS Magnitude
=
IS
o

,_.
U
o

in=2,0ut=2,7=0.068,% = 4.157
200

100

TESS Magnitude

0
200
Phase [d] Period [d] Pixels

Figure 3.1: TESS light curve and analysis for the target TIC 11291229. Top: (A) Light
curve in TESS magnitudes, the error bars are contained in the marker symbols. The label on
top refers to the star identification and the mean TESS magnitude. (B) Field of view (210
x 210 sq arcsec) corresponding to a TESS image of 10x10 pixels. The white circle shows the
photometric aperture, and the orange circle shows the sky annulus. The red dot marks the
centroid of the star. Bottom: (C) Phase-folded light curve to the estimated best period. The
legend shows the amplitude. (D) Lomb-Scargle periodogram, with the estimated period. (E)
210 x 210 pixels Digital Sky Survey (DSS2) thumbnail, same field of view as (B).

3.3 Analysis and Results

3.3.1 Stellar Parameters

Rotation Period

Several variability studies in young stellar objects (YSOs) have revealed that most CTTS
exhibit complex flux variations on timescales of hours, days, and even years (Bouvier et al.,
1993; Cody and Hillenbrand, 2010; Roggero et al., 2021). In some cases, brightness fluctua-
tions are observed at levels of 1% to 10%, with fading or brightening events and quasi-periodic
structures in most instances (Cody et al., 2014). It has been proposed that these flux vari-
ations are generated by various mechanisms, such as the rotation of hot and cold starspots,
accretion bursts (e.g., Espaillat et al., 2021), occultations by dusty disk structures (e.g.,
Ansdell et al., 2019), and accretion streams falling at random locations on the star (Kuro-
sawa and Romanova, 2013). These processes may be acting at once in CTTS, challenging

the estimations of P, for most stars. However, according to the DL model, the magnetic
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Figure 3.2: Rotational periods for the CTTS sample obtained through TESS light-curve
analysis. The bin size used in the histogram follows Scott’s rule (Scott, 1979).

connection between the star and its inner disk results in synchronization between the stel-
lar angular velocity and the Keplerian velocity at the corotation radius (Artemenko et al.,
2012), particularly for the first 3 Myr of the CTTS evolution (Matt et al., 2010, 2012). Then,
assuming a Keplerian rotation regime, any periodic signal produced at the corotation zone
could proxy the stellar rotation at the stellar surface. Therefore, under this assumption, we

have estimated rotation periods for those candidates that show an apparent periodicity in
the TESS data (§3.2.5).

From the sample of LCs in §3.2.5, only 51 stars exhibit periodic behavior to study ro-
tation. We have selected light curves with a false alarm probability (FAP) below 0.01%,
indicating that the period measurements are highly reliable. From the astropy package (As-
tropy Collaboration et al., 2013b), we use the task statistics.false_alarm probability.
We use the Lomb-Scargle periodogram (Lomb, 1976; Scargle, 1982) to estimate the rotational
period from the LC. We use a resolution of 1000 steps within the interval 0.01 < P < 25
days. The best period was selected as the highest peak in the periodogram (see lower middle
panel of Figure 3.1). These periods have been confirmed by checking the periodic pattern
using the phase-folded LC at the estimated period, as shown in Figure 3.1. The P, are
listed in Table 3.1. We plot the histogram of the periods in Figure 3.2. The range of periods

estimated in this section will be used as input in the models §3.3.2, see Table 3.3.

Mass Accretion Rate

We determined mass accretion rates for the 208 stars of the sample in §3.2.1 based on the
Ha equivalent width (EW H,,), spectral types, and reddening Ay reported by Briceno et al.
(2019); Hernéndez et al. (2014, Hernéndez et al., in preparation). Also, we use the Gaia DR3
parallax measurements corrected by systematics and the Gaia G, Ggp, and Grp photometry
(Gaia Collaboration et al., 2022; Lindegren et al., 2021). Using the relationship between the
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Figure 3.3: Mass accretion and mass loss rates for the sample of CTTS.

Johnson-Cousins photometric system and the Gaia photometry?, we obtain the V' magnitude.
Given the spectral type and using the V magnitude corrected by extinction, the I, o magnitude
is obtained from the intrinsic [V — I,y color from Pecaut and Mamajek (2013). To obtain
the continuum flux at the Ha line (F,,,;), we estimate the fluxes at the V' (0.55 pm) and 1.
(0.79um) bands and interpolate the flux at 0.6563 pum. Using the Ha equivalent width and
distance estimated by the inverse relation with the parallax, we estimate the luminosity of

the Ha as follows:

Lo = 4nd* x (EWH,) X Font (3.1)

Subsequently, we obtain the accretion luminosity using the following relation (Ingleby
et al., 2013):

10g(Lace) = 1.0(££0.2) log(Ly1a) + 1.3(£0.7). (3.2)

Finally, the mass accretion rate is obtained from L. = GM, M, /R., where M, and R, are
determined using the MIST evolutionary models (Dotter, 2016). The mass accretion rates

distribution is shown in Figure 3.3, and corresponding values are included in Table 3.1.

Mass loss Rate Determination

We computed mass loss rates for a sub-sample of the CTTS described in §3.2.1 via the for-
bidden emission line of [O1] A6300, which has been widely used as a tracer of bi-polar jets,
stellar and disk winds (e.g., Cabrit et al., 1990; Edwards et al., 2003; Pascucci et al., 2022;
Watson et al., 2016). Specifically, we compute mass loss rates for 24 CTTS with LAMOST
spectra (§3.2.3), 15 CTTS with X-Shooter spectra and 7 CTTS with Giraffe spectra (§3.2.4).

Luminosities of [Ol] emission lines are computed from equivalent widths and dereddened

2From Table 5.8 of the Gaia DR2 documentation https://gea.esac.esa.int/archive/documentation/
GDR2/
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fluxes at wavelengths near 6300A and used as indicators of the amount of mass in the out-
flow (Hartigan et al., 1995). Forbidden lines typically exhibit two components: a low-velocity
component (LVC), which is symmetric and slightly blue-shifted, and a high-velocity compo-
nent (HVC), with its peak either blue or red-shifted and separated from the LVC just a few
tens of kms™! (e.g., Banzatti et al., 2019; Hartigan et al., 1995; Natta et al., 2014; Simon
et al., 2016).

Following the physical treatment to the mass-loss rate in the Appendix Al of Hartigan
et al. (1995) and references therein, we use the luminosity of the [O1] A6300, identified in
the optical spectra of our CTTS to estimate the mass-loss rate (Mwmd = MV, /l,), where
M is the mass in the flow whose dependence with the [O1] A6300 luminosity was taken from
Hartigan et al. (1995), the V| is the component of the velocity of the projected wind in the
plane of the sky, and [, corresponds to the size of the slit projected in the sky. In what

I as an average for all the stars (Hartigan et al., 1995),

follows, we assume V|, = 150 km s~
and based on the average distance to Orion (d ~ 400pc), we adopt [, = 6 x 10'° c¢m for
X-shooter and Giraffe observations. For the case of the LAMOST spectra, the slit at the
output end of the fibers is assumed to be equal to 2/3 of the fiber width leading to marginal
differences relative to ;. Thus, the correlation of Hartigan et al. (1995) may be written as

follows:

logy, (Mwmd) — —4.65+ logy, (M) (3.3)
Le

Before analyzing any optical forbidden line profiles, we first remove any telluric and photo-
spheric absorption contaminating the region of interest in the spectra. We used the Molecfit
tool (Kausch et al., 2015; Smette et al., 2015), which corrects for telluric absorption lines
based on synthetic modeling of the Earth’s atmospheric transmission. To remove telluric
lines, each spectrum was normalized and corrected by radial velocity (RV), using the RV re-
ported in Herndndez et al. (2014); Kounkel et al. (2018). Based on the effective temperature
and log(g) of the star, we selected templates from the PHOENIX spectral library (Husser
et al., 2013). In the specific case of the X-Shooter data, we use the XSL DR2 (Gonneau et al.,
2020) to select a proper template for each star. Once spectra were corrected by RV, all the
templates were broadened by their reported v sin(i) using the rotational kernel implemented
in the PyAstronomy package (Czesla et al., 2019b). Then, the broadened templates were

subtracted from each observed spectrum.

In Figures 3.5, and 3.6 we show the line profiles. In order to get the luminosity of the
line [O1] A6300 (Lyg300), we have used the distances of Gaia DR3, the equivalent width of
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[O1] A6300 (EWJ[OI]) obtained with the task splot of IRAF, a continuum flux estimation
around the [O1] A6300, and the equation (3.1). In particular, for LAMOST and Giraffe
spectra, the flux at the continuum was estimated interpolating two bands around 6300A as
described in section 3.3.1. For the X-shooter spectra, we directly measure the flux because
the spectra have been properly flux calibrated. Subsequently, using the equation (3.3), we
estimate the mass-loss rate Mwmd of our sample and their uncertainty following the error

propagation procedure.

This analysis remains valid as long as we have the presence of HVC in the [O1] A6300
line profiles. In some cases, our spectral resolution is insufficient to distinguish the HVC.
We warn the reader to be cautious with results because the mass-loss rates for some sources
could be overestimated. However, our results provide a helpful statistical estimation of the

mass loss rate for this study. We summarize our results in Table 3.1.

Using the mass accretion rates estimated in §3.3.1 and the mass-loss rates of our sam-
ple, we roughly estimate the branching ratio y of these systems. We plot in Figure 3.7 the
accretion and mass-loss rates for our sample compared to other estimations of CTTS in the
literature. Considering the limited mass and age intervals covered by our sample, accretion

1

rates values range between 1072 — 1078 Mg yr~—! and mass-loss rates between 10719 — 1078

! as shown in Figure 3.3. To have a more comprehensive view of a diverse population

Mqyr—
of CTTS, we included reported measurements for CTTS in Taurus (Herczeg and Hillenbrand,
2008), Lupus (Natta et al., 2014), active CTTS systems from Gullbring et al. (1998); Har-
tigan et al. (1995), and CTTS in nine molecular cloud complexes studied by Watson et al.
(2016) using Spitzer data. According to Figure 3.7, most of our CTTS remain below the
APSW boundary (long-dashed black line), confirming that APSW is a suitable scenario to

explain the observed rotation rates.

Although age information is not available in Figure 3.7, some studies have suggested
evidence of temporal evolution between the Macc and Mwmd relationship. For instance, Wat-
son et al. (2016) mostly includes objects younger than CTTS (e.g., Class 0 and Class I) and
demonstrated that different classes of young objects, used as an age proxy, are naturally sepa-
rated into different plot regions (see Figure 3.4). Our study supports that evidence, providing
more CTTS to the sample and showing even better how CTTS are well positioned in the plot.
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Figure 3.4: Mass outflow rate M yina versus disk-star accretion rate ]\'/[acC7 figure taken from
Watson et al. (2016). Upper panel: The black dot-dashed line near the upper edge of the
distribution of data is Mwmd:O.GMacc, which corresponds to the maximum branching ratio
possible for an accretion-powered stellar wind (Matt and Pudritz, 2008a). Bottom Panel:
Principal components analysis, with mean values plotted in the same symbols as above,
and first and second principal-component eigenvectors indicated, respectively, by major and
minor axes of ellipses centered on the corresponding mean value.

Magnetic field topology and evolution

Observations indicate that the surface magnetic fields of young stars have high-order mul-
tipolar components rather than magnetic dipoles. While stars more massive than 0.5M
exhibit toroidal and non-axisymmetric poloidal components, low-mass stars below 0.5M

show strong poloidal large-scale magnetic fields, which are mainly axisymmetric (Donati and
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Figure 3.5: [O1] A6300 residual line profiles for 15 CTTS found in the X-Shooter data archive.
The stellar rest velocity is indicated with a vertical dashed line. Residual emission lines were
obtained by subtracting photospheric contributions using Phoenix templates and posterior
removing telluric lines.

Landstreet, 2009), where most CTTS have typical intensities of the order of 1-3 kG (Johns-
Krull, 2007), and significant star spot coverages (Cao and Pinsonneault, 2022; Somers et al.,
2020). These magnetic fields are expected to impact CTTS, their accretion disks, and planets
(Strugarek et al., 2015).

Schatzman (1962) was the first to suggest that open magnetic field lines or the break-
ing of closed lines could trigger mass loss phenomenons, which could, in the long run, be
responsible for taking a large amount of angular momentum from the system. For this rea-
son, the geometry of the magnetic field is an essential element in describing stellar winds.
For example, Réville et al. (2015) and Garraffo et al. (2015) found that complexity in the
geometry of the magnetic field can dramatically decrease the loss rate of angular momentum

to a few orders of magnitude. This is mainly because higher orders of magnetic moments
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Figure 3.6: [O1] A6300 residual lines profiles for 7 CTTS found in data archive of Giraffe.
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Figure 3.7: Accretion and mass-loss rates for our sample of CT'TS (black crosses) and other
studies (gray symbols). Complementary data shown in gray correspond to low mass accre-
tors in Taurus from Herczeg and Hillenbrand (2008), (triangles) active CTTS systems from
Gullbring et al. (1998); Hartigan et al. (1995) (diamonds) and selected CTTS from Natta
et al. (2014) (squares) and Watson et al. (2016) (circles). The long-dashed line indicates the
upper limit given by APSW models of Matt et al. (2012), i.e. Myina = X X M(?CC, withn =1,
and y=0.6. The short-dashed line corresponds to the linear regression fit using all the data,
which leads to n = (0.97 4 0.05) and x = 0.047505. Upper and lower solid lines represent the
30 level.
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would facilitate the generation of a magnetosphere with many closed lines that would sup-
press mass loss. Emeriau-Viard and Brun (2017); Folsom et al. (2016) observed that the
topology of the magnetic field changes strongly as the star ages because as the radiative core
becomes bigger, the dipole components decrease, and the magnetic field becomes more and
more complex. Folsom et al. (2016) and Vidotto et al. (2014) found empirical relationships
between the large-scale component of the magnetic field strength versus age for pre-main to

the main sequence.

Although there are many efforts to measure magnetic fields in T Tauri stars, nowadays,
there is no conceptual model that allows us to describe magnetic fields accurately. Some au-
thors approximate the magnetic field topologies, mixing different geometries. For example,
Finley and Matt (2017) suggests that combinations of dipolar and quadrupolar fields change
the relative orientation of the stellar wind with respect to any planetary or disk magnetic
field. In a general view, these components are important in the morphology of the wind.
Also, they confirm that the original prescription from Matt et al. (2012), which is the for-
mulation of the present work, uses pure dipolar magnetic fields and remains robust in most

cases, even for significantly nondipolar fields.

3.3.2 Model Assumptions

We developed stellar spin multi-parametric models for young low-mass and solar-type stars
magnetically linked to a surrounding gaseous accreting disk. Although non-rotational, pre-
main-sequence evolutionary models provide the internal structure of stars (i.e., Baraffe et al.,
2015). We assume that stars can produce their stellar magnetic fields when they rotate.
The magnetic fields are originated through dynamo processes in the convective regions of the

stellar interior.

For simplicity, we assume a dipolar field with strength B, at the equator of the stellar
surface and co-rotating with the star. At larger stellar radii, this dipole enables angular
momentum transport with the disk and magnetosphere. We assume values range between
500-3500 G in agreement with previous studies (Johns-Krull, 2007) and recent surveys such
as Lavail et al. (2017, 2019). The main assumptions for constructing our grid of rotational

models are the following:

e A solid body approach: We consider a simple approach in our models, assuming
that the stars rotate as a solid body with a core and envelope coupled to each other. We

neglect any difference in angular momentum between the stellar surface and its stellar
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interior. Rotation is thus entirely controlled by the external torques. This approach
is sufficient for fully convective stars on their Hayashi tracks, although our simplified
treatment should be revised for stars with radiative zones in their interiors using a
more realistic treatment, similar to the considered redistribution of angular momentum
between the two layers (MacGregor and Brenner, 1991). We do not expect a strong
impact on the rotation rates predicted by our models in the CTTS phase (<10 Myr)
because the expected time scale for the core-envelope decoupling interaction starts
around ~10-30 Myr (Gallet and Bouvier, 2013, 2015).

Accretion rate onto the star: We assume an exponential decay for the accretion
t—to)

. . o
rate as a function of age (Mye. = M €™ 7

in ), starting from an initial value M at

acc
to = 0.5 Myr and with a characteristic accretion timescale of 7, = 2.1 Myr reported by
Briceno et al. (2019). Since the exponential relation for the accretor fraction evolution
(Briceno et al., 2019) represents a probability that stars in a stellar group have accre-
tion rates above the threshold detection limit, the 7, obtained from this relation is a
statistical proxy for the timescale of the general accretion rate evolution behavior in
stellar groups. The accretion process adds angular momentum that is transferred from

the disk truncation radius (R;) toward the stellar surface at a rate of:

Tace = Macc GM*Rt (34)

R; denotes the distance at which the magnetic field fully governs the stress in the
internal disk. At this location, disk material and the stellar surface share identical
rotation. We assumed R, inside disk corotation, which is computed using the Newton-
Raphson method and the equation 15 of Matt and Pudritz (2005b).

Stellar winds: We consider the APSW an important source of angular momentum
loss in CTTS (Matt and Pudritz, 2008a). Previous studies have shown that open field
regions in the magnetic field lead to the formation of ASPW that efficiently removes
substantial amounts of angular momentum from the star (e.g., Hartmann and Stauffer,
1989; Matt et al., 2012; Pantolmos et al., 2020; Pinzén et al., 2021; Uzdensky, 2004). It
is assumed that a fraction y of the mass in the accretion flow is transferred to a stellar
wind, i.e., Mwind =X Macc, providing an efficient angular momentum loss mechanism.
The formulation is inspired by the analytic work of Weber and Davis (1967), in which

the net torque from a one-dimensional wind is as follows:

Twind = _Mwind Q, T’i (35)
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where Mwmd is the integrated wind mass-loss rate, €2, is the angular velocity of the
star, and 74 is the Alfvén radius. In our one-dimensional approach, we used the
semi-analytical results obtained from numerical MHD simulations of Matt and Pudritz
(2008a):

TA BzRg "
R* (Mwindvesc ( )

where K =~ 2.11 and m =~ 0.223 are dimensionless constants and v, = (2GM,/R,)"/?

is the escape velocity from the star.

e Star-disk interaction: Along with angular momentum losses through disk winds,
CTTS also spin down due to their magnetic interaction with the Keplerian rotating
disk (e.g., Collier Cameron and Campbell, 1993a; Ghosh and Lamb, 1978; Koenigl,
1991). In a scenario of large Reynolds numbers of the star-disk interaction (low diffusion
parameter (), the strong coupling between disk matter and stellar magnetic field lines
leads to a twisting of the vertical field component B, and thus to a spin-down torque

given by:

3 3 3 3
2<Rco>2_<Rco> _2<Rco>2+<Rco>
Rout Rout Rt Rt

2
here R, = Rco(l + B'yc) 3 defines the extent of the connected magnetic region. R, is the

B2RS
~ 38R3

(3.7)

TDL

co-rotation radius, R, the disk truncation radius, and 7. = B,/Bz characterizes the propor-
tion of magnetic field twisted at the disk’s surface at each radial location. We use 7, = 1 and

3 = 1072 as fixed parameters in all our simulations (Matt et al., 2010).

Grid of Rotational Models

The evolution of the stellar rotation rate (£2,) is computed by solving the following differential

equation:
@2, 7. Q.dl,
dt I, I, dt (38)

where 7, is the sum of the individual torques due to the accretion, winds, and star—disk

interaction as described above, and I, = kQM*Rf is the stellar moment of inertia and k? is
the gyration radius obtained from the stellar evolutionary models of Baraffe et al. (2015).

We note that the accretion rate is incorporated into the calculation of dI./dt and used to
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Figure 3.8: Spin evolutionary tracks represented as vsin(i) = §v,, as a function of age for
individual cases. The title of each panel shows the fixed parameters. Meanwhile, the legend
colors represent different cases for a respective variable in the models.

Using the fourth-order Runge-Kutta method with adaptive step size, we find the solution

to the equation (3.8). At each time step of the simulation, we compute the next time step,
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ensuring changes over the €2, solution remain lower than 1% per step.

We use the set of parameters [M,, B,, x, P, M, n ] based on the values of Table 3.3. We
use all possible combinations of the parameters, without repetitions, and within the value
ranges and steps to build a grid with 2.232 x 10° individual models. Simulations start at
0.5 Myr and end at 15 Myr, the age at which there are some long-lived CTTS. Nevertheless,
statistically, the typical age when the gas component of the disk has been dissipated is around
5 Myr (Carpenter et al., 2006; Hernandez et al., 2008). Given a simulation, both the angular

velocity (stellar period) and the mass accretion rate evolve with time.

3.3.3 wsin(i) synthetic distributions

The rotation rates given by our grid of models are related to the projected rotational veloci-
ties through the previous knowledge of spin-axis orientation. By assuming that the spin-axes
of objects are randomly oriented, and utilizing the inclination average method proposed by
Chandrasekhar and Miinch (1950), the projected rotational velocity can be expressed as

vsin(i) = 7 R.Q,, where R, is the stellar radius and €2, is the angular velocity of the star.

In Figure 3.8, we show individual evolutionary tracks of vsin(i) for specific cases of the
parameter set. While in Figure 3.9, we display the complete grid of models for masses of 0.3,
0.5, 0.8, and 1.0M. In each panel, the color scale represents the number of models enclosed
in each hexagonal bin pixel of the vsin(i) versus age diagram. We have included the 90

percentile and the median per pixel indicated with grey and black lines, respectively.

The panels in Figure 3.9 show a decreasing trend of the median of vsin(i) with age. De-
spite the wide range of initial conditions considered in Table 3.1, most solutions lie on the
slow rotator regime with rotation below 10% of the break-up limit as expected for CTTS.
Synthetic velocities increase with stellar mass, as confirmed by the gradual growth of the 90"
percentile of the vsin(z) distributions, plotted with a gray line at each panel of Figure 3.9.
We also note that rotational equilibrium is reached very rapidly, particularly for low-mass
stars (<1 Myr). For comparison purposes, we have added the rotation rates measured for
our sample of CTTS. With a few exceptions, especially for 0.3M, the bulk of vsin(7) values
remains below the 90" percentile of our simulations, reaching a rotational locked state by

the end of the Hayashi track (<3 Myr) in agreement with previous studies.
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Figure 3.9: Grid of models illustrated as a density plot of vsin(i) = v, as a function of

4

the age, in different values of mass. The black line shows the grid’s median vsin(z), while
the gray line contains 90% of the models below it. The color scale represents the number
of models per hex bin pixel. The white dots represent the vsin(i) and age for the CTTS

sample.

Table 3.3: Input parameters of the models, their ranges, and steps.

Parameters Min Max Step
P (days) 1 8 1
M (Mg yr=) 107 107 10702
M, (M) 03 12 01
B, (G) 500 3500 100

X 0.01 0.60 0.01
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3.3.4 Spin-torque equilibrium

The total torque on the system is the sum of the accretion, winds, and star-disk interaction

torques:

Te = Tace T Twind T TDL (39)

Values of 7, = 0 are also known as the torque equilibrium state. In the APSW scenario,
stellar rotation evolves rapidly (<1 Myr) toward an equilibrium state in which angular mo-
mentum transferred toward the star by the disk accretion is balanced with that transferred
outward via winds and magnetic star-disk interaction (Matt and Pudritz, 2005a; Matt et al.,
2012). For bonafide samples of CTTS with reliable masses, ages, accretion, and rotation
rates, the determination of this equilibrium state permits indirectly inferring the response of
the wind to different magnetic strengths and topologies and allows for searching statistical

trends between the branching ratio and the stellar magnetic field.

Panel A of Figure 3.10 reveals that the torque equilibrium state, on average, is reached at
1.5 Myr. On the other side, panels B and C of Figure 3.10 also indicate that an equilibrium
state can be achieved with higher values of B, and x at ages earlier than 1.5 Myr. The
majority of the models are placed on the equilibrium zone, especially stars older than 1.5
Myrs, to ensure that equilibrium is rapidly reached, a fact consistent with previous studies
(Armitage and Clarke, 1996; Matt et al., 2012; Yi, 1994).

Interestingly, stellar winds can achieve equilibrium spin rates during the Hayashi track
when magnetic field strengths and branching ratios are large. In §3.4, we discuss this result

based on statistical techniques in depth.

3.3.5 Observations and models comparison

With the aim of conducting careful comparisons between observations and models, we imple-
ment Bayesian techniques. We use our sample of CTTS (§3.2.1), together with the models
described in §3.3.2, to explore the interplay between stellar magnetic field strength and the
branching ratio x in young accreting systems during the first Myr of their stellar evolution.
To perform the comparison, we use the observed rotation rates compiled in Table 3.1 and the
rotation rates provided by the models, varying the parameters in the ranges shown in Table

3.3. Below we describe the use of the Bayesian technique in more detail.
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Figure 3.10: Rotational grid for the case 0.5 M, obtained using the set of input parameters
in Table 3.3. (A) The distribution of the total torque applied onto the stars as a function of
age. The color bar represents the number of models per bin. The median of the models is
represented as the black line. The grey zone contains 90% of the models. (B) Distribution
of magnetic stellar field strengths versus age. The color bar illustrates the median value per
bin. (C) Distribution of branching ratio versus age. Similarly to (B), the color bar represents
the median values per bin.
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Stellar magnetic field and wind mass-loss rate evolution: forward modeling

We carry out a statistical study to understand the changes in the physical parameters related
to the evolution of the rotation velocities of young stars. In order to perform an analysis
as robust as possible, we split our sample of CTTS described in §3.2.1 into four age bins as
follows: bin 1: 0-1 Myr (62 stars), bin 2: 1-2 Myr (68 stars), bin 3: 2-3 Myr (40 stars), and
bin 4: 3-13 Myr (30 stars). We use the compiled vsin(i) measurements (see §3.2.2) to build
the corresponding distribution of rotational velocities for each age bin. These distributions

are shown in Figure 3.11.
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Figure 3.11: Rotational velocity distributions for the age bins described in §3.3.5.

Then, we reproduce the observed v sin(i) histograms for each age bin using the Approx-
imate Bayesian Computation (ABC) method, a statistical approach that compares models
with observed data (e.g., Manzo-Martinez et al., 2020; Marjoram et al., 2015). This is
achieved by randomly selecting v sin(i) values from the grid of models generated in Sec 3.2.
For each vsin(i) distribution of Figure 3.11, we keep and stack the values that fall within
the range of the observations and discard those that fall out of this range. We continue
selecting theoretical v sin(i) values randomly until we complete one realization, meaning that
the observed histogram is exactly reproduced (e.g. Turner and Van Zandt, 2012). From this
realization, we obtain the posterior distributions of theoretical parameters (e.g., x, B.) of the

model. We perform 100 realizations to build a statistically robust distribution of parameters
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at each age bin.
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Figure 3.12: Mass accretion rate distributions for the age bins defined in the Bayesian anal-
ysis.

In the ABC analysis, we use M, = 0.5M, since it is the median stellar mass from the
sample of stars used in each bin. We decided to use a representative value of stellar mass
for this analysis since the mass range of the CTTS sample is relatively narrow (e.g., an in-
terquartile range of ~0.2 M), and we do not have enough CTTS to additionally split them
into several mass bins. We also have included the observed distribution of mass accretion
rates discussed in §3.3.1 as a constraint. For this purpose, we separate the sample of stars
with accretion measurements into the same age bins defined in this section and use the cor-
responding M, distribution at each age bin as a prior distribution. Figure 3.12 shows the
distributions of mass accretion rates for each bin. It can be seen that, as the age increases,
the distributions move towards lower values of accretion, as expected (e.g. Hartmann et al.,
2016, see §3.3.1 for more discussion). The randomly selected M,.. values used in the ABC
analysis follow the corresponding cumulative distribution of accretion rates for each age bin.
Finally, we obtained the posterior distribution of x and B, (see Figure 3.13). Using the 100
realizations of the ABC techniques, we construct the histograms using the mean and the

standard deviation for each bin of y and B,, respectively.
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Figure 3.13 shows the resulting distribution for: (1) B, (left column) and (2) log(x) (right
column) obtained from our Bayesian analysis. In these plots, the age increases downwards.
For the stellar magnetic field, the distribution at bin 1 shows that median value is ~ 2100
G, and the median in bins 2, 3, and 4 moves toward lower values. This suggest that B, de-
creases as the stars evolve during the pre-main sequence. Similarly, for the branching ratio,
the distribution in bin 1 shows a median value at y = 0.15, and the median values of the
2 and 3 distributions move to lower branching ratios than the first bin. At bin 4, the peak
appears slightly shifted toward larger y values (x ~ 0.04) with respect to bin 3. These results
are shown more clearly in Figure 3.14, in which we plot the cumulative distributions of the

data from Figure 3.13.
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Figure 3.14: Cumulative distributions for B, (left panel) and log(x) (right panel), for bin 1
(blue), bin 2 (red), bin 3 (green), and bin 4 (magenta).

The histograms in Figure 3.13 show a gradual decrease in the branching ratio and mag-
netic field strength for the first three age bins. The slight increase in the branching ratio (x)
from bin 3 to bin 4 is unexpected. It must be noticed that the oldest bin has an age spread
of 3-13 Myr and is the smallest sample of the different bins. If the sample in bin 4 is not
a representative distribution for vsin(7) in this age interval, the results for x from the ABC

method could be biased towards values that describe this incomplete sample.

In order to test the robustness of our results with the ABC technique, particularly the
impact of low numbers in the sample used in bin 4, we performed an additional Bayesian
test using synthetic prior distributions for vsin(i). We generated random Gaussian distri-
butions for each age bin, using the corresponding median value and the median absolute
deviation (MAD) of the observed vsin(i) histograms shown in Figure 3.11. We demonstrate
in Appendix B from the electronic version that the general trends seen in Figure 3.13 hold,
and they are independent of the number of stars in each bin. Further details of this test

can be found in Appendix B from the electronic version. Although our results suggest that
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Table 3.4: K-S test and p values .

Bin pairs parameter K-S p-value

1-2 B, 0.35 0.0005
log(x) 0.23  0.05

2-3 B, 0.16 045
log(x) 0.13  0.73

3-4 B, 0.16  0.68

log(x) 0.24  0.20

the observed increase of B, and x toward bin 4 (Figure 3.13) is not a statistical fluctuation
caused by low numbers, this result should be taken carefully since: (1) The sample of CTTS
in the last bin could not be as representative as in the younger bins. In particular, given the
variable nature of T'TS, slow accretors or CTTS approaching the end of their accretion phase
(Briceno et al., 2019; Thanathibodee et al., 2022) could not be included in the last bins; (2)
A wide age range (3-13 Myr) is considered in the last bin, in which the stars significantly
change their properties during the pre-main sequence evolution. However, torque equilibrium
in the system is reached earlier than 3 Myr, and models beyond this age do not change sig-
nificantly (see figure 3.9); (3) We assume that the parameters 7. and  are constant. These
parameters are related to the magnetic connection between the star and the disk, which
might change, together with the complexity of the magnetic field, during the evolution of
the star; (4) The models ignore the changes in the inner stellar structure, particularly, the
core-envelope decoupling is not considered in the models, which might impact the angular
momentum evolution at bin 4. Some of these effects are not so important for very young
low-mass stars, however, solar-type stars are expected to develop a radiative core at the end

of the Hayashi track (Iben, 1965). Exploring these effects’ impact is out of this paper’s scope.

We applied a Kolmogorov-Smirnov (K-S) test, which is used to determine if two samples
are drawn from the same distribution, to the B, and log(x) posterior distributions obtained
from the ABC analysis. The p values are shown in Table 3.4. For bins 1 and 2, we find the
low p values of 0.05% and 5%, for B, and log(x), respectively, suggest a clear evolution of
both parameters, as discussed above. In contrast, for B,, the high p value between bin 3
and bin 4 shows that there is barely an evolution, which suggests that most of the stars have
reached a state in which the strength of their magnetic field has decreased to lower values.
For log(x), the difference between bins 3 and 4 seems more clear; the possible explanations

for these differences are also discussed above.

As the main result of this subsection, we found the median of B, and log() decreases

as the age of the bins increases, which suggests that for the sample of CTTS studied in this
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work, both parameters are evolving during the first Myr. It must be noticed that additional
measurements of the more evolved CTTS are needed to confirm the trend behavior toward
bin 4.

3.4 Discussion

3.4.1 Binarity

We make a quality astrometric selection of the CTTS using the Re-normalized Unit Weighted
Error (RUWE) reported by Gaia DR3. For the selection, we use RUWE values less than
1.4, suggested by Lindegren et al. (2020b). However, Stassun and Torres (2021) and Kounkel
et al. (2021) confirmed that RUWE values from 1.0 to 1.4 may contain unresolved binary

systems.

One of the main consequences of having binary stars in our sample will be the incon-
sistency of the physical parameters (e.g., rotation rates, masses, ages, etc.). In that sense,
we have cleared our sample of possible close companions systems using the spectroscopic
binaries reported by (Kounkel et al., 2019) and visual binaries reported by Tokovinin et al.
(2020). Also, we did not find discrepancies in rotation rates for CTTS groups by mass and
age that could indicate the presence of binaries. As a double-check test, we inspected each
LC available in TESS (§3.3.1), and as a result, we did not detect signatures of eclipsing

binaries in the sample.

The RUWE and the LCs inspection can not reject all multiple systems in our sample,
particularly unresolved systems. However, we expect that binary systems do not dominate

our sample and, thus, do not affect our results.

3.4.2 Clues about the branching ratio

Several studies have explored the branching ratio parameter from a numerical perspective
to explain the slow rotations in CTTS. At the same time, only some efforts have focused on
the observational viewpoint. For example, Hartmann and Stauffer (1989); Matt and Pudritz
(2005); Matt et al. (2012) have suggested that if there is a stellar wind with a sustained
mass-loss rate of about 0.1 of the accretion rate, the wind can carry away enough angu-
lar momentum to achieve a stellar-spin equilibrium. Matt and Pudritz (2008a) suggested a
hard upper limit of y < 0.6. Cranmer (2008), by his part, predicts a maximum of 0.014.
Gallet et al. (2019) studied two cases where they argued that a branching ratio x = 0.01
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would favor the stellar wind theory. However, simulations would require stronger dipolar
magnetic fields to reproduce the rotation rates, while y = 0.1 requires weaker dipolar fields
that are commonly observed. Ireland et al. (2020) suggest that y > 0.3 is required to achieve
spin-equilibrium in their simulated cases. Particularly, for the BP Tau star, they predict
a x ~ 0.25 to achieve an equilibrium between the wind and accretion torques. Pantolmos
et al. (2020) predict that winds should eject more than 0.1 of the mass-accretion rate to
counteract the stellar spin-up due to accretion. Gehrig et al. (2022) reproduce the observed
rotational period of most young stars with values less than 0.05. Independently of their nu-
merical approaches and strategies to describe the star-disk interactions and winds, nowadays,
no consensus has been reached. Observational analyses of Hartigan et al. (1995) have found
that y can reach up to 0.2, but most values are below 0.02 in all ages between 1 and 10 Myr.
Measurements provided by this work could help to contribute to a general perspective of the
expected y in CTTS.

Likelihood
0.0 0.2 0.4 0.6 0.8 1.0
i 1 1

™ V1981 Ori

SO 1153
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Figure 3.15: Branching ratio for measured Classical T Tauri stars versus age (left panel).
The background map illustrates the density of the posterior distribution of x given by the
ABC analysis. We display their name for those stars with x > 0.1. The distribution of the
branching ratio represented with the histogram on the right side exhibits a pronounced peak
at x = 0.04 as expected from data in Figure 3.7.

We have 37 stars with available y measurements that simultaneously hold an estimation

of age (Table 3.1). These stars were utilized in Figure 3.15 to investigate the relationship
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between x and age (left panel). As seen in the histogram (right panel), branching ratio
values tend to be below 0.1, and the most likely values are around 0.04 — 0.05. Even though
few data are displayed in Figure 3.15, within the uncertainties, our data suggest that strong
stellar wind with a mass loss rate greater than 0.1 of the accretion rate is possible at earlier

ages (< 3 Myr).

The ABC analysis in §3.3.5 plus measurements reported here could suggest a possible
trend for the branching ratio with age. In the future, supplementary surveys of accretion and
mass-loss rates in CTTS (e.g., Kounkel et al., 2023) will improve the sampling and allow us
to understand better the nature and strength of the APSW mechanism at the early stages

of the stars.

3.5 Summary and Conclusions

In this work, we developed one-dimensional numerical models of the spin evolution of CTTS,
which allowed us to build a comprehensive grid of specific cases for CTTS. We build approx-
imately two million simulations, varying physical parameters such as magnetic field, wind,
accretion, initial rotation periods, and mass.

Our models allow for the first time to study how the magnetic field strength (B,) and branch-
ing ratio () change in relation to rotation rates and ages. The results are broadly consistent
with the APSW picture and predict a steady evolution of B, and x during the CTTS phase.

Below we list the results of this work:

e Ninety percent of our model’s grid is compliant with vsin(i) rotation rates below
50km s~

e Using the observed rotation and accretion rates as prior distributions, we did a Bayesian

analysis that suggests a decreasing trend of y and B, intensities with age.

e The models indicate that strong dipolar magnetic field components and higher branch-
ing ratios would achieve an effective equilibrium state of torque at the first stages of the
evolution in CTTS (< 1.5 Myr). However, at least for the branching ratio, measure-
ments and posterior distributions of ABC analysis prove that xy > 0.1 values, although
they are possible, x < 0.1 are more likely.

e Models predict a branching ratio decreasing with age, in particular, during the first 2
Myr when a pronounced peak for y=0.04 is observed. This result is in agreement with

our measurements using a diverse sample of CTTS (Figure 3.7) suggesting that small
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x values up to 10% of the APSW upper limit are capable of extracting enough angular

momentum from the CTTS system.



4 TESSExtractor: A Web Applica-
tion for Quick Visualization and Pe-
riod Estimation of TESS Light Curves

from Full-Frame Images.

The content presented in this section is part of the manuscript in preparation. This manuscript

will present the web application TESSExtractor, which is already available online.

Abstract: We present a user-friendly web application that allows users to extract, visualize,
and interact with the TESS light curves from Full-Frame Images (FFIs). The service works
for any star identifier cataloged in the SIMBAD database or using the stellar coordinates.
TESSExtractor is optimized for searching rotation periods and performs photometry using
a circular aperture centered on the object of interest, with a sky annulus for background
subtraction. The application also utilizes cotrending basis vectors (CBVs) provided by TESS
to correct photometry for possible systematic effects. The TESSExtractor’s website provides
an intuitive interface that is easy to use for scientific and educational purposes and is publicly
available at https://www.tessextractor.app. This tool simplifies the analysis of TESS
light curves and provides valuable insight for researchers seeking to extract and analyze TESS
data for various applications, including stellar rotation and transit detection studies. This
work is evidence that TESS is revolutionizing our understanding of time-domain astrophysics
by enabling new detections in a wide range of phenomena to the scope of any person in an

easy-to-use web application.
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4.1 Extracting the light curves

4.1.1 TESS Cutouts

TESS obtains images, known as full-frame Images (FFIs), of each sector at a 30-minute
cadence for the first two years of TESS operation. Nowadays, TESS counts with a better
cadence of 10 and 3.33 minutes for the second extended mission. Approximately one million
stars per FFI are brighter than 7,,, < 16 mag. Being a challenge to extract the photometry
for the complete catalog of stars at once. TESScut service (Brasseur et al., 2019) is a powerful
tool that allows us to make small cuts of the FFI, also called cutouts, around a target of
interest, reducing the time consumption of processing big sequences of images as the FFIs.

We download the TESS cutouts for the target of interest using the TESScut service via
astropy (Astropy Collaboration et al., 2013a, 2018, 2022). Using by default, an image of
10 x 10 pixel is extracted from the FFI, where the object is centered.

To support the visual inspection of the target in the TESS cutout image and verify if
neighboring sources contaminate the science source, we simultaneously download a Digital
Sky Survey (DSS2 IR) image with the same field of view as the TESS cutout!, see Figure 4.1.
The DSS2 IR filter band is ideal for making a comparison with the TESS cutout because it
is relatively similar to the TESS filter band, covering the wavelength range (6950 — 9000A).

TESS DSS2

Figure 4.1: TESS and DSS2 IR cutout for the target TIC 72921546. Both plots with the
same field of view (210 x 210 sq arcsec) correspond to a TESS image of 10x10 pixels. The
white circle shows the photometric aperture, and the orange circle shows the sky annulus.

4.1.2 Crowding ratio (CR)

Given the relatively large TESS pixel size of 21 arcsecs, the TESS data is highly susceptible

to crowding, blending, and source confusion. Some light curves may be contaminated by

!The DSS2 area is (210 arcsec)? or (10x 10 pixels) TESS cutout
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point sources inside the selected photometric aperture. To estimate the impact of this effect,

we computed the ratio as follows:

e

where f;, is the flux of the target and f, is the total flux of Gaia sources that fall within

CR % 100 [%)] (4.1)

the aperture radius, excluding the target. The fluxes are based on the G filter of Gaia DR3
(Gaia Collaboration et al., 2018). We suggest that those targets with CR> 25% be taken
with caution. Probably, the LCs in these cases are contaminated by nearby sources, lowering
the reliability of data.

4.1.3 Aperture selection and photometry

After downloading the TESS cutout, our pipeline utilizes the Photutils package in Python
(Bradley et al., 2019) to perform simple aperture photometry (SAP). The aperture for the
target is determined based on its TESS magnitude (7},,44) as cataloged in Stassun (2019, TIC

v8.0). Table 4.1 lists the aperture and annulus radii options.

Table 4.1: Aperture and annulus radius used in photutils.

Tonag Aperture (px) Annulus (px)

<9 3.0 4.0-5.0
>9, <11 2.5 3.5-4.5
> 11, < 13 2.0 3.0-4.0
> 13 1.5 2.5-3.5

The user also has the option to adjust the aperture size from 1.0 to 2.5 pixels and the sky
annulus from 2.5 to 10 pixels in the left panel called photometry settings.

The background subtraction of the photometry is made using the mode value of the sky
annulus.

To avoid anomalies in the photometry (e.g., Cosmic rays, Popcorn noise, and Fireworks)?,
we remove from the raw all data points with bad TESS quality flags. Also, to prefilter the
contamination from scattering light patterns on the TESS detector, we reject all data points

with a strong variability above the percentile 95% of the sky annulus flux.

The transformation of RAW flux to magnitude for the LCs is computed as follows:

m = —2.5log F, + ZP (4.2)

2TESS Data release notes: https://archive.stsci.edu/tess/tess_drn.html
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where F, is the flux after subtracting the background. ZP is the zero point of the TESS
filter band.

Despite the FFIs cadence changes from the prime missions to the extended missions of
TESS. On average, we assume a ZP value of 20.4402281476 (Fausnaugh et al., 2021).

Following the error propagation theory, the uncertainty of m is computed as:

oF

om = 1.09
m F

(4.3)
Where 0 F is the uncertainty in the counts, this data set is obtained from the TESS cutout.

In most cases, the median magnitude of the star is not similar to the 7T},,, reported for the
star in Stassun (2019, TIC v8.0). Then, we make an aperture correction of the LC magnitude
using the m time series, its median value (), and 7},,44. Following the next two-part function,

we calibrate the LC magnitude to the TESS magnitude of the point source.

_ ) m- |Tonag — T, m > Thnag,
m + |Tag — M|, m < Thag

1.04 A

Systematic Effects + constant
SAP LC

1.03 A
1.02 A
1.01 A
1.00 A
0.99 A

1.04 A
1.03 A
1.02 A
1.01 A
1.00 A

Flux Normalized

0.99 A

2475 2480 2485 2490 2495
Time (BJD-2457000) [days]

Figure 4.2: Systematic correction for the TESS LC TIC 60874953. In the top panel, we plot
the best fit of the first four CBVs to the normalized LC. In the below panel, we plot the
normalized LC after the systematic trend correction.
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4.1.4 Systematic Effects Correction

For the correction of the LCs, first, we normalize the LC in flux and then use the co-
trending basis vectors (CBVs), a set of orthonormal vectors that describe the dominant
sources of variability shared among multiple stars in the TESS cameras, extrinsic of the stellar
variability, the typical effects go from CCD’s issues to the scattering in cameras due to the
earth brightness or moonlight. There are 16 CBVs from 1 to 16, decreasing in importance.
We use the first four CBVs to minimize the possibility of intrinsic astrophysical variability

results removed from LC by the correction.

v a
TESS Extractor

User

Figure 4.3: Flowchart diagram of the TESSExtractor web application, showing modules as
rectangular boxes and ellipses as data products. The dashed lines between the diagram’s
parts symbolize the steps in the application.

To correct the normalized LC of systematics effects, we built the representative system-
atics vector as the linear combination of the CBVs, and then we get the flux corrected by

systematics represented as:

N
Fuopr = F. = Fyye=F, — Y _a; x CBY, (4.4)

=1

Where F, is the normalized flux. The index (i) goes from 1 to 4, and a; is the scaling
coefficient, given by the least-squares solution as a; = (AT A)"'ATF,, where A is the normal
matrix with CBVs components as columns. The correction is made until y? is minimized

or the process reaches 100 tests (see Figure 4.2). The chi squared is obtained as y? =
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>, (Fuj — Fyysj)?/(F.j), where j index run over the data points of the LC.

4.1.5 Deployment, Accessibility, and User Modes

TESSExtractor was developed in Python and designed in the streamlit framework, an open-
source library to build a web application®. The application is deployed in the Salesforce cloud
service, using a 24 /7 dedicated Linux machine with a network bandwidth of 2TB per month.
This is available at https://www.tessextractor.app and allows users to search from single

targets to a small list of stars in the experimental bulk search mode.
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Figure 4.4: Primarily data product of TESSExtractor for TIC 58229237: LC, periodogram,
and phase-folded LC.

The app has three user modes, each one with a specific task. The first is the Light Curve
Search, a lightweight service for processing SAP of the FFIs of individual targets. It counts
with a search bar where the user inputs the name or coordinates of the target, clicks on the
search button, and the app begins to download FFIs cutouts, process the LCs, and display
the data products (LC, periodogram, phase folded LC, and CSV datafile). The second mode,
called Systematics Correction, does the same steps as the first mode but it corrects the SAP
LCs by systematic trends. The data products are similar to the first mode. The third service,
the Bulk Search, is released in an experimental mode. Currently, it allows users to upload
a list up to 100 targets and, in the end, provide the CSV files for all the targets per TESS
sector. For more details about the operability, user modes, and data products, see Figure
4.3.

4.1.6 Data products

LC, Periodogram, and Phase LC plots

The main product of our application is the LC, obtained following the procedure outlined in

section §4.1.3. To enable users to explore and analyze this data more deeply, we use Plotly

3Whttps://streamlit.io/
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(Plotly Technologies Inc., 2015) to display an interactive scatter plot of the TESS magnitude
(equation 4.2) as a function of the time. We also incorporate error bars estimated with
the equation 4.3. Our interactive visualization offers advanced features such as zooming,
panning, and hover-over tool, which can help users handle data easily. Also, the figure can
be downloaded in png format to share with others.

Once LC is processed, a Lomb-Scargle periodogram (Lomb, 1976; Scargle, 1982) is pro-
cessed to estimate the rotational period. We use a resolution of 500 steps in logarithmic scale
within the interval 0.01 < P,,; < 25 days. The best period is selected based on the highest
peak of the periodogram. Simultaneously, a phase-folded LC is processed. Using the task
FoldAt of PyAstronomy (Czesla et al., 2019a), the LC is folded to the found period in the

periodogram. An example of each data product can be seen in Figure 4.4.

File Format

In addition to the visual and interactive products, we have the data files containing the info
to generate plots. In the modes Light Curve Search and Systematics Correction, the final
data product can be accessed in the format of a CSV file at the TESSExtractor portal. The
user can download this file. Each file has three columns called " Time [BJD], T},0g, Tinagerr”
in the first mode and " Time [BJD], FLUX_CORRECTED, FLUX _ERR” in the second mode,

respectively. The LC filename follows the structure:

{target name} s_{sector}.csv

{target name}_s_{sector}_corr.csv

To optimize the cloud resources, the cache is refreshed every 3 minutes, and the final data

product is kept on the website for this time or until the user does another search.

4.2 Periods Comparison

Kounkel and Covey (2019) performed a homogeneous search of young stars in the galactic
disk, identifying thousands of clusters within 1 kpc, estimating the ages of the individual
groups, and providing a comprehensive catalog of clusters and their potential members.
Using TESSExtractor for the catalog reported by Kounkel and Covey (2019), we built an
extensive library of young stars with rotation periods, collecting LCs and periods for 127,023
sources (Figure 4.5). This sample includes stars with ages ranging from 1 to 100 Myr.
(Kounkel et al., 2022) processed LCs for our study sample, using the eleanor pipeline,
also they estimated Lomb-Scargle periods. To compare the periods found in this work,
we cross-matched both catalogs. In total, we have 43,273 sources in common. See period

comparison in Figure 4.6.
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Figure 4.5: Catalog of 43,273 stars observed by TESS (Cycles 1-6). This sample meets strict
criteria, ensuring minimal contamination and sufficient brightness.

4.3 Applicability: Selected projects

Here, we present some selected projects that use TESSextractor as one of the main tools for

obtaining their results:

Machine learning morphological classification of TESS light curves of T Tauri
stars (Rodriguez-Feliciano et al., 2023). We present a variability and morphological
classification study of TESS light curves for T Tauri star candidates in the Orion, IC 348,
~ Velorum, Upper Scorpius, Corona Australis, and Perseus OB2 regions. We use features
that depend on time, periodicity, and magnitude distribution. A catalog of 3672 T Tauri
star candidates and their possible period estimations, predicted morphological classes, and
visually revised ones are presented. The 11 morphological classes generally relate to physical
properties such as stellar rotation, multiplicity, variable extinction from protoplanetary disks,

and accretion.

A TESS survey of flare activity and stellar rotation of Young Stellar Objects
in the Taurus Region (Batista et al. in preparation). As part of a Ph.D. project, we
perform a flare census in a sample of previously confirmed T Tauri stars located in the Taurus
Star-Forming Region. We used TESS observations with a cadence of 2 minutes and developed
the FLare ANalizer tool (FLAN) to detect and characterize the flares with a duration larger
than 10 minutes (5 points in the light curve). We obtained several trends of the total en-

ergy of the flare and stellar properties, such as effective temperature, age, and FUV emission.
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Figure 4.6: Periods comparison between TESSExtractor and other pipelines.

Close eclipsing binaries in the Orion Star Forming Complex (Hernandez et al
in preparation). Based on the analysis of TESS light curves, we have detected and charac-
terized seven Young Close Eclipsing Binaries (YCEB) in the Orion Star Forming Complex.
These systems have separations smaller than 0.1 AU and orbital periods close to or equal

to the rotational period of the primary. The binary models were computed independently
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using the tools STARRY and PHysics Of Eclipsing BinariEs (PHOEBE). We find that these
systems have eccentricities close to zero, suggesting that tidal effects have circularized their
orbits. The binary Brun 691 is particularly interesting among the analyzed systems because
it exhibits a detectable decrease in the transit depth in a very short time (~2 years). Our
orbital models indicate that a radius reduction of the companion can cause this decrease.
The orbital parameters obtained for our whole YCEB sample support the scenario in which
tidal interaction in a few Myrs circularized the orbits and synchronized the rotational and

orbital periods of the systems.



5 Conclusions and Future Work

5.1 Conclusions

In this work, we study evolutionary trends in the rotation of T Tauri stars in the Orion Star-
Forming Complex to predict evolution scenarios of angular momentum and develop models
to infer the physical parameters of Classical T Tauri stars. Here, we list the main results

obtained from this analysis:

e vsin(i) and Age Relationship: We found an empirical trend in stellar rotation (v sin(7))
with age, revealing a transitional phase at 5-6 million years (Myr). This observation
aligns with the disk lifetime utilized in angular momentum evolutionary models and
the timescale for disk dissipation, underscoring the pivotal role of disks in the evolution

of angular momentum.

e The analysis of vsin(i) distributions emphasizes that Classical T Tauri Stars (CTTS)
exhibit slow rotation, indicative of the disk-braking effect’s role in regulating angular

1

momentum. CTTS with vsin(i) exceeding 28 km s~" were inferred to be likely binary

systems.

e Transition from CTTS to WTTS (Intermediate Phase): Stars approaching the end of
their accretion phase (CWTTS) show statistical properties similar to Weak-Lined T
Tauri Stars (WTTS), indicating that the disk-braking effect might less influence this

subset.

e Slow Rotators Domain: The stellar rotation simulations of stars bearing accreting disk
corroborated observational evidence, with the majority of the model grid producing
slow rotation rates (vsin(i) < 50 km s™!), consistent with the majority of slow rotators

among CTTS populations.

e Magnetic field and branching ratio prediction for the observed distributions of CTTS
trends: The Bayesian analysis for the grid of models, incorporating observed rotation

and accretion rates in the study, indicates a systematic decrease in magnetic field

94
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strength (B,) and branching ratio () as long CTTS evolve. This suggests that slow
rotators result from higher values of these parameters at the early stages of evolution
until the disk is dissipated.

e Early Equilibrium State: The models suggest that strong dipolar magnetic field compo-
nents and higher branching ratios could establish an effective equilibrium torque early
in CTTS evolution (~1.5 Myrs). However, our measurements reveal that x values

below 0.1 were more probable, emphasizing the influence of lower x values.

e Evidence of the Branching ratio temporal evolution via measurements: The measure-
ments unveiled an age-dependent behavior of the branching ratio, particularly during
the first 2 Myrs of CTTS evolution, with a prominent peak around y = 0.04, and it

plays a crucial role in angular momentum extraction from CTTS systems.

e We developed a set of tools available to the community: One is designed to estimate
the projected rotational velocity using high-resolution spectral lines, called v sin(i) by
the Fourier method. Another tool is the web application called TESSExtractor, which
downloads, extracts, and processes the photometry from the RAW data provided by
the TESS space telescope. This application is ideal for analyzing the stellar variability
of the objects in optical-near infrared wavelength and estimating the rotational period

(https://github.com/javiserna).

5.2 Significant Contributions (Ordered by author po-
sition)

A significant portion of my dedicated efforts during the pursuit of my doctoral project was
directed toward active participation in collaborative groups, including ARYSO, YSOs of
SDSS-IV, and ULLYSES. These collaborations afforded me the valuable opportunity to ac-
quire hands-on experience in the analysis of photometric and spectroscopic data, as well as
to promote my programming skills to an advanced level. In the following sections, my contri-
bution to each of these initiatives will be discussed, and their connection to the overarching

goals of my thesis project will be discussed:

Rodriguez-Feliciano et al. 2023 (Second author)

In collaboration with Dr. Jestis Herndndez from UNAM and MSc. Bayron Rodriguez and
Dr. Alejandro Garcia Varela from Universidad de los Andes, Bogota, Colombia, I processed
a set of ~3000 TESS light curves from star-forming regions such as Orion, Taurus, Upper

Scorpius, Perseus OB2, Corona Australis, IC 348, and Gamma Velorum. These light curves
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were visually classified into several morphological classes. This sample was utilized as a
training sample to develop machine-learning models and classify new TESS light curves of

young stars. This work was published in the paper Rodriguez-Feliciano et al. (2023).

Pinzén et al. 2021 (Third author)

I measured the rotational velocity (vsin()) for 72 T Tauri stars and 5 Herbig Ae/Be stars us-
ing the spectra of FIES, an instrument of the Nordic Optical Telescope, and HECTOCHELLE,
an instrument associated with the MMT observatory. These measurements are in agreement
with the spin models of Herbig Ae/Be. This work was published in the paper Pinzén et al.
(2021).

Thanathibodee et al. 2023 (Third author)

In collaboration with Dr. Thanawuth Thanathibodee, currently a postdoc at Boston Univer-
sity, I used my tool that uses the Fourier method to measure the rotational velocity (v sin(i))
for 18 T Tauri stars using the MIKE spectra observed in the Magellan Clay telescope at
the Las Campanas Observatory. These measurements were used to estimate the corotation
radius of disk stars. This research suggests that most of the low-accretors are in a stable

regime of mass accretion (Thanathibodee et al., 2023).

Thanathibodee et al. 2020 (Fourth author)

In collaboration with Thanawuth Thanathibodee at the University of Michigan, I measured
the rotational velocity (vsin(¢)) for the protoplanet host star PDS70 using a set of HARPS
spectra compiled by the project of low accretors (PI: T. Thanathibodee). In addition to the
TESS period and the host-star radius, we estimated the inclination of the protoplanetary
disk (Thanathibodee et al., 2020).

Hinton et al. 2022 (Fourth author)

In collaboration with Dr. Parker Hinton and Dr. Kevin France from the University of
Colorado, Boulder, USA, in the project Far-ultraviolet Flares on Accreting Protostars: Weak
and Classical T Tauri Stellar Pair Analysis, I performed the TESS light curves for 6 T Tauri
stars and found various optical flares, which were analyzed to explore the flare statistics
(i.e., frequency, the energy released, the time elapsed), and we explored for a correlation
with Far-ultraviolet flares using data from Hubble space telescope. This work resulted in one
publication Hinton et al. (2022).
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Espalliat et al. 2022 (Seventh author)

In the ODYSSEUS collaboration (Outflows and Disks around Young Stars: Synergies for the
Exploration of ULLYSES Spectra)), I use multiple sectors of TESS for the star CVSO 109
to get a robust estimation of the rotational period. I use two methods: the Lomb-Scargle
periodogram and the autocorrelation function. My contribution was useful in estimating the
inclination angle of the protoplanetary disks using the vsin(i), period, and radius relations.
This work was published in the paper Espaillat et al. (2022).

5.2.1 Additional Contributions

Thanks to my active involvement in working groups within SDSS-IV and my participation
in discussions within the APOGEE-2 Young Star Objects working group. I have had the
privilege of co-authoring the following collaborative papers: I) Hsu et al. 2024, submitted in
AplJ, 1) Canas et al. (2023), III) Kounkel et al. (2023), IV) Daher et al. (2022), V) Herczeg
et al. (2023), VI) 18th Data Release of SDSS (Almeida et al., 2023), VII) 17th Data Release
of SDSS (Abdurro’uf et al., 2022), VIII) Wanderley et al. (2023), IX) Romén-Zuniga et al.
(2023), X) Campbell et al. (2022), XI) Pittman et al. (2022), XII) Hernandez et al. (2023),
XIIT) Kounkel et al. (2021) and XIV) Kreckel et al. 2024, submitted in A&A.

5.3 Proceedings

5.3.1 Cool Stars 22

During the Cool Star 22 conference placed in Toulouse, France, I presented a scientific poster
with the results of Serna et al. (2021) and shared the first version of the TESSExtractor with
the public.
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