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Abstract

This thesis contains a comprehensive observational study of the radio time do-
main of young stars in the search for high-energy (HE) processes. This requires high
spatiotemporal-resolution observations and thus the use of the most capable radio interfer-
ometers in the world such as the Karl G. Jansky Very Large Array (VLA), Atacama Large
Millimeter/submillimeter Array (ALMA) and the Very Long Baseline Array (VLBA).

Young Stellar Objects (YSOs) present high levels of magnetic activity and related
HE processes including strong flares that are orders of magnitude more luminous than
that of their main-sequence counterparts. Both X-ray and radio wavelength observations
provide evidence of these processes. Despite extensive X-ray studies, HE processes are
still poorly understood, and only with the improved capabilities of radio facilities in the
last decade have we gained access to radio emission associated with HE processes at
unprecedented time resolution. YSO radio flaring variability at cm- and mm-wavelengths
is associated with nonthermal (gyro-)synchrotron emission from magnetospheric activity
with electrons gyrating along magnetic field lines. I present a radio variability study for
an unprecedented sample of YSOs at cm- and mm-wavelengths at high spatiotemporal
resolution with the VLA, ALMA, and the VLBA. I first present an enlarged census of
compact cm-wavelength radio sources towards the Orion Nebula Cluster (ONC) using
the VLA. We find evidence of strong variability by up to a factor of five on timescales
of minutes to hours towards several sources, and order-of-magnitude variability on a
timescale of 4 years in a few sources. These findings lead to a mean time between
extreme radio variability events of 2482±1433 h. I also report the discovery of high
proper motions from non-stellar radio sources (up to ∼373 km s−1). Motivated by the
widespread variability found in our VLA study and the few serendipitous discoveries of
strong millimetre flares reported to date, I performed the first systematic search for such
variability at mm-wavelengths in the ONC using ALMA. This was achieved for a large
number of YSOs at high-time resolution. We find widespread mm-wavelength variability
including the discovery of an order of magnitude mm-flare from a known YSO. I also
present an assessment of systematic effects from interferometric imaging making use of
simulated ALMA observations. Finally, I present a follow-up study of a multi-epoch
VLBA survey for nonthermal radio emission for a large sample of sources in the ONC
where, contrary to the VLA and ALMA data of the ONC, lightcurves can be produced
directly from the visibilities allowing us to efficiently generate lightcurves at high-time
resolution under given assumptions (unresolved and isolated sources) and allowing us to
also explore different Stokes parameters following the same approach.
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Chapter 1

Introduction

The primary goal in star formation research is to understand the whole process of how

stars form and evolve. In order to attain this goal both observational and theoretical

e�orts need to cooperatively advance to establish a more complete theory of stellar

evolution. These e�orts have been supported by evermore extraordinary technological

advancement (upgraded instrumentation, modern telescopes, space-based observatories,

wider wavelength coverage, improved observational techniques and computational capa-

bilities). An early and appropriate conception of how stars form (ergo, our own Solar

system) was already proposed almost 270 years ago and termed the �nebular hypothesis�

describing an orbiting planetary system formed by contraction and �attening of a ro-

tating nebular system (Kant, 1755; de Laplace, 1796) and setting a �rst approximation

towards the modern interpretation of how stars and their disk structures are formed as a

consequence of gravitational collapse of a dense molecular cloud core (Shu et al., 1987).

First observations of young stars, even before having been identi�ed as such (e.g.,

Adams and Pease 1915; Sanford 1920; Joy 1932), have always recalled their distinctive

observational characteristics that pointed to the presence of circumstellar material (see

also Herbig 1950, 1962). Later on, numerical calculations were used to simulate collapsing

protostellar envelopes (Larson, 1969, 1972) and by then, the term �protostar� was

already established (Spitzer, 1948). Ever since there was an increased interest for the

observation of the early phases of stellar evolution and given the emitting properties of

protostars they were called the �Holy Grail� of infrared and submillimeter astronomy

(Wynn-Williams, 1982). Theoretical growth was reciprocally followed by technological

advancements re�ected in our current capability to unveil the early stages of stellar

evolution by observing through highly obscured environments within stellar nurseries.

1



Chapter 1. Introduction 2

This has been possible with the development of infrared (IR) and radio telescopes that

overcome the limitation of optical observations. These limitations are not only due

the extinction 1 of optical light by absorption and scattering as it travels through the

interstellar medium (ISM) in our Galaxy (optical light is largely absorbed by dust in the

ISM, see Trumpler 1930) but mainly because stars that are forming within these stellar

nurseries are surrounded by dust that blocks the light they emit. Instead, most of the

luminosity of these young systems comes from heating of their dusty envelopes that emit

at long wavelengths into the IR and radio range (e.g., Wilking and Lada 1983, Wilking

and Lada 1983 and references therein).

An additional limitation pushed this progress further, the Earth's atmosphere. Early

observations of sources that were later recognized as protostars were possible with

ground-based infrared telescopes (Mendoza V., 1966; Cohen, 1973) but the Earth's

atmosphere largely a�ects the infrared range, in contrast, it is mostly transparent to

radio wavelengths. The atmospheric radio window can extent between 0.3 mm and 30 m,

subject to observing conditions at di�erent sites mainly de�ned by altitude and dryness

in order to avoid as much as possible the main sources of atmospheric attenuation: water

vapor, oxygen, and ozone (e.g. Condon and Ransom 2016; Thompson et al. 2017). Given

the atmospheric limitations for infrared observations, further advancements brought the

development of space-based telescopes (with the IRAS mission as one of the pioneers;

Neugebauer et al. 1984; Rucinski 1985). The progress achieved by observations at long

wavelengths (IR and radio range) now allows the study of the youngest protostars (see for

example Mendoza V. 1966; Moran et al. 1982 for early IR or radio observations, and also

Stutz et al. 2013; Segura-Cox et al. 2020; Tobin et al. 2020 for more recent observations of

the youngest protostars with modern facilities). In addition to the extended wavelength

coverage, the improved angular resolution and sensitivity achieved by interferometers in

the radio/(sub)millimeter and optical/IR regimes also allow us to explore these young

protostellar systems in detail revealing complex structures down to size scales comparable

to the Solar System (e.g., Encalada et al. 2021; Koumpia et al. 2021; Parker et al. 2022)

1Starlight can be absorbed and scattered by dust grains in the ISM in our Galaxy (and in other
galaxies in general). Absorption of light becomes more e�cient for particles with sizes larger than
the wavelength of the emitted light while scattering becomes more e�cient when the particle's size is
comparable to this wavelength. Moreover, the relation between number density (particles per volume
unit) and size distribution of dust grains in the ISM is such that extinction is wavelength-dependent and
it is indeed stronger at shorter wavelengths (dust extinction �rst con�rmed by Trumpler 1930), although
extinction curves depend on the ISM properties which can be di�erent for di�erent galaxies (e.g., Gordon
et al. 2003).
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or even smaller scales down to a few Astronomical Units (ALMA Partnership et al., 2015;

Andrews et al., 2018; van der Marel et al., 2019; Segura-Cox et al., 2020).

From the observational perspective, in order to gather as much evidence as possible

to better understand the whole process of stellar evolution, in addition to the examination

of a wide range of wavelengths, we need to take into account a range of parameters

covering all the evolutionary stages of protostellar systems and the range of features they

develop at di�erent physical scales. Most studies have put their focus on the investigation

of structures surrounding the central protostar (circumstellar material or protostellar

discs), studying their evolution, properties, and its aftermath, planet formation. As a

complementary and unique new perspective, taking advantage of the advancements in

radio observing capabilities of the last decade, in this thesis I will focus on observables

that are directly related to the central protostar itself, particularly its radio emission

associated to high-energy processes by exploring the radio time domain in young stars.

The discussion presented in this work will be focused on the low-mass regime that

is signi�cantly more numerous than its high-mass counterpart. Despite their relevant

in�uence on the environment, the evolution of high-mass stars (stellar masses� 8 M � )

is still poorly understood compared to what is known from their low-mass counterparts.

This is because high-mass stars tend to form in dense clusters and they rapidly leave their

pre-main-sequence phase while still heavily embedded which has made their observation

very di�cult (McKee and Ostriker, 2007; Zinnecker and Yorke, 2007; Beltrán and de

Wit, 2016) not to mention that the typical distance to regions of massive star formation

is between 1 and 2 kpc with a few nearby exceptions, compared to sites of low-mass star

formation that can be found as close as� 140� 150 pc (Galli et al., 2019).

In the following sections of this chapter I will summarize the main stages in the

evolution of low-mass young stars, followed by a brief discussion on the multiwavelength

properties in young stars, to then review their radio properties and how this emission

can trace high-energy processes in young stars. I will then describe the essential aspects

of radio interferometric observations to then introduce the star-forming region explored

in this work, the Orion Nebula Cluster (ONC). Motivations, speci�c objectives and

structure of this thesis are described at the end of this chapter.
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1.1 Early stages of low-mass stellar evolution

1.1.1 From clouds to protostars: The big picture

There is a well established sequence for the big picture of how low-mass stars form outside

the complex processes at every step of the road that are still to be understood. This

sequence is mostly, and naturally, based on what we have learnt from our own Galaxy.

Stars form within giant molecular clouds (GMCs) in the dense and cold phase of the

ISM typically distributed within spiral arms in disk galaxies such as the Milky Way

(see an observational review by Blitz and Williams 1999 and both observational and

theoretical review by McKee and Ostriker 2007). Molecular clouds consist mostly of

molecular gas composed of H2 followed by He, low abundances of other molecules, and

a small fraction of dust (� 1%). However, in order to trace the structure of molecular

clouds we can not rely in their most abundant component, H2, since it does not emit

in such cold environments2, instead, molecular clouds are traced using other molecules

(the most relevant tracer being carbon monoxide, CO, and its isotopologues), whose

transitions can occur at very low temperatures. Comprehensive studies of molecular

clouds structures show that GMCs are hierarchical structures far from homogeneous

(Williams et al., 2000; Heyer and Dame, 2015; Miville-Deschênes et al., 2017) comprised

by �lamentary structures in networks connected through sheets (e.g., Hacar et al. 2013

and later reviews on �laments by André et al. 2014; Pineda et al. 2022), dense massive

clumps where stellar clusters can form, and smaller dense cores that can collapse into

individual stars or small multiple systems (Shu et al., 1987; McKee and Ostriker, 2007;

Ballesteros-Paredes et al., 2020).

In this hierarchical chain of structures there is a wide range of size scales, masses, and

densities, and while these are not strictly discrete entities they can be categorized within

observationally distinct structures relative to their local environment. GMCs, for instance,

have sizes of 10� 200 pc with masses of104 � 106 M � , low temperatures of � 10� 20 K,

and density about 100 cm� 3 (Miville-Deschênes et al., 2017; Ballesteros-Paredes et al.,

2020). Molecular �clumps� (the progenitors of stellar clusters) have mean sizes around

2H2 is a homonuclear molecule with symmetric structure which means it has zero dipole moment and
ro-vibrational transitions are thus quadripole. Quadruple selection rule requires that rotational quantum
number changes by 2, 0,� 2 (� J = 0 ; � 2) which in turns means that the lowest transition allowed is
J = 2 ! 0. This requires excitation temperatures T > 500 K, signi�cantly above temperatures of cold gas
in molecular clouds (Shull and Beckwith, 1982; Sternberg, 1989).
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Figure 1.1: Dense core formation within molecular clouds (Taurus Molecular Cloud).
From left to right, three di�erent spatial scales from several parsecs at molecular cloud
scales, with �lamentary structure at smaller scales is found hosting dense cores at
sub-parsec scales where a central protostar is accumulating mass. Image from A. Hacar
lecture in Star and planet formation workshop at ESAC January 2013. Images from:

Goldsmith et al. (2008); Hacar et al. (2013); Santiago-García et al. (2009)

1 pc but can be found with sizes up to 10 pc, masses of10� 103 M � with a mean mass

of � 400 M � although extreme cases of< 105 M � , typical temperatures about � 16 K

but up to 40 K and densities � 104 cm� 3 (Tan et al., 2013; Urquhart et al., 2018). The

smallest in this chain are dense �cores� with sizes. 0.1 pc, masses of1� 10 M � and

high densities of> 104 cm� 3 (Blitz, 1993; Williams et al., 2000; Miville-Deschênes et al.,

2017).

In addition to these structures, �laments have been seen to be ubiquitous in molecular

clouds (see Figure 1.1 showing the hierarchical structure of the cloud including its

�lamentary structure). Filamentary structures in the ISM comprise a wide range of

scales from sub-pc �laments within clouds up to kpc-sized structures apparently tracing

the spiral structure in the Milky Way (also termed �Galaxy bones�, Zucker et al.

2015). Filaments in nearby molecular clouds have lengths< 1 pc, line masses (mass per

unit of length) of 5� 17 M � pc� 1, median inner widths of 0.1 pc, column densities of

3� 9� 1021 cm� 2 and temperatures of14� 16 K. On the other hand, larger scale �laments

from Galactic plane surveys (excluding those �Giant molecular �laments� or �Galactic
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Bones� studied in Abreu-Vicente et al. 2016; Zucker et al. 2018) have lengths of5� 10 pc,

line masses of 20� 200M � pc� 1, masses of500� 1000M � , and temperatures of10� 35 K

(Hacar et al., 2022). Within this diversity there is a classi�cation for ��lament families�

including, for instance, molecular �laments, atomic �laments, dense �bers, striations,

hubs, and ridges. Some of these structures are directly associated to the earliest phases of

high-mass and cluster formation (see Hacar et al. 2022; Pineda et al. 2022, and reference

therein) and in general these coexist and are actually linked to clumps and cores within

molecular clouds. In fact, most of the mass of the densest phase in nearby molecular

clouds is found in the form of �laments and these contain between 60% to 90% of the

star-forming cores (Könyves et al., 2015, 2020).

The sequential course to form a protostar within molecular clouds begins with an

unstable cloud overdensity that start to contract. This instabilities can be triggered

by shock waves from nearby exploding star or collision between molecular clouds (e.g.,

Elmegreen 1998; Ballesteros-Paredes et al. 2007). This contraction can derive in such

substructures described above. At a cloud core scale, assuming an approximately

spherical distribution for simplicity, once it reach a critical mass (Jeans mass� Jeans

1928) gravity overcome internal pressures such as thermal and magnetic pressure and then

gravitational collapse of the dense core begins. Initially, the collapsing core is optically

thin allowing the energy to escape and thus preventing internal heating (isothermal

collapse). The collapse is such that the central density increases faster than the outer

regions (inside-out infall � Shu 1977). During this process, the gravitational potential

energy is transformed into kinetic energy (infalling gas particles), and in thermal energy

due to particle collision. As density also increases, it eventually becomes optically thick

and the energy is absorbed by the collapsing system heating up the gas (adiabatic

collapse). With increasing temperature, pressure also increases counteracting the e�ect

of gravity and slowing down collapse until a �rst hydrostatic stellar core (FHSC) is

formed (Hayashi, 1966). Further collapse of the surrounding envelope heats up the FHSC

leading to its contraction and formation of a protostar that continues to grow its mass

by accretion of its surrounding material (accretion disk). Due to conservation of angular

momentum the infalling spinning material �attens into a disk and the central protostar

is then surrounded by this disk and embedded in an infalling envelope (Shu et al., 1987;

Williams et al., 2000; Larson, 2003). In addition to the resulting embedded disk, bipolar

out�ows and jets appears perpendicular to the disk plane (Bally, 2016; Anglada et al.,
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2018) through which angular momentum in transported and removed (Shu et al., 1994;

Kölligan and Kuiper, 2018).

The surrounding material in disks and out�ows thus are a key element from the

observational point of view. Since protostars are deeply embedded not only within

the immediate surrounded material but also within the parent molecular cloud, it is

impossible to observe them at optical wavelength until they clear up their surroundings.

As described earlier in this chapter, most of the emission in protostars comes from their

envelopes at long wavelengths (IR and sub-millimeter), but di�erent features can be still

observed at a range of wavelengths (see text above). As for the protostellar envelope, it

drastically changes throughout its evolution and so does their observed emission. It is

depleted by accretion and blown away by the bipolar out�ows until the central object

eventually becomes optically visible. The observables of this changes mostly in the IR

range can be used to describe and classify the evolutionary stages of low-mass protostars.

This classi�cation is summarized in the following section.

1.1.2 Low-mass Protostar and YSO Evolutionary Stages

Early classi�cation consisted in three evolutionary classes (I, II, and III) based on the IR

excess caused by dusty envelopes and circumstellar disks around YSOs that results in

their observed IR spectral energy distribution (SED) in the range between� = 2 :2 and

� = 100 �m whose shape (slope) is associated to their di�erent evolutionary stages (Lada,

1987). This classi�cations considers the spectral index (� IR ), de�ned as the slope of the

near- to mid-IR SED in log10�F � versus log10� , where F� is the �ux density at a given

wavelength � . This classi�cation was further extended including the Class 0 protostars

at a very early stage still deeply embedded and thus really hard to observe requiring

longer wavelengths (millimeter/submillimeter) to be detected (Andre et al., 1993). Later

on, a new stage was de�ned and termed ��at-spectrum� class (Greene et al., 1994), that

seems to represent a transitional stage in between Classes I and II (e.g., Furlan et al.

2016). These evolutionary stages can be described as follows:

Class 0: A deeply embedded central object in the collapsing phase of a dense cloud

core at a very young age of. 104 yr (or up to . 105 yr, e.g., Dunham et al. 2015) with

accretion at a high rate and an optically thick rotating infalling envelope that dominates

the mass of the system and makes these objects invisible at optical to near-IR wavelengths.
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Figure 1.2: Schematic illustration of the main stages of low-mass protostellar evolution
with their classi�cation based on the shape of their spectral energy distribution (shown
on the right-hand side) together with diagrams of their circumstellar environments.
Image adapted from Suchitra Narayanan's Astrobites �Protostars to planets - The

chemical pathway�3) and Vallastro illustration 4.

This infalling envelope, on the other hand, can be detected in the far-IR to millimeter

range, although mid-IR emission has been also observed from Class 0 objects during

outbursts (e.g., Zakri et al. 2022), and even recent near-IR spectroscopic observations

have been able to detect a few spectral features towards this objects (see Laos et al.

2021). Millimeter studies are starting to observationally prove the presence of small

circumstellar disks even at this very young protostellar phase (Segura-Cox et al., 2018;

Tobin et al., 2020). The SED of these objects resembles that of a black body spectrum

(see top row illustration in Figure 1.2) with low bolometric temperature 5 (Tbol . 70 K;

Chen et al. 1995). The rapid mass accretion at this stage is thought to account for an

important fraction of the �nal star's mass (Fischer et al., 2017). This is accompanied by

3Astrobites: Protostars to planets - The chemical pathway.
4https://commons.wikimedia.org/wiki/User:Vallastro
5The e�ective temperature of a blackbody with the same mean frequency as the protostellar SED

(Myers and Ladd, 1993).
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the initial development of an embedded disk, together with powerful bipolar out�ows

and jets perpendicular to the rotating plane.

Class I: At this stage the central object is still embedded with a massive accretion

disk and most of the mass from the envelope has already been transferred to both the

disk and the central object. These disks have been observed to present a wide range

of complex structures that point out to an early onset of planet formation (ALMA

Partnership et al., 2015). Class I sources still preserve jets and out�ows but these have

declined and show wider opening angle as the protostar evolves (Bally, 2016). Protostars

can evolve through Class I stage for about� 105 yr (Dunham et al., 2015). They have

bolometric temperatures of70 K< T bol < 650K (Chen et al., 1995). Its SED has a positive

spectral index (0:3 � � IR ; Greene et al. 1994) and what was a blackbody spectrum has

now broaden displaying IR excess due to the warm circumstellar material (disk) around

the hot central object.

Flat-spectrum: When �rst introduced by Greene et al. (1994) this class was assigned

to those YSOs with uncertain evolutionary status but potentially representing a tran-

sitional stage between Class I and II, thus essentially at the birthline transition from

protostar to pre-main sequence Class II YSO, however, this has not been yet established.

In Groÿschedl et al. (2019) they �nd that �at-spectrum sources (from a sample of almost

200 of this sources) are at a younger evolutionary phase compared to Class II sources

even if they have already dispersed their envelopes and dense gas. Their SED have a

spectral index between� 0:3 � � IR � 0:3 (Greene et al., 1994) and have an associated

bolometric temperature of 350 K< T bol < 650 K (Evans et al., 2009).

Class II: An advanced stage where the central object is now a pre-main sequence

star with most of its mass budget already accreted, has dispersed its envelope and is

surrounded by a circumstellar disk. It is now clearly visible with less IR excess in its

SED and a negative spectral index (� 1:6 � � IR � 0:3; Greene et al. 1994) and bolometric

temperature of 650 K< T bol < 2800K (Chen et al., 1995). This stage is associated to

Classical T Tauri Stars (CTTS) and have ages about� 106 yr. T Tauri stars (TTSs)

are low-mass pre-main-sequence stars, highly variable with strong emission lines. Sub-

classi�ed as CTTSs and Weak-line T Tauri Stars (WTTS, these are associated to Class

III sources, see text below) according to their H� emission line (Herbig and Bell, 1988).
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The former have broad and strong H� emission lines due to higher accretion compared to

WTTSs, the latter exhibit narrow and weak H � emission lines (White and Basri, 2003).

Class III: These pre-main sequence stars have ages around� 107 yr and are already

close to the main sequence. Now Their accretion disk is optically thin with and weak

emission lines and are associated to Weak-line T Tauri Stars (WTTS). Its almost gone

disk leads to a SED with essentially only contribution from the central pre-main sequence

star and very little contribution from disk and has typical spectral index values of

� IR � � 1:6 (Greene et al., 1994) and associated bolometric temperatures of2800K< T bol

(Chen et al., 1995).

This classi�cation based on the observed IR SED can be a�ected by the viewing

angle of the system, for instance, a young embedded protostar expected to have a rising

spectrum would result in a �at spectrum if seen �pole-on�, or the opposite e�ect if a

Class II object is seen �edge-on� where its SED would then resemble a Class I object.

To overcome this observational e�ect, Robitaille et al. (2006) proposed an alternative

classi�cation to adequately describe an �evoluitonary� protostellar sequence based on

physical parameters (e.g., envelope density, disk masses, or envelope accretion rate)

derived from radiation transfer models of a wide range of YSOs evolutionary stages and

stellar masses taking into account the e�ect of di�erent viewing angles for each model.

This classi�cation start with Stage 0 for the earliest phases with a dominant envelope up

to Stage III for the latest YSO phases with optically thin disks.

In addition to the main IR properties in YSOs, each stage of protostellar evolution

exhibits multiwavelength properties that probes phenomena at di�erent physical scales.

For instance, towards the opposite extreme of the electromagnetic spectrum, compared

to the above examples (IR and radio range), at shorter wavelength the X-ray emis-

sion is associated to magnetic activity in the magnetosphere of young stars (Feigelson

and Montmerle, 1999; Preibisch et al., 2005). This phenomenon can also be traced by

nonthermal radio emission that is essentially una�ected by extinction (a discussion on

radio emission mechanisms is presented in the following subsection - Section 1.2). This

emission is (gyro)-synchrotron radiation arising from the electron population gyrating

along magnetic �eld lines in protostellar coronae and vicinities (innermost regions of

circumstellar disks). In this context, mildly relativistic electrons can produce gyrosyn-

chrotron radiation detectable at cm-wavelenghts, while electrons at higher energies (MeV)
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are responsible for synchrotron radiation observable at millimetre-wavelenghts (Dulk,

1985; Güdel, 2002). At similar wavelengths, cm- and mm-wavelengths, thermal free�free

emission can be observed from ionized material at the base of jets and out�ows, and also

at mm- and submm-wavelengths from protostellar disks usually tracing the dust content.

On the other hand, the ultraviolet (UV) range can probe chromospheric emission that is

expected to be observable from young stars that have cleared most of their surrounding

material making them also visible in the optical range. UV emission is also detected in

the inner regions of protoplanetary disks (see for example a recent review by Schneider

et al. 2020 and reference therein). Jets and out�ows from young stars can be detected in

a wide range of wavelengths, with optical jets seen at large scales (up to parsec-scales)

while at centimeter radio wavelengths these features are detected on smaller scales nearer

the star at the base of jets and out�ows (Bally, 2016; Anglada et al., 2018), and even

UV observations can also trace jets nearer the star (e.g., Devine et al. 2000).

The YSO classi�cation discussed earlier informs us about how elusive the youngest

protostars are for observations during their early infalling phase due to the still low

temperatures and highly extincted environments where shorter wavelengths (near- to

mid-IR) are no longer signi�cant. Longer wavelengths (submillimeter to centimeter range)

are thus an essential tool for the identi�cation of such young protostars (André et al.,

2014), beyond the already remarkable value they have for the study of disks and/or

jets that are also seen from more evolved protostars (Bally, 2016; Anglada et al., 2018).

In the following section I will describe the main properties of the radio emission from

low-mass YSOs.

1.2 Radio continuum emission in low-mass Young Stellar

Objects

A distinctive property of radio emission that makes it relevant for star formation studies

is that it can penetrate high column densities unlike emission at shorter wavelengths.

This allows the observation of very young and still deeply embedded sources (such as

Class 0 sources, e.g., Andre et al. 1993) and thus giving access to a more complete census

of the full population in young star-forming regions. Moreover, together with the X-ray

regime, radio emission can also provide information on high-energy processes in young
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stars. The X-ray emission, in this context, is thermal emission produced by coronal

type activity as a result of heated plasma from magnetic reconnection energy release

(Feigelson and Montmerle, 1999; Benz, 2008).

YSO radio continuum emission (spectral line emission is not discussed in this thesis6)

can originate from di�erent emitting mechanisms, thermal and nonthermal, both proving

di�erent physical scales at wavelengths ranging from submillimeter to centimeter range.

These mechanisms can also originate simultaneously in the same source. Thermal

emission depends on the temperature of the source and it is produced by the motion of

charged particles in thermal equilibrium. Thermal motion results in charge acceleration

and dipole oscillation generating electromagnetic radiation (conversion of kinetic energy

to electromagnetic energy). Contrarily, nonthermal emission does not depend on the

temperature of the source, and instead, it is produced by other mechanisms, for example,

charged particle acceleration due to the presence of magnetic �elds.

The main thermal emission mechanisms that contribute to the emission from YSOs

are dust emission and free-free emission (or thermalBremsstrahlung). Dust emission

is generated in circumstellar disks around protostars and their surrounding envelope

in more embedded sources. Dust grains absorb radiation from the star and re-emit as

a non-perfect black body since a small fraction of the radiation is re�ected and not

absorbed. The spectrum of the thermal dust emission can be described by a modi�ed

black body function as:

S� /
2h� 3+ �

c2

1
exp(h�=kT dust ) � 1

(1.1)

Where Tdust is the equilibrium temperature of the dust and � is the dust emissivity

spectral index, which describes the power-law distribution of dust emissivity as a function

of wavelength (e.g., Tibbs et al. 2012). Figure 1.3 shows the modi�ed black body spectrum

of the thermal dust emission spectrum for di�erent dust temperatures at a �xed dust

emissivity spectral index, where it is observed that the emission of the dust will depend

on its temperature.

6Continuum emission involves a wide-range of particle energies, while line emission corresponds to
discrete energies as a result of speci�c atomic or molecular transitions. Relevant spectral line emission at
radio frequencies are radio recombination lines, the 21-cm line of Hydrogen, and MASER emission.
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Figure 1.3: Modi�ed black body spectrum representing the thermal dust emission
for a range of dust temperatures from 15 to 45 K with a �xed dust emissivity spectral

index. Image taken from Tibbs et al. (2012).

The thermal free-free emission or thermal Bremsstrahlung, instead, is the result

of a charged particle (e.g., electron) accelerating due to the Coulomb �eld of another

charge (e.g., ion or nuclei). While Bremsstrahlung emission refers to the radiation

from acceleration of charged particles, there is a distinction between thermal and non-

thermal Bremsstrahlung which is due to the population of electrons involved. It is

called thermal Bremsstrahlung when the electron population involved is described by

a Maxwell-Boltzmann distribution, and nonthermal Bremsstrahlung when the electron

population involved is described by a power law distribution. The given name of this

emission (free-free) is due to the fact that the electron is always free, before and after the

interaction, and it is not captured by the ion. Due to the interaction of the ion and the

passing electron, the trajectory of the electron is altered. The deviation of the electron

depends on its velocity, and the distance between the electron of charge� e, and the ion

of chargeZe. This distance is known as the impact parameter,b, whose maximum value

is given by bmax = �=! , with � and ! corresponding to the thermal velocity and plasma

frequency, respectively. Thebmin value can be approximated tobmin = 4Ze2=�m� 2.

The free-free emissivity can be expressed as (Rybicki and Lightman, 1986):

� f f
� = 6 :8� 10� 38Z 2neni T � 1=2e� h�=kT gf f (1.2)
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where gf f corresponds to the velocity averaged Gaunt factor, which is a function

of the energy of the electron and the emission frequency (Rybicki and Lightman, 1986),

given by:

gf f =

p
3

�
ln

�
bmax

bmin

�
(1.3)

For electron population with a Maxwellian distribution of velocities (for thermal

free-free emission) we can considerh� max � KT , up to a critical frequency � max that

depends on the electron velocity and impact parameter,� max � v=2�b , and thus equation

1.2 will be independent of frequency for� < � max . This results in a nearly �at spectrum

at radio frequencies for optically thin sources (see schematic in the bottom curve shown

in Figure 1.4), and then an exponentially falling spectrum at higher frequencies.

On the other hand, the nature of nonthermal radio emission is based on the accelera-

tion of charged particles in the presence of a magnetic �eld. It is caused by electrons

gyrating along magnetic �eld lines at di�erent energy regimes and it is also called gyro-

magnetic emission. The di�erent energy regimes denote the di�erent particle velocities

involved and are usually described in terms of the Lorentz factor
 = 1 =
p

1� (v=c)2,

wherev is particle velocity and c is the speed of light. For
 � 1 it is called non-relativistic

regime, but when velocities involved approach the speed of light (
 � 1), it is called

ultra-relativistic regime. The three main gyromagnetic emission mechanisms are cy-

clotron, gyrosynchrotron, and synchrotron. This emission occurs in a magnetic �eldB

with gyrofrequency given by (Güdel, 2002):

� c =
eB

2�m ec
� 2:8� 106B [Hz] (1.4)

where e and me are the electron charge and rest mass, respectively, andB the

magnetic �eld strength given in Gauss. For large angles between the electron's velocity

vector and the local magnetic �eld (pitch angle), the spectral power is emitted around a

harmonic s with a maximum gyrofrequency given by:

� max = s� c;rel � 
 3� c;rel � 2:8� 106B
 2 [Hz] (1.5)
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Table 1.1: Gyromagnetic Emission properties.

Gyromagnetic Lorentz factor Harmonic Electron energy regime
emission mechanisms 
 s

(1) (2) (3) (4)
Cyclotron (gyroresonance) � 1 < 10 non-relativistic (typically thermal electrons)

Gyrosynchrotron 2 . 
 . 3 10� 100 Mildly relativistic
Synchrotron 
 � 1 > 100 (ultra-)relativistic

where � c;rel = � c=
 is the relativistic gyrofrequency. The main mechanism and its

properties in terms of 
 , s, and energy regime are summarized in Table 1.1.

For cyclotron emission (or gyroresonance emission) the electrons gyrate along mag-

netic �eld lines at non-relativistic velocities ( 
 � 1). It is usually seen as a single spike

at the same frequency of the frequency of gyration of the electron in the magnetic �eld

(gyrofrequency). The cyclotron power spectrum is thus a single peak at the gyrofrequency

and requires strong magnetic �elds to be observable at radio wavelengths. On the other

hand, gyrosynchrotron emission is caused by mildly-relativistic electrons (2 . 
 . 3, and

energies from a few to several tens of keV). Its emission occurs in a wide frequency

range (wide range of harmonics of the gyrofrequency - see column 3 in Table 1.1) and

has a broad spectra following a power law (see a representative spectra in Figure 1.4).

Finally, synchrotron emission is caused by ultra-relativistic electrons (
 � 1) and occurs

at a higher number of harmonics of the gyrofrequency (s > 100). Its broad continuum

emission is described by a power law spectrum proportional to� 5=2 for optically thick

low frequencies, and� � (� � 1)=2 for optically thin high frequencies, where � is the power

law index of the electron energy distribution. A synchrotron spectrum is represented by

the top curve in Figure 1.4.

Observationally, low-mass YSO thermal radio emission originates from free�free

(bremsstrahlung) radiation from ionized material while nonthermal radio emission arises

from magnetic activity in protostellar coronae and their vicinities (Dulk, 1985; Güdel,

2002). The dominant emission mechanism in YSOs at centimeter-wavelengths is thermal

bremsstrahlung (free-free), while at shorter wavelengths (millimeter and sub-millimeter)

their radio spectrum is dominated by thermal dust emission (e.g., Rodríguez et al. 2005a;

Chandler et al. 2005). On the other hand, nonthermal radio emission can become the

main component during strong magnetic events at centimeter and millimeter-wavelengths

(Massi et al., 2006; Torres et al., 2012).

Typical physical scales associated to YSO radio emission are as follows:
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Figure 1.4: Schematic of the brightness temperature and �ux density spectrum of
relevant radio emission mechanisms. The top two curves represent synchrotron and
gyrosynchrotron power law spectrum and free-free emission is represented in the bottom

curve. Image taken from Dulk (1985).

ˆ Thermal dust emission from envelopes/disks (� 200� 10000AU scales) (see the

Disk Substructures at High Angular Resolution Project �DSHARP� � Andrews

et al. 2018).

ˆ Thermal bremsstrahlung from the base of partially ionized jets (� 200 AU scales)

(Anglada et al., 2018), or externally ionized circumstellar material by the strong

radiation �eld from nearby massive stars (� 200� 500 AU scales) (Churchwell et al.,

1987; Bally et al., 1998).

ˆ Nonthermal synchrotron emission due to relativistic electrons accelerated in jet

shocks (� 103 � 104 AU scales) (Osorio et al., 2017).

ˆ Nonthermal (gyro)-synchrotron emission from magnetospheric activity at the small-

est scales from magnetic structures linking the central object to the inner disks

(. 0.5 AU scales; see Figure 1.5) (Dulk, 1985; Feigelson and Montmerle, 1999; Güdel,

2002). This emission together with thermal X-ray emission from rapidly heated

gas are both tracing high-energy processes in YSOs (discussed later in the text).

Figure 1.5 shows an illustration of a Class I protostar at three di�erent spatial scales.

The left panel shows the collapsing envelope at104 AU scales, the middle panel shows

the inner disk and out�ow, these are the relevant scales for thermal radio emission from
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Figure 1.5: Schematic illustration of a Class I protostar at three di�erent scales
showing its innermost complex magnetic structure. Four magnetic-�eld con�gurations
(labeled in right panel) that may be responsible for the magnetic activity. Image adapted

from Feigelson and Montmerle (1999).

the circumstellar disks and also from ionised material at the base of stellar jets and

out�ows. Far from the thermal jet at several thousand AU from the central protostar

there is also evidence of strong radio knots with negative spectral indices indicative

of nonthermal radio jets at centimeter-wavelengths moving at several102 kilometers

per second (see Osorio et al. 2017; Anglada et al. 2018 and reference therein). These

nonthermal knots are interpreted as strong shocks of the jet against the dense medium

surrounding the protostar, and thus the nonthermal emission is likely synchrotron from

shock-accelerated relativistic electrons. The right panel in Figure 1.5 shows the innermost

scales with a star-disk magnetic interaction region where both thermal X-ray emission and

nonthermal radio emission originate from the complex magnetic structure. Four possible

magnetic-�eld con�gurations are labeled in the right panel, including (1) Solar-type

multipolar �elds with both footprints rooted in the stellar photosphere, (2) �eld lines

connecting the star to the circumstellar disk at the corotation radius, (3) �eld lines above

the corotation radius where plasmoids �lled with X-ray-emitting gas can be ejected away

from the disk by reconnection events caused by star-disk di�erential rotation, and (4)

magnetic loops rooted in the disk (Feigelson and Montmerle, 1999).

In order to distinguish between these two mechanisms (thermal and nonthermal) in

the observed radio �ux of a source, a few diagnostic parameters can be considered. First,
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the radio SED of an emitting source can indicate the dominant emission mechanism in

terms of the radio SED slope in a log�log plane, this slope is termed spectral index (� ),

where S� / � � for a frequency� and �ux density S� , then:

� radio =
@logS�

@log�
(1.6)

Thermal radio emission has a positive or �at spectral index, and negative for

nonthermal emission. Polarized emission is another constraint to discriminate emission

mechanisms. Thermal emission is unpolarized, whereas nonthermal emission is polarized

in circular and linear polarization for gyrosynchrotron and synchrotron, respectively(Dulk,

1985; Güdel, 2002). Additionally, brightness temperature7 (Tb) can also be used to identify

nonthermal radio emission. Maximum possible values for thermal free-free emission for

frequencies� & 1 GHz are � 105 K (Condon, 1992; Condon and Ransom, 2016) while for

nonthermal radio emission this can reach several million kelvin (Andre, 1996; Forbrich

et al., 2021). The use ofTb as an observational technique for the observation of nonthermal

radio emission will be discussed later in Chapter 4. Finally, rapid variability is also used

as a tracer of nonthermal emission as it is associated to magnetic reconnection events

that derive in (gyro)-synchrotron radiation at centimeter- or millimeter-wavelengths

(Feigelson and Montmerle, 1985; Bower et al., 2003).

Variability in YSOs has been for long an observed property even since early ob-

servation when astronomers unknowingly looked at young stars noticing both infrared

excess and signs of variability (Joy, 1945). Their variability occurs at a wide range of

wavelengths and it can be periodic or stochastic. YSO variability can be associated with:

ˆ Accretion rates: optical/IR/(sub)millimeter on timescales of hours to decades (see

a review by Hartmann et al. 2016).

ˆ Geometric changes in the circumstellar disks: optical and mid-infrared (e.g., Cody

et al. 2014).

ˆ Hot/cold spots on stellar surfaces: Optical (e.g., (Herbst et al., 1994)).

ˆ Stochastic magnetic interactions between stellar surfaces and inner-disk edges:

Optical (e.g., Alencar et al. 2010).

7Brightness temperature correspond to the temperature that a blackbody would need such that it
can emit the same �ux density as the observed source at a given frequency.
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ˆ Magnetic reconnection events above mentioned: Centimeter/millimeter radio wave-

lengths and X-ray emission: On timescales of minutes to hours, although the true

timescales are still poorly understood since it is suggested that longer timescales

variations could be due to a sequence of shorter magnetic events (Feigelson and

Montmerle, 1999).

Generally, younger YSOs are more variable (evidence of more time-dependent phe-

nomena and with higher amplitudes for their variability). These are evidently highly

variable sources (e.g., Joy 1945 and a more recent review by Cody et al. 2014) and, in

the context of rapid radio variability, together with thermal X-ray emission, both are our

best tracers of high-energy processes in YSOs (Güdel, 2002; Feigelson and Montmerle,

1999).

The studies presented in this thesis are based on observations towards a nearby

massive star-forming region containing both high- and low-mass YSOs (the Orion Nebula

Cluster, see Section 1.4 for and overview of this region), although the focus remains on

low-mass YSOs. In this regard, radio emission associated with high-mass young stars

can be observed from photoionized gas by the embedded massive source in HII regions

as thermal free-free emission at centimeter-wavelengths that can be classi�ed as hyper-

compact HII (HCHII ), ultra-compact H II (UCHII ), compact HII (CHII ), and di�use

HII (Churchwell, 1990, 2002; Kurtz, 2005). Additionally, massive molecular out�ows are

also seen towards high-mass star forming regions (e.g., Beuther et al. 2005) associated

with infrared dark clouds (IRDCs; e.g., Egan et al. 1998). Similar to the thermal jets and

nonthermal knots in jets from low-mass YSOs, these can be found in massive YSOs (e.g.,

Anglada 1996; Reid et al. 1995), as well as nonthermal emission associated to high-energy

processes (e.g., Zapata et al. 2006). High-mass young stars also a�ect nearby young disks

resulting in thermal free-free emission in externally photoionized disks (e.g., Garay et al.

1987; Zapata et al. 2004).

In the following section, I will discuss high-energy processes in low-mass YSOs with

a main focus on the radio observables that can be used to trace these processes.
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1.3 High-energy processes in Young Stellar Objects

High-energy processes are already present at the earliest stages of protostellar evolution

as revealed by X-ray and radio observations (Feigelson and Montmerle, 1999). At radio

wavelengths, we have already discussed how these processes can be traced by nonthermal

emission in the form of (gyro)-synchrotron radiation (electrons gyrating along magnetic

�eld lines in protostellar coronae and innermost regions of circumstellar disks). In this

context, mildly relativistic electrons can produce gyrosynchrotron radiation detectable at

cm-wavelenghts, while electrons at higher energies (MeV) are responsible for synchrotron

radiation into the millimeter range (Dulk, 1985; Güdel, 2002). Despite their related

nature, the physical connection between the emission at mm- and cm-wavelengths is

just partially understood due to a lack of suitable data and, while a single source may

show both simultaneously, there is evidence of millimeter-wavelength solar �ares without

centimeter counterparts (e.g., Kundu et al. 2000).

Similarly, the heated plasma from magnetic reconnection energy release results in

thermal X-ray emission. Extensive work has been done with X-ray data, particularly from

observations with the NASA's Chandra X-ray Observatory (Chandra). Observations and

modelling of X-ray �are events are interpreted to be produced by rapid magnetic energy

release from the outer stellar atmospheres, or accretion and magnetic interaction with

circumstellar disks (Hayashi et al., 1996; Favata et al., 2005; Wolk et al., 2005; Güdel

et al., 2007; Getman et al., 2008a,b).

Centimeter radio emission from YSOs has been explored in more detail in the last

few years due to the improved sensitivity of radio facilities such as the Karl G. Jansky

Very Large Array (VLA) and the Very Long Baeeline Array (VLBA) (Rivilla et al., 2015;

Forbrich et al., 2016; Sheehan et al., 2016; Tobin et al., 2016; Forbrich et al., 2021),

signi�cantly enlarging the number of detected sources compared to studies prior to the

upgraded capabilities of, for instance, the VLA8 (see for example Felli et al. 1993a and

Zapata et al. 2004). Recent analysis of deep VLA observations at cm-wavelengths towards

hundreds of YSOs in the Orion Nebula Cluster (ONC) revealed intense radio �ares with

changes in �ux density by a factor of 10 in less than 30 min and denominated as extreme

radio variability events (Forbrich et al., 2017). These studies comprise a systematic

8A brief description on these facilities is given later in Section 1.6
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search for YSOs variability at cm-wavelengths totaling up to � 7440 h of cumulative YSO

observing time and leading to a mean time between extreme radio variability events

of 2482� 1433h. On the other hand, millimeter continuum observations of YSOs are

typically used to study the thermal component of circumstellar disks that arises from

dust emission assumed to be constant on short timescales. However, a few serendipitous

discoveries have shown evidence of strong millimeter �ares in YSOs. The �rst such

discovery was a mm-wavelength �are towards a T Tauri star in the ONC (GMR A) as

reported in Bower et al. (2003). During these observations using the BIMA array at

86 GHz (� 3 mm) this source became the brightest one in the cluster. This �are was

coincidentally complemented with simultaneous X-ray Chandra observations that found

strong X-ray activity, starting two days prior to the 3-mm �are.

An additional example of a mm-�are, found towards the T Tauri binary system

V773 Tau A, was interpreted to arise from interbinary collisions of coronal structures

(�helmet streamers� of one component with the corona of the other) which results in

regular �aring activity (Massi et al., 2002, 2006, 2008). Torres et al. (2012) also report

gyrosynchrotron emission from the V773 Tau A system becoming brighter near periastron

where the detected emission is con�ned to very compact regions (5�7R� ) indicating some

interaction between the individual magnetospheres of the components given. A similar

interpretation has been proposed for recurring millimeter-wavelength �ares in the T

Tauri spectroscopic binary system DQ Tau, after the discovery of a strong �are at 3 mm

that peaked at almost � 0.5 Jy. Follow-up observations suggest that these �ares come

from synchrotron emission due to interacting protostellar magnetospheres near periastron

passage (Salter et al., 2008, 2010).

At shorter wavelengths (450 and 850� m), a submillimeter �are was reported in

Mairs et al. (2019) towards the binary T Tauri system JW 566, also in Orion. It was

even more luminous than the �ares detected in GMR A and DQ Tau, and represents the

�rst coronal YSO �are detected at submillimeter-wavelengths. Together with the few

examples of short-timescale mm �ares, there are also millimeter variability studies of

YSOs on longer timescales and in a di�erent context where thermal dust emission is more

relevant and its variability is caused by active mass accretion periods with an impact on

timescales of months to years (Liu et al. 2018; Francis et al. 2019 and references therein).
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Table 1.2: Star Forming complexes within 1 kpc from the Sun

Name Distance References
(pc)

Taurus 120 to 160 Luhman (2018); Galli et al. (2019); Zucker et al. (2022)
Ophiuchus (� Oph) 120 to 140 Cánovas et al. (2019); Grasser et al. (2021)
Corona Australis 150 Galli et al. (2020a); Zucker et al. (2022)

Lupus 160 Galli et al. (2020b)
Perseus 290 to 315 Pavlidou et al. (2021); Zucker et al. (2022)
Orion 290 to 470 Kounkel et al. (2018); Groÿschedl et al. (2021)

Serpens 380 to 480 Herczeg et al. (2019)
Vela A, C, and D 700 Massi et al. (2019)

North America and Pelican 790 Kuhn et al. (2020)

1.4 Young stellar population in the Orion Nebula Cluster

A large number of star forming regions (SFRs) have been studied in the Solar neighbour-

hood and beyond (Reipurth, 2008a,b; Kuhn et al., 2019; Zucker et al., 2022) with several

located in the main complexes within 1 kpc from the Sun (e.g., Taurus, Rho Ophiuchi,

Corona Australis, Lupus, Perseus, Orion, Serpens, part of the Vela Molecular Ridge,

North American and Pelican. See Table 1.2) Among these regions and within the Orion

complex, the preferred site for observational studies is the Orion Nebula Cluster (ONC), a

nearby massive star forming region with thousands of stellar sources in their early stages

of evolution (Megeath et al., 2012; Hillenbrand et al., 2013; Groÿschedl et al., 2018).

Figure 1.6 shows a wide �eld of the Orion A molecular cloud in an optical image overlaid

on the Herschel-Planck column density map (Lombardi et al., 2014) highlighting the

position of the ONC in red and additionally indicating several objects and star-forming

regions throughout cloud complex.

A range of distances have been determined to the ONC throughout the years. Early

attempts based on optical radial velocities and proper motions of a few tens of sources

yield distances between 380 and 520 pc (Johnson, 1965; Strand, 1958). The accepted

distance in the present days is 400 pc based on parallax measurements from optical

and radio observations, particularly from Gaia mission9 (Groÿschedl et al., 2018; Kuhn

et al., 2019; Getman et al., 2019) and the NRAO10 Very Long Baseline Array (VLBA;

Menten et al. 2007; Kounkel et al. 2017). The advantages of the ONC over other SFRs, in

addition to the fact of being the nearest site of massive star formation, is its convenient

9Gaia Collaboration et al. (2016); Gaia Collaboration et al. (2021)
10The National Radio Astronomy Observatory (NRAO) is operated by Associated Universities, Inc.,

under a cooperative agreement with the National Science Foundation (NSF).
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