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Abstract

Although stars are ubiquitous in the Universe, the processes leading to their formation
are still poorly understood. Developing a unified theory of star formation is hindered by
the fact that stars in the different mass regimes, namely, low (M, <2Mg), intermediate
(2Mg <M, >8Mg), and high-mass (M, > 8 Mg ) regimes have similar but differing forma-
tion processes. Further compounding the challenge is that intermediate-mass protostars
are more obscured than their low-mass conterparts and also do not affect their surround-
ing environments like high-mass stars, making it difficult to establish a clear criterion
for identifying intermediate-mass protostars observationally. One process common to star
formation across all mass regimes is accretion, and episodic accretion events known as
accretion bursts are reported to drive strong flares in water masers accompanied with an

increase in luminosity.

Interstellar masers serve as indirect indicators of ongoing star formation as well as probes
of the physical conditions such as temperature and density in star-forming regions. In
2019, flaring of the 22 GHz water maser (hereafter HoO maser) in the NGC 2071-IR star
forming region was reported by the Maser Monitoring Organisation (M20). Single-dish
spectra of the HoO maser from the Hartebeesthoek 26-m telescope covering a period from
2019 to 2022 were analysed, revealing high variability and a strong flare in November
2019 which reached a peak of 4722 +4 Jy. Observations conducted to detect the mainline
6.7 GHz methanol maser towards NGC 2071-IR yielded no detections. This study aims to
investigate the variability observed in the HoO maser spectra and verify if the 2019 flare
was a result of an accretion burst event. Signatures of accretion bursts such as flaring of
multiple maser species and increase in infrared luminosity were probed. Interferometric
imaging of (sub)millimetre dust continuum and spectral line (specifically carbon monox-
ide (CO)) observations with the Atacama Large Millimetre/submillimetre Array and the
Very Large Array, revealed the NGC 2071-IR region is populated with multiple protostars
with small spatial separations, driving multiple outflows. Water maser positions from the
literature superimposed over the continuum images showed the HoO masers trace disks
and outflows. Ks-band observations made during the 2019 flare with Kanata/HONIR

telescope revealed a 0.2 mag increase compared to the 2MASS magnitude.

Keywords: stars: formation, intermediate-mass stars, water masers, methanol masers,

ISM: jets and outflows, techniques: interferometric, accretion bursts, NGC 2071 IR
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Chapter 1

Introduction

1.1 General overview

Although stars are ubiquitous and serve as the elementary building blocks of the Universe,
providing chemical enrichment of galaxies and forming planets in their circumstellar disks,
the physical processes behind their formation are still not completely understood (Ladal,
2005). Star formation is an ongoing process that continues to the present day, and the
end-to-end understanding of the star formation process is of fundamental importance to
the understanding of not only the origin of stars, but also galaxies, planets, and the ori-
gins of life (Ladal 1998| [1987)). Star formation is inherently a complicated and stochastic
process, with the processes guiding the formation of stars and their clusters in the indi-
vidual molecular clouds still debatable, even in the best-studied cases (Kravtsov, 2003]).
Stars also form with a broad distribution of masses which are usually grouped into three
mass regimes, namely the low (M, <2Mg), intermediate (2 Mg <M, >8Mg), and high-
mass (M, >8Mg) regimes (Goodwin, 2013)), and a further complication to unravelling the
mystery of star formation arises from the fact that star formation processes of the three
different mass regimes are different, although they share some similarities such as accre-
tion (Beltran, 2015)). Intermediate-mass stars, for example, form in tightly packed clus-
ters as opposed to their low-mass counterparts. Another example of this non-uniformity
is the relatively short timescales over which high-mass stars form compared to low and
intermediate-mass stars (Russeil et al., 2010). The non-uniformity in the formation pro-
cesses poses a challenge to the development of a unified theory of star formation. There is
currently no testable unified theory of star formation capable of tying together the forma-
tion processes across the three mass regimes. Furthermore, another challenge arises from
the fact that young stars remain deeply embedded in their natal clouds of gas and dust
prior to the commencement of nuclear fusion, making them difficult to observe directly
(Lada et al., |1993)). In the past decades, the advent of more sensitive instruments, such
as Jansky Very Large Array, Atacama Large Millimetre/Sub-Millimetre Array (ALMA),
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and Sub-Millimetre Array (SMA), seek to shed more light on the star formation processes

through high-resolution observations.

Another disparity is that low-mass stars have been relatively well-studied (Beltran, 2015)),
compared to intermediate-mass (IM) stars, which have been grossly understudied (Kun
et al., 2004). The lack of research on intermediate-mass stars is also a major obstacle
in the development of the unified theory of star formation. Intermediate-mass stars do
not drastically modify their environments like their high-mass counterparts, leaving large
parts of their parent clouds intact, providing a unique opportunity to study the initial
conditions of star formation (Ladd et al.l [1991). In essence, therefore, intermediate-mass

stars have a principal role in the growth of our understanding of star formation.

Currently, indirect methods of detection and the observation of the star formation pro-
cesses are utilised. These methods involve, but are not limited to, the observation of
spectral line emission from complex organic molecules associated with protostars, such as
methanol; the detection of jets from molecules associated with outflows, such as carbon
monoxide (CO); and the observation of molecular maser emission from dense condensa-
tions of gas molecules in the clouds, such as the water vapor maser line. Maser emission
from molecules is widespread in the interstellar medium (Shchurov et al., 2021). This
study focuses on masers, specifically water masers as a probe to study the star formation

process of intermediate-mass protostars.

Astrophysical masers are compact sources with high brightness temperature, and narrow
spectral line widths and are highly variable in nature (Cohenl, |1989; |Salem and Middleton,
1978). Since their discovery in 1960 by [Weaver et al. (1965]), masers have been used as
tools to probe the physical conditions, kinematics, and magnetic fields of young stellar
objects at high angular resolution (Cragg et al., [2005; [Seth et al., 2002). Astrophysical
masers arise from a wide range of interstellar molecules such as formaldehyde (HyCO)
(Downes and Wilson, [1974), ammonia (NH3) (Yan et al., [2022), water (H2O) (Valdettaro
et al., 2001), hydroxyl (OH) (Elitzur, [1992)), methanol (CH3OH) (Menten, 1991b), silicon
monoxide (SiO) (Cho et al. 2016), and recombination lines of hydrogen (Moran et al.,
2018). Among the listed masers, the 22 GHz (A=1.3cm) water vapour lines originat-
ing from the 616 —523 transition are the most-studied water masers (Humphreys, 2015).
Although their pumping mechanism is fairly understood theoretically, the complete char-
acterisation of water masers remains enigmatic due to the different phenomena they trace,

as well as their high variability.

Star formation across all mass regimes has been known to be via accretion (Audard et al.,
2014). During accretion, material from the collapsing cloud falls onto the centrifugally
balanced circumstellar disk around the protostar and migrates through the disk onto the
forming protostar (Meyer et al., 2017)). Recently, it has been discovered that this accretion

process is non-uniform and is characterised by intermittent periods of a rapid increase in
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accretion rate, known as accretion bursts (Strafella et al., [2022). Accretion bursts are

accompanied by an increase in near-infrared luminosity of the burst protostar and flux

density of maser emission(s) associated with it (Caratti o Garatti et al., 2017). In low-
mass stars, these accretion bursts are known as FU Orionis or EXors bursts (Audard!
2014)). The luminosity increases significantly, and lasts decades to hundreds of

years (Strafella et al., 2022). During and after an accretion burst, aside from the increase

in amplitude, interstellar masers associated with the protostar also exhibit a significant

increase in activity and variability, with new maser features appearing (Szabo et al., 2022).

Similar behaviour in methanol masers has been observed in high-mass protostars during
and after accretion bursts (MacLeod et al., 2018} Bayandina et al., 2022; Szymczak et al.)

2018).

Accretion bursts are suggested to originate from fragments of material in the circumstellar

envelopes, quickly driven into the circumstellar disks due to gravitational instabilities in
the envelope (Stamatellos et al.| 2011} [Vorobyov and Basu, [2005). The burst mode is

suggested to be triggered when clumps of material move through the disk and fall onto

the protostar due to loss of angular momentum (Stamatellos et al., 2011} [Meyer et al.,
2017) . These bursts have relatively short durations (Vorobyov and Basul 2015), and are

accompanied by an increase in accretion rate: ~107° to 1074 M® yr~! for bursts in low-

mass protostars (Stamatellos et al., 2011) and up to 1072 M® yr~! increase in accretion

rate for high-mass protostars (Meyer et al., 2017). The fragments are tidally destroyed

when they get close to the protostar (Stamatellos et al.l 2011). The gravitational energy is

transformed into accretion luminosity during the burst leading to an increase in luminosity

(Vorobyov, [2009)). This study aims to explore the variability in the water masers in the

NGC 2071-1R star-forming region and investigate a possible accretion burst in the region.

1.2 Motivation of the study

Stars form via the accretion of material, specifically gas and dust from circumstellar en-

velopes (Audard et al. 2014; Frank et al., 2014). These envelopes contain various molecu-

lar species, with water being particularly abundant compared to their interstellar medium

abundances (Rudnitskij, [2002). Since their discovery in the interstellar medium in 1969,

the 616 —bes (f= 22.235 GHz) water vapour transition maser has been associated with

star formation (Cheung et al) [1969). Abundant around protostars, water masers trace

kinematic activity such as ejections, accretion, and shocks around the dense envelopes

(Vol'vach et al., [2019). Water masers can be tracers of molecular outflows, circumstellar

disks and ionized jets during star formation (Kurtz and Hofner) 2005). Through long-

term monitoring programmes, water masers in star-forming regions are known to exhibit
variability on the scale of weeks (10%s) (Brand et al., 2003, 2005; Felli et al., 2007) and

large flaring in amplitude over relatively short timescales, ranging from days to months
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(Trinidad et al. [2003)). Water masers may also show periodic long-term variations sug-

gested to originate from periodic variations in flow patterns of jets and stellar winds from
associated protostar(s) (Ashimbaeva et al. [2020). Periods of 2000 days and 11.5 years
have been reported (Brand et al., |2003} |Lekht and Krasnovj [2000). Water masers show
drifts in velocity and tend to undergo periods of flaring where their flux density increases
drastically (40% ~ 1840%) with the appearance of new features (Szabo et al.| [2022).

1.2.1 Region of study

NGC 2071-IR is an active star-forming region located in the Orion B molecular cloud
L1630, about 4’ north of the NGC 2071 nebula. The distance to NGC 2071-IR is estimated

to be ~400 pc (Kounkel et al., [2017) and is associated with intermediate-mass protostars

(Torrelles et all |1998)). The region is dominated by a wide-angle high-velocity bi-polar
outflow extended in the NE-SW direction (Seth et al., |2002). The outflow extends ~ 15’
and has a velocity of 120 km s~ (Eisloffel, 2000} |Stojimirovié et al., |2008). There are eight
near-infrared (NIR) sources identified in the region (Cheng et al. 2022)). The bolometric
luminosity of the region is 520 L, (Butner et al., [1990)) and is dominated by one of the
NIR sources known as NGC 2071 IRS 1 (Cheng et al., [2022). Most of the NIR sources
are identified as protostars and the others as starless ejected condensates (Trinidad et al.
2009)). Figure shows the NGC 2071-IR region together with the NGC 2071 and NGC

2068 reflection nebulae.

Water masers (22 GHz) were first detected towards the region and reported by Schwartz
and Buhl in 1975 (Schwartz and Buhl, [1975). Since then the water maser in the region
has been monitored extensively (Lekht et al., |1982; [Felli et al., [2007; Lekht et al., [2011}
'Ashimbaeva et al., 2020)). The monitoring began from November 1972 to December 2010
by Lekht et al. (1982) with the Puschino Radio telescope in Russia, which overlapped
Felli et al.| (2007))’s observations from March 1987 to December 2007 with the Medicina

radio telescope in Italy. |Lekht et al. (2011) further monitored the water masers from

1994 to 2010. They were subsequently monitored from December 2010 to January 2020

by |Ashimbaeva et al| (2020). The spectra from these monitoring observations have been
published (Lekht et al., [1982; [Felli et al., 2007; Lekht et al. 2011; |/Ashimbaeva et al., [2020).
The water masers have flared in the past, increasing in amplitude by a factor of 16 to 10*
Jy from its quiescent levels (Felli et al., 2007)).

Currently, the water masers in the NGC 2071-IR region are regularly monitored by the
Maser Monitoring Organisation (M20) (Burns|,[2021). The M20 is an international collab-
orative community of observers, theoreticians and astrophysicists who study masers. The
water masers were reported by the M20O to have undergone a period of significant activity
which commenced in May 2018 (M20 internal communication). The Hartebeesthoek Ra-
dio Astronomy Observatory (HartRAO)’s 26-m single-dish radio telescope, which is part
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of M20 monitoring stations, commenced high cadence monitoring of the NGC 2071-1R
region in January 2019. The M20 organisation continues to monitor water masers towards
the region (Burns|, 2021). Acquiring long-term observational data enables the revealing
of patterns which cannot be determined in short-term data (Goedhart et al., [2007; Olech
et al |2022). NGC 2071-IR water maser data was obtained from HartRAO from January

2019 to April 2022, representing almost four years worth of monitoring data.

: .'_ﬁ NGC 2071-IR

- -

NGC 2071

NGC 2068

V1647 Ori —*

Figure 1.1: Spitzer IRAC image of northern L1630 showing NGC 2071-IR. Blue is 3.6 pum,
green is 4.5 pm and red is 24 pm. Taken from |Gibb (2008).

Water masers may also trace the infall-outflow boundaries of disks, and the collision of out-

flowing gas with the ambient cloud may be the source of shocks pumping the water masers
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Ashimbaeva et al. (2020). The NGC 2071-IR region is populated with multiple outflows
(Eisloffel, |2000; Carrasco-Gonzélez et al., 2012; Stojimirovi¢ et al., 2008). The outflows
may affect the variability of the water masers. Changes in the kinematic properties of
the protostar, such as episodic ejections of matter or accretion bursts which translate to
changes in the outflows, may lead to an increase in shocks, which are the main pumping
mechanisms for water masers (Neufeld and Melnick, 1990, 1991)). The position of the two
main outflows in the region, specifically the EW-oriented outflow from IRS 1 and the NE-
SW-oriented outflow associated with IRS 3, have both been reported to vary over time
(Cheng et al.| [2022), which was attributed to jet precession. A precessing jet may impact
different sections of the outflow cavities where the water masers trace, thus pumping dif-
ferent maser spots. While this scenario seems plausible, it may not be accurate due to
the relatively short timescales of the observed variability in the time series of the water
masers, which ranges from weeks to months (Lekht and Krasnov, 2000; | Ashimbaeva et al.,
2020). These short timescale variabilities are suggested to be due to turbulence in the
cloud (Lekht and Krasnov, [2000). In essence, other pumping mechanisms may be at play,
such as radiation flows from the disk, stellar winds, and cloud-to-cloud collisions. These

mechanisms may be working complementarily rather than individually.

This study aims to characterise the variability and evolution of the water masers in NGC
2071-IR in the HartRAO data, as well as establish a relationship between the masers and
their possible exciting sources. To obtain insight into the variability of the water masers
in the NGC 2071-IR region, there is also the need to have an overview of the distribution
of the masers in the region. High angular resolution interferometric millimetre and sub-
millimetre continuum maps, and spectral line data of the NGC 2071-IR region from ALMA
and VLA will be analysed. This is to provide a better insight into the structure and
morphology of the region. Maser positions from literature superimposed on the high-
resolution continuum images enable visualisation of the spatial distribution of the masers
in the region. Water maser positions from previous studies by [Torrelles et al. (1998,
Seth et al| (2002), [Trinidad et al. (2009)), and |Shchurov et al.| (2021), were obtained and
utilised for this purpose. The water masers in NGC 2071-IR have been reported by [Lekht
et al.| (1982) as particularly interesting due to their unusual behaviour. Their behaviour is
between what is expected of water masers associated with recently formed protostars and

the behaviour of water masers associated with low-mass late B stars (Lekht et al. 1982]).

The other objective of this study is to investigate whether the flaring of water masers
in NGC 2071-IR reported by the M20 organisation (M20O internal communication) was a
result of a disk-mediated accretion burst. Near-infrared (NIR) observations, made with the
Hiroshima Optical and Near InfraRed camera (HONIR) during the flare, will be analysed
for changes in magnitude. A significant increase in magnitude would point towards a

possible recent occurrence of an accretion burst in the NGC 2071-IR star-forming region.
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1.3 Overview of chapters to follow
Chapter 2: Theoretical background

Chapter 2 introduces in relative detail the current paradigm of star formation. The con-
cepts of electromagnetic radiation and radiative transfer are also discussed. In addition,
kinematic phenomena associated with protostars, such as disk-mediated accretion, out-

flows and jets, and masers are reviewed in this chapter.

Chapter 3: Radio telescopes and observational techniques

Chapter 3 introduces the radio telescopes used for this study. Their properties and oper-
ational methods are presented. The principles of multi-element radio interferometry and

aperture synthesis are presented therein.

Chapter 4: Observations and data reduction

The details of the observations made with the instruments introduced in Chapter 3 and the
data processing steps are presented in this chapter. Additional background information

on the region of study is provided in this chapter.

Chapter 5: Results

Chapter 5 presents the results obtained from the data processing. Analysis of the results is

also presented along with plots and figures produced from the data reduction procedures.

Chapter 6: Discussion

Chapter 6 presents a discussion of the results. It covers discussions of the single-dish and

interferometric results.

Chapter 7: Summary and Conclusions

An overall summary of the study is presented in this chapter. The conclusions drawn from

the discussions as well as suggestions for future work are also presented.



Chapter 2

Theoretical Background

2.1 Introduction

This chapter presents a background on astrophysical concepts on star formation, radia-
tion theory, and astrophysical masers required for the comprehension of the analysis and
discussions presented in the latter chapters. The chapter begins with a review of the
current paradigm of star formation, with a focus on intermediate-mass star formation.
This is followed by a discussion of protostellar accretion, as well as outflows and jets that
are typically associated with the process of star formation. An introduction to radiation
theory, which aims to present the reader with the nature of the electromagnetic radia-
tion received by radio telescopes from astronomical sources, is presented thereafter. Some
physical quantities in radio astronomy, referred to throughout this work are introduced.

The chapter ends with a review of astrophysical masers which are the focus of this study.

2.2 General theory of star formation

2.2.1 Molecular clouds

Molecular clouds are pressure-balanced clouds made up of molecular hydrogen. The pres-
sure balance is a result of the internal thermal motions of the gas restricted by the confine-
ment of a more rarefied, warmer medium surrounding the gas (Stahler and Palla, 2004).
They are cold (~100K), and the detectable emission from them are from dust or rota-
tional transitions of molecules at far-infrared and millimetre wavelengths (Bally, 1986]).
In addition to emissions, light from background stars can pass through molecular clouds,
making absorption lines probes of the molecular abundances and optical depths of molec-

ular clouds. Abundant in the spiral arms of the Galaxy, molecular clouds provide the
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initial conditions for star formation (van Dishoeck et al., [1993). Molecular clouds come
in various sizes, with the Boks globules being the smallest in size and the giant molecular
clouds being the biggest type of molecular clouds. Although stars have been found to form
in other sites such as isolated dark clouds (Bourke et al., [1995)), stars are usually formed
in giant molecular clouds (GMCs), hence the understanding of star formation is strongly
linked to the understanding of giant molecular clouds (Myers, |1999). Table presents

the types of molecular clouds and their physical properties.

Table 2.1: Types of molecular clouds and their physical properties from |Stahler and Palla
(2004).

AV Ntot L T M

Hlond e mag) (m™) (po) (K) (Mg)
Diffuse Molecular Clouds 1 500 3 50 50 ¢ Ophiuchi
Giant Molecular Clouds 2 100 50 15 10° Orion
Dark Cloud Complexes 5 500 10 10 10*  Taurus-Auriga
Individual Dark Clouds 10 103 2 10 30 B1
Dense Cores/Bok globules 10 10* 0.1 10 10 TMC-1/b335

2.2.2 Giant molecular clouds

Giant molecular clouds (GMCs) are distinct from other molecular clouds due to their dif-
ferent dynamical conditions (van Dishoeck et al., |1993))- they are gravitationally bound
and not bound by internal thermal pressure. Giant molecular clouds are the largest struc-
tures in the Universe held together by gravity (Bally, |1986)). Their masses are greater than
10° M, and densities go above 10 cm ™3 (Lada), [2005). The Orion complex is the near-
est GMC. (Myers| 1999). GMCs are suggested to be formed through the accumulation
of numerous individual clumps of gas. This leads to GMCs having highly non-uniform
density structures (Myers, [1999). They have expected lifetimes of ~3x107 yr before they
are dissipated by stellar winds from massive stars. All galactic O and B stars are closely
associated with a GMC (Blitz, [1993). The star formation rate in GMCs is estimated to be
~2Mg per year. The star formation efficiency of giant molecular clouds is placed around
3%, which is the percentage of the GMC’s mass that is converted into stars (Blitz and
Williams, 1999)). GMCs contain clumps which are parcels of high-density material that
can maintain their integrity. The GMCs themselves can cluster to form large (10”7 M)
structures known as Gaint Molecular Cloud Complexes (GMCCs) (Blitz, 1993).
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2.2.3 The Virial theorem and cloud collapse

There are physical conditions which need to be present for molecular clouds to collapse
into protostars and later form stars. These conditions will be reviewed here quantitatively.
The bulk of the review is taken from |Stahler and Pallal (2004). First, let us consider a
molecular cloud in hydrostatic equilibrium, taking into account acceleration and magnetic
field effects, the cloud can be described by:

Du 1
— =—-VP—-)pVd | X B 2.1
P pV R4+ et ¥ B (2.1)
where cyqs is the velocity of the cloud particles, % represents the rate of change of the

fluid velocity with time u and p is the gas density. The quantity B is the volumetric

magnetic field, 7 is the current density and P is the pressure, they are related by:

V x B = 4—7Tj. (2.2)
C

Substituting equation [2.2] into equation [2.1] and rewriting, we obtain:

p% =-VP-pVd, + %(B -V)B — S%V\BQ\. (2.3)
The third right-hand term represents the tension generated by a curved magnetic field
line, and the fourth term is the gradient of magnetic pressure with magnitude |B?|/8r.
The pressure arises from the crowding of both curved and straight field lines. Equation
governs the fluid behaviour. However, on the large-scale, the behaviour is different.
For a spherical molecular cloud with volume V, the global properties can be obtained by
integrating over the volume after finding the dot product of the position vector, using
the equation of mass continuity and Poisson’s equation which introduces gas density p.
Interchanging the order of differentiation and repeated integration by parts lead to the

Virial theorem:

L ot W M (2.4)
2012 ’ '
where partial derivative subscripts have been dropped. The detailed derivation is presented

in Appendix In equation I is the quantity representing the moment of inertia:

I= /p (z) [r|*d® x, (2.5)
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T is the summation of kinetic energies of particles in bulk motion:

T= /p(x)]u]2d3:l:, (2.6)

U is the thermal motion energy:

3 3
= Q/nkBTd3w: 2/Pd3:n, (2.7)

W is the gravitational potential energy:

= ;/p(m) o, dx, (2.8)

and M is the energy associated with the magnetic field:

1
M= — | |Bfd’z. 2.
o [ BEda (29)

Equating the left-hand side to zero:

2T+2U+ W+ M=0, (2.10)

the cloud will attain Virial equilibrium. This requires the terms 7T, U and M to balance
W, which is the gravitational binding energy. In this state the giant molecular cloud will

be undergoing gravitational collapse.

The simplest form of the Virial theorem is given by Tayler| (1994) who neglected the
terms T and M, and only considered the random thermal motions U and the gravitational

potential W, to redefine the Virial theorem as:

20+ |W|=0. (2.11)

This is implies the cloud would collapse if 2U + W < 0. On the other hand, if 2U +
W > 0, the internal pressure force arising from the random kinetic motion of particles
within the cloud will overcome the gravitational potential, leading to the expansion of the
cloud, and thus no collapse will occur resulting in no stars forming. Since U is dependent
on temperature T (equation , changes in the temperature (pressure) play a significant

role in star formation.

2.2.4 Jeans mass limit

The Virial theorem describes the condition of equilibrium for a stable, gravitationally

bound system (Carroll and Ostlie, 2017)). Given the two conditions of Virial equilibrium
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(2U > Wand 2U < W), which govern the collapse of giant molecular clouds, a spherical
GMC will develop instabilities and commence collapse when its mass exceeds a specific

limit. This limit is the Jeans mass (Carroll and Ostlie, 2017)), and is derived as follows:

Assuming a GMC of constant density, the gravitational potential energy of the molecular

cloud is:

3G M?

5R ’
where M, is the mass of the cloud and R the radius of the cloud. The full derivation of
the equation for gravitation potential is provided in Appendix

W~ — (2.12)

From the ideal gas law, the cloud’s total thermal energy must be related to the temperature
by:
3
U= iNk:BTkm, (2.13)

where Ty, is the kinetic temperature of the gas particles and N is the total particle

number. N can also be written in terms of molecular weight, 1 and mass M, as:

M,
pmgr’
where my is the mass of the hydrogen atom (1.673532499 x 102" kg). Substituting N in
equation the total thermal energy gives:

N:

(2.14)

_ 3M,KpT

U= 2.15
Sy (2.15)

For the case of U < W, which causes gravitational collapse, substituting equation
into will give:

3M,KgT - 3GM?

2.16
2umpr 5R ( )
The radius of the cloud prior to collapse can be expressed in terms of M, and p as:
3M2] 75
3
R- {] . (2.17)
dmp
Using equation [2.17], equation [2.16]| can be rewritten as:
SM,KpT 3 3M, ]
3
SErRBL cfaam? || (2.18)
Wmr 5 4dmtp
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Further making M, the subject in equation leads to:

3 1
5kpT 12| 3 |2
M, — . 2.1

g [GMmH] [47TP] 219

The right-hand side of equation [2.1§] is the Jeans mass M ;. The Jeans mass depends
on temperature. The increase in temperature due to the kinetic motion of particles from
external shocks caused by feedback mechanisms from high-mass stars, such as expanding
ionisation fronts and outflows, may hinder the initiation of cloud collapse by increasing

the Jeans mass.

Equation [2.18| can be simplified as:
M, > Mj; (2.20)

This condition is known as the Jeans criterion.

2.2.5 Free-fall timescales

Gravitational collapse, particularly the spherical collapse of clouds, is the triggering process
of star formation (Bally et al.l [1989). For a homogeneous spherical cloud that satisfies the
Jeans criterion, it will undergo free-fall collapse over a specific time, known as the free-fall
time ¢y (Stahler and Palla) |2004). Assuming the absence of rotation, turbulence, and
magnetic fields, as well as ignoring the effects of pressure gradients on the motion, the

free-fall time, 77, can be estimated.

If R is denoted as = %, W can be approximated as —GM?/R. This reduces the Virial
equation (Equation [2.4)) to:

1021  GM?
26t2 R’
Where I represents the moment of inertia, G is the gravitational constant, and R is the

(2.21)

radius of the molecular cloud. I can be rewritten as M R?. Solving for ¢ gives:

1

trr = <£\2) B (2.22)

VI

Since M/R? can be approximated to p, the timescale can be rewritten as (Gp)~2.

The equation of the free-fall time, also called the free-fall timescale, can then be written

as:

1
3m 1 \2
trr=\ 25— 2.2
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where t;s is the free-fall timescale, pg is the initial density, and G is the gravitational
constant. The full steps of deriving the free-fall timescale is outlined in appendix [A:3]
The free-fall timescale does not depend on the initial radius of the cloud. In essence,
a spherical molecular cloud with uniform original density pp would collapse isotropically

within the same amount of time. This is referred to as homologous collapse.

2.2.6 Initial mass function

A critical parameter in determining several properties of a star, such as surface bright-
ness, evolutionary phases, chemical enrichment, lifetime yields, and remnant properties,
is its mass (Ferreras, 2019). The distribution of stellar masses in an assemble of stars
immediately after their formation is defined as the initial mass function (IMF), and is
fundamental to the understanding of stellar evolution. [Salpeter| (1955) was the first to
characterize the IMF by observing stellar populations of local stars in the Milky Way
Galaxy. He defined the IMF as:

dt
Ty’

where dN is the number of stars in an infinitesimal mass range dM, created in the time

AN = (M) d(logioM) (2.24)

interval dt per cubic parsec. Tj is the time spent on the main sequence by a star (time to
burn 12% of mass). Salpeter| (1955) further approximated the IMF as:

o —-2.35
M) =0.03|— . 2.25
(M) [MJ (2:25)
The IMF is considered universal based on observations within the Milky Way Galaxy.
However, variations have been reported from extra-galactic observations where an excess
of massive stars with respect to the IMF of active star-forming systems and an excess
of low-mass stars in quiescent galaxies were observed (Stahler and Palla, 2004). Recent
large-scale studies by |Stahler and Palla| (2004)) defined a more universal IMF, a piecewise

power law function which covers the low-intermediate, and high-mass ranges, given by:

Cil3)™? 01 < 4= <10
§(M) = 4 Col37=] ™27 1.0 < gf= <10 (2.26)

0.4C3[47=] 7% 10 < 3=,

where C is the constant of normalisation.
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Due to the non-coeval nature of stellar populations, it is often difficult to determine the
IMF via direct observations. This is overcome by using the mass-luminosity relation and
the observed surface brightness to obtain an estimate for the IMF. There are various
definitions of the IMF with their variations, such as additional power law sets or power
laws, or simply tapering off the low-mass end. Examples include the Scalo IMF (Scalo,
1986) and Kroupa IMF (Kroupal, 2002)), which both feature a power law distribution, and
the Chabrier IMF (Chabrier, 2003), which replaces the power law at low masses with a

log-normal distribution.

2.3 Intermediate-mass young stellar objects (IMYSOs)

Protostars are categorised as intermediate-mass (IM) protostars if their mass is in the
range of 2 Mg < M, <8 Mg or bolometric luminosities between ~ 50-2000 L. They are
precursors of Herbig Ae and Be stars and Vega-type systems and contribute to the galaxy’s
UV radiation field (Kun et al., 2004). Intermediate-mass protostars are grossly understud-
ied compared to their low-mass and high-mass counterparts, although they exhibit less
extinction than high-mass protostars (Beltran, [2015). They are often associated with their
low-mass counterparts although they share many properties with their high-mass counter-
parts (Beltran, 2015). The upcoming overview of intermediate-mass protostars is taken
from Beltran| (2015); [Pallaj (1991); van Kempen et al.| (2012).

2.3.1 Formation of intermediate-mass young stellar objects (IMYSOs)

Intermediate-mass protostars are theorised to be formed via turbulent fragmentation of
molecular clouds (Kun et al.,[2004). This fragmentation is said to occur in two main ways.
1.) Direct Fragmentation: clouds break up into a stable final structure via a single event
(ABC— A+B+C), and 2.) Hierarchical fragmentation: clouds fragment in time steps into
smaller fragments which further fragment (ABC — A+BC or AB+C — A+4+B+C). The
level of fragmentation is governed by the shape and non-uniformities in the cloud. Low-
mass stars are stable radiatively until nuclear fusion of hydrogen is ignited, this happens at
an early stage of accretion. On the other hand, intermediate-mass stars go through phases
of radiative stability whilst still undergoing contraction due to gravity. Quantitatively this

phase can be defined by:

GM?  GM? M,

R* Lrad R*Ld M aees ( )

tkg =

where L; and M are the steady-state luminosity and the mass accretion rate, txp and

tacc are the gravitational contraction time and the accretion time, respectively. L;.q is the
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luminosity that a star of given mass and radius can carry radiatively.

Equation [2.27]implies that the star is losing heat via radiation at the same rate it accretes
new matter, which leads to a phase of rapid gravitational contraction. This leads to the star
reaching the Main-Sequence while still undergoing disk accretion. Intermediate protostars
have been observed to possess circumstellar disks, irrespective of their luminosity. Young
IM protostars rotate below the breakup speed. The accreting core is enveloped by a
standing shock resulting from the infalling matter. The surface boundary conditions for

pressure and temperature of IM protostars are given by:

4

, (2.28)

1
P _ M QGM* 2 T _ l 3Fp7‘6 . Fpost
47 R? R ’ o\ 4 4

where Fj.. and Fj,s are the star’s radiative pre and post-shock flux, respectively.

Rotation and magnetic field effects in the molecular cloud, affects the accretion rate of
IM protostars. Accreting material from the cloud does not accumulate at the stellar
surface directly due to conservation of angular momentum, but rather first falls into the

circumstellar disk and then spirals into the star via the filaments (Frank et al., [2014)).

Circumstellar disks around IM protostars are critical to their mass growth and stability.
The size of their disks ranges from 100-200 AU, and have less mass than the central star
(Beltranl, 2015). The rotation of the disks is expected to be Keplerian, albeit inconclusive
due to the very few cases that have been studied in detail. In the few detailed stud-
ies of IM protostar disks, molecular tracers of regions of high density revealed velocity
gradients oriented perpendicularly to the direction of outflowing gas from the disk. Kep-
lerian rotation has been observed towards evolved IM stars, suggesting it is also present
in IMYSOs (Cheng et al 2022). IM protostars have been known to drive molecular out-
flows (Seth et al., 2002; |Cheng et al., 2022)). These outflows are more energetic, less
collimated and more complex than outflows from low-mass YSOs, suggesting a different
driving mechanism. [Beltran (2015) suggested that the complexity of outflows from IM
star-forming regions is not an intrinsic property but rather arises from the inability to
resolve the individual sources in the often clustered cores, and this may be solved by
high-angular resolution observations. Outflows associated with IM protostars are also a
source of mechanical feedback onto the parent cloud, thus triggering further star formation.
IMYSOs have a higher accretion velocity than low-mass stars and thus accrete material
faster (Beltran) 2015)).
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2.4 Disk-mediated accretion and accretion bursts in low-

mass and intermediate-mass stars

The consensus that stars form via accretion has been well-established (Audard et al., 2014;
Kadaml, 2020). Stars gain their mass from the accretion of material from circumstellar
disks made of gas and dust (Stamatellos et al.l 2011). Phases of steady accretion are
punctuated by short (< 100yr) bursts of increased accretion known as accretion bursts
(Vorobyov and Basul 2005)). These bursts are found to be episodic (Vorobyov and Basu,
2005; Stamatellos et all 2011; Audard et al.l 2014)). Up to 40% of the mass of stars is ac-
creted during episodic accretion bursts (Megeath and Zakri, [2019)). This accretion process
is orchestrated by magnetohydrodynamic (MHD) processes (Stamatellos et al., [2011). In
the inner regions of the circumstellar disk, a gravitational sink forms, and infalling matter
into the sink is assumed to flow instantaneously onto the protostar (Stamatellos et al.,
2011). Infalling material transits through the inner accretion disks (IAD) inside the sink
before falling into the protostar. The material, however does not fall onto the protostar
from the disk isotropically, but rather via long collimated structures known as filaments
(Frank et al., 2014]).

If the disk-sink-filament-protostar transfer of material is not efficient, accretion onto the
star is slow and more material piles up in the disk leading to ‘swelling’ of the disk. This
may lead to gravitational instability (GI) developing in the disk, which may lead to frag-
mentation (Bally and Zinnecker, |2005). Localised regions of gravitational instabilities in
the disk may form clumps which grow into secondary protostars or planetary-mass ob-
jects (Whitworth and Stamatellos, 2006). Angular momentum is transported outward due
to the development of magneto-rotational instability (MRI) in the IAD. This allows the
accumulated matter to fall onto the protostar. During this process, gravitational energy
changes to thermal energy in the disk, building an accretion shock front around the proto-
star (Stamatellos et al., [2011)). The energy produced by the accretion generates heat and
stabilises the disk (Krumholz et al.l [2010). The gravitational instabilities and magneto-
rotational instability cause a sudden increase in accretion rate known as accretion burst.
Accretion bursts are thus theorised to originate from circumstellar disk fragmentation,
however, the entire episodic accretion process is still not completely understood (Zhu
et al 2007). Stamatellos et al.| (2011]) outline the burst process as follows, based on work
from Zhu et al.| (2009):

e The cool outer parts of the circumstellar disk are influenced by gravitational insta-
bilities.

e The gravitational instabilities lead to the transport of angular momentum outwards

via gravitational torques, thus allowing the material to fall inward onto the protostar.

e On the other hand, the temperatures in the inner disk region are too high for gravi-
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tational instabilities to develop. Further increase in temperature leads to ionisation

of gas which generates magneto-rotational instability (MRI).

e The MRI then transports angular momentum outwards, allowing matter to spiral in

further and onto the central protostar.

e The accumulated matter in the inner disk steadily heats up and ionises to activate

MRI, where the accumulated matter falls onto the protostar, leading to an outburst.

e The steady accumulation of matter resumes when the accumulated matter in the
inner disk is depleted and the temperature of the remaining matter falls, dissipating
the MRI.

Young eruptive low-mass stars (FUors (Hartmann and Kenyon, |1985) and EXors (Moody
and Stahler, 2017)) have been known to undergo episodic accretion, albeit in different
fashions. FUors-type accretion bursts are known to increase their accretion rates signif-
icantly by up to factors of 107°> My yr~! and maintain such rates for decades and may
display absorption lines. EXors-type bursts, on the other hand, are known to be shorter
and repetitive with lower accretion rates of order 10~7 to 1076 Mg yr~! (Strafella et al.,
2022). FU Ori-type stars are characterised by rapid increases (~5mag) in brightness

which fade away over tens to hundreds of years (Greene et al., 2008).

Assuming the sink-mass is the sum of the mass of the YSO and the inner part of the
accretion disk, that is Mgyyg = My + Miap, the flow rate of matter from the disk to the

protostar is given as (Stamatellos et al., [2011)):

M, =10""Moyr—t + Mgy, (2.29)

where M* is the material flow rate, and M MRI 1S the rate of accretion based on when MRI
is activated in the IAD. The accretion rate, when MRI is activated is significantly higher

than the normal accretion rate (first right-hand term).

The accretion rate during the bursts can increase to ~5x1074 Mg yr~! (Stamatellos et al.,
2011)).

The contribution to the accretion rate by MRI during a burst event was estimated by |Zhu
et al.| (2010) as:

M ~5x 1074 Mg yr—? (“34?1), (2.30)

where M is the accretion rate, aprrr is the effective parameter for magneto-rotational

instability viscosity.
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The duration of an outburst can also be determined from the equation by |Zhu et al.| (2010):

—1 2/3 : 1/9
QN RI M* MIAD
Atarrr ~ 0.25k __IAb 2.31
MRI yr( 0.1 > <0.2M@> . <1O—5M@yr—1) (2:31)

Thus, based on observations and models, the rate of rapid accretion onto an FU Ori-type

protostar is given as |Stamatellos et al.| (2011):

Mpyrrr =

MMRI { (t — to) }

exps — —— ¢, to <t <top+ Atyrgi, 2.32
Atprgr Atprgr (2.32)
where tp is the time of occurrence of the burst. The burst ends at to + Atpyrrr.

The time for rebuilding the instabilities in the disk derived from Atscc ~ Marrr/ Miap

is:

M, 2/3( Mpap >_8/9
Atacc =~ 13kyr __IAD 2.33
ACC Y (0.2]\/[@) 10-5Mg yr ! (2:33)

Equation 2:3T]shows that it takes a longer time to generate or regenerate the MRI than the
duration of the burst. The free parameter ajsr; determines the strength and duration of
bursts but does not significantly affect the total mass deposited onto the protostar during
a burst. Increasing ajrpy will result in powerful but shorter bursts (Stamatellos et al.,
2011). aprgr is estimated to be between 0.01 to 0.4 based on observations and simulations
(King et al.l 2007).

Figure shows the results of time-dependent simulations by Stamatellos et al.| (2011)) of
the evolution of an accretion disk around a main protostar forming in a turbulent molec-
ular cloud undergoing collapse. The simulations were based on the equations presented
earlier. The simulations that do not take into account radiative feedback from the proto-
star, their results show in the first panels (top row) that the main protostar gains mass
and becomes unstable, leading to fragmentation. In the second row of panels, continu-
ous radiative feedback and continuous accretion are taken into account, and the results
show the disk increases in mass but do not fragment due to the heating of the disk from
radiative feedback. In the bottom rows, the accretion disc around the primary protostar
undergoes an accretion burst event. The disk becomes gravitationally unstable, leading to
a burst, which occurs in the third panel. The accretion burst heats the disk, preventing
fragmentation due to turbulence. Post-burst, the disk proceeds to cool and undergoes

gravitational fragmentation, forming two low-mass stars.
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Figure 2.1: Results from simulations of the evolution of an accretion disk. The colour

scale is the log of column density in units of gcm™2. In the bottom panels, an accretion

burst occurs in the third panel (see text for details). Figure from Stamatellos et al.| (2011)).

The protostellar accretion process is non-uniform but episodic. Major outflow events are

thus traceable to major accretion events. Discrete knots observed in jets may suggest

multiple accretion bursts within a period. [Fischer et al.| (2016) estimated 740 years as the

interval between accretion bursts.

2.5 Jets and molecular outflows

A review of jets and outflows related to star formation is presented in this section. Their
properties and the effect on interstellar masers, specifically water masers and star forma-

tion, are reviewed.

Star formation is known to be accompanied by periods of energetic mass outflows (Hartigan!
1994). All stars, regardless of their mass, go through an outflow phase in the early

stages of evolution. In the three mass regimes, outflows appear to be a ubiquitous aspect

to star formation (Shu et al. |1987). Outflows enable young stars to dissipate some of the

excess angular momentum accrued from accretion if the mass outflow rate is > 10% of
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the accreted mass, thereby avoiding reaching break-up speeds. Outflows are composed of
atomic and/or molecular, or ionised gas (Hirota et al. 2017) and usually manifest in two
forms: 1) as loosely collimated bipolar molecular outflows transporting massive amounts of
energy and mass at low velocities (1 ~30kms™1), or 2) as narrow, highly collimated high
velocity (100 ~1000kms~!) ‘jets’ which become visible when material behind the shock
waves in the flow cools (Hartigan et al., [1994). These outflows are large-scale (> 102 km)

and can extend up to parsecs (Stojimirovic et al., 2008).

Outflow material is often distributed in two lobes, blue-shifted and red-shifted lobes (Snell
et al., |[1980]). These types of outflows are known as bipolar outflows, and they are common
around YSOs of different masses (Bally and Ladal 1983). Bipolar molecular outflows are
made up of swept-out shells of ambient molecular cloud material (Shu et al., [1991)). They
are composed of large masses of gas travelling at high velocities (a few kms™! to about
100 kms~1) (Bachiller and Tafallal 1999) and are confident indicators of new stars (Raga
et al., 2012)). Bipolar outflows are best traced by their CO emission. Their properties
can be derived by converting CO line observations into physical gas parameters (Bachiller
and Tafalla, 1999). Their flow sizes range from 0.1 pc to several parsecs. Their total
kinematic timescales range from about 103 yr to 10° yr. The total mass of material in
outflows is in the orders of 1072 Mg, to several hundred Mg, (Bachiller and Tafalla) [1999).
Stars disperse the remains of their prenatal clouds via bipolar outflows (Bachiller and
Tafalla, 1999). Bipolar outflows usually form V-shaped cavities (Bachiller and Tafallal
1999)). Cavities with material travelling at low velocities are suggested to be a result of
mass ejected by jets at the very early stages of protostellar evolution. Cavities around
Class 0 YSOs often have an opening angle of 20° to 50°. Outflows associated with Class 1
and Class II YSOs have 80° to 120° and 100° to 160° opening angles, respectively (Frank
et al., 2014)).

2.5.1 Properties of outflows and jets associated with star formation

Observations of outflows and theoretical modelling suggest that jets and outflows arise
from magneto-hydrodynamic (MHD) processes in disk-star systems (Natta et al., 2006;
Shu et al., [1991). Large-scale outflows are known to be driven by accretion disks around
protostars. Outflows can be in the form of wide-angle conical outflows or narrowly colli-
mated jets. While the dense and fast jets propagate into the environment, the wide-angle
outflow is swept-up, developing a cavity which enlarges over time into the ambient cloud.
Jets often possess more mass and momentum than molecular flows (at least 2 orders of
magnitude). Jets from T Tauri Stars (TTSs) begin with wide angles (10 to 30°) close to
their sources before quickly collimating to a few degrees in the innermost regions (50 to
100 AU) (Ray et al. [2007). The degree of collimation is determined by the ratio of the
width to the length (Bachiller, [1996). These regions of collimation are difficult to observe

with the current instruments due to very high levels of dust extinction but are often traced



CHAPTER 2. THEORETICAL BACKGROUND 22

with molecular tracers such as SiO, [Fe II|, and Hs lines (Frank et al., 2014). Studies of
these tracers suggest that the in-falling envelope does not play a major role in focusing
the jets and that there must be a universal collimation mechanism at play at all stages
of formation which produces the observed beams of radius 15 AU on 50 AU scales. Jet
collimation is hypothesised to be controlled by the magnetic field present in the circum-
stellar disk (Frank et al.;2014). Jets and outflows are challenging to detect since the large
molecular clouds are optically thick, and there is significant extinction due to dust (Frank
et al., 2014).

Improvement in the sensitivity of modern telescopes and spectroscopy have made the
observation of jets and outflows easier (Stahler and Palla, |2004)). Through multi-epoch
observations and spectroscopy, physical properties such as the radial velocity of an outflow
and its proper motion velocity, can be estimated. Stellar jets show bright emission lines,
hence their radial velocities can be easily estimated. Measuring the proper motions of
spatially resolved jets enable the estimation of their cross-sectional area (Seth et al., 2002).
Also by measuring the jet radius, ionisation fraction, and electron density, the mass loss

rate of a jet can be calculated with:

Mjet ~ T 7’jet2 Pjet ‘/jet (234)

where M jet is the mass loss rate, rj¢; is the radius of the jet and pje; and Vjes are the total

density and velocity of the jet, respectively.

The mass loss rate estimated with equation is the bulk average over the shocked
gas. The actual jets contain shocks and knots, which have different spatial properties (e.g
density). For low-intermediate mass stars, typical outflow rates are 10~7 to 1072 Mg, yr—1.

Higher rates are found in more embedded protostars (Caratti o Garatti, 2012]).

Jets emit radiation at various wavelengths. For low-intermediate mass protostars, the
inner disk radius is known as the co-rotating radius and UV emission is generated in this
region (Gullbring et al., 2000). This UV excess which is hard to observe directly due to
high extinction, is related to the luminosity of lines produced in the accretion funnel flow,
such as Ha, Call, Brv, and Pag, lines (Natta et al., [2006). Extended X-ray emission
has been detected along jets at distances up to 2.5 pc from the associated protostar. The
x-rays are suggested to be tracing hot plasma at 10% Kelvin. The source of the heated
plasma is suggested to be heated material downstream from a shock front (Schneider et al.,
2009) or jet-jet collisions (Cunningham et al., [2009). Jets can bend by significant angles
(= 30°) without destruction. Simulations by Lebedev et al.| (2004) show the source of
these curvatures to arise from interactions between jets and ram pressure from side winds
(Lebedev et al., 2004).
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2.5.2 Effects of jets and outflows on star formation

Figure Frank et al| (2014)) summarises the effects of jets and outflows on different

scales of star formation as per below:

e On the scales of stars and disks (1 AU — 10?2 AU), jets can alter disk properties and
affect planet formation via disk irradiation and magnetohydrodynamic (MHD) ef-
fects associated with the launching of outflows. Magnetic fields anchored in the disk
which are oriented in a helical structure about the jet axis, enable jets to achieve

high terminal velocities and converge to achieve narrow collimation angles.

e On the scales of envelopes and parent clumps (102 AU — 0.5 pc), jets and outflows
explain the low (30%) core-to-star efficiency observed through feedback processes
such as MHD ejections during early collapse phase and the dissipation of envelopes

by wide-angle winds during latter stages.

e On the scales of clusters and molecular clouds (0.5pc — 102 pc), multiple jets and
outflows drive turbulence in clouds, altering star formation efficiencies and mean
stellar masses as well as unbound cluster gas. Jets impact the parent clump and
clouds at parsec-scale distances with collimated outflows efficient in generating feed-
back on cluster level rather than the full GMC scale. Jets may contribute to the
turbulent energy in clouds and outflows and could change properties of star for-
mation by depleting reservoirs of material from still forming high-mass stars, thus

reducing their stellar mass to lower levels.

2.5.3 Effects of jets and outflows on water masers

Shocked high-density gas may produce velocity-coherent sheets and filamentary structures,
which may produce collimated beams of radiation. These beams of radiation, when am-
plified, may produce water masers (Felli et al., [1992)). Jets and outflows which produce
shocks when interacting with ambient material may thus serve as pumping sources for

water masers (Felli et al., [1992]).

Based on the model by Elitzur et al. (1989) (hereafter ‘EM model’), water masers can
form behind dissociative shocks (vs > 30 ~ 200km ~!) moving in dense (n > 107 cm™3)
shocked molecular clumps with column densities of N(H) ~ 10?2 cm~2. The gas, which
is heated to temperatures ~ 400K post-shock, provides energy which serves as a pump
source for the masers via collisions (Elitzur et al.l |1989). This pump energy is derived
from kinetic energy dissipating from the shocked and unshocked gas. Dissociative shocks
produce masing mediums with velocity coherence length to thickness ratio a of ~ 10, and
velocity dispersion Av of ~ 1 km ~!. Based on the EM model, the luminosity of the maser

is given by:
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Figure 2.2: A schematic of jets and outflows on six different scales. Scales are provided
by scale bars in each panel (IFrank et aLl.|7 |2014|).

Li,0/Le = 4.2 x 107%a? d35 Avs N,

(2.35)

where a; =a/10, di3=d/10'3 cm, Avs is the half power width of the line in 10° cms™!

and NV, is the number of masers beamed in the observer’s direction.

From the EM model, based on the assumption that all the kinetic energy from the outflow

shock is dissipated through collisions and only a fraction of the wind pumps the water

masers, the mechanical luminosity of the shocks is given by:

where n7 is the initial density in 107 cm ™3, and vy is the velocity of the shock in 107 cms™ 1.

Lint,0/Le = 14.3n7v3, af d25vs N,

(2.36)

1

It is possible to extract a3 d2; N, since both luminosities depend on them. This leads to:

log(L,0/Le) = —6.5 + log(Limm,0/Le) + log(Avs /n7 v, ay).

(2.37)
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The mechanical luminosity of the YSO wind L,,,, can be related to the mechanical lumi-

nosity of the CO outflow, L,,co for momentum-driven flows by:

Linco = Liw Vmaz /Vuw, (2.38)
where 1, is the YSO wind velocity ~ 100 to 200 kms~! (Evans et al., [1987).
As stated earlier, only a fraction € of the wind pumps the water masers, hence

LmHQO = ngwa (239)

leading to the relation between L,,m,0 and L,,co as:

LmHgO = SVw/Vmaa: LmCO- (240)

Rewriting equation in terms of observable quantities,

log(Lr,0/Le) = —6.5 +log(Lmco/Le) + log(Avse Vi /Vimaz 17 Vo7 a1). (2.41)

Equation [2.41] implies that the water maser luminosity should correlate with the me-
chanical luminosity of the CO outflow and the maser luminosity should be 6.5 orders of
magnitude lower than that of the mechanical luminosity of the outflow. The parameters
Awvs, the pre-shock density ny, vs7 and ay are intrinsic parameters to the maser and con-
tribute to the maser luminosity; however, their possible range of variability is small, and

thus their cumulative effect is not very significant.

In summary, the mechanical luminosity of outflows correlates with water maser luminosi-

ties according to the EM model of collisional shock excitation.

Water masers reveal information about the kinematics of the regions producing them. The
physical properties of water masers in a region may be determined by the outflow from
their associated protostar (Brand et al., |2003)).

2.5.4 Precession in jets and outflows

The axis of jets has been known to wander throughout the various evolutionary stages of
protostars. Ejected mass from YSOs is expected to travel an approximately linear path
as it propagates from the disk unless deflected by a dense clump, a high-density region,
or a side wind. This, in essence, suggests that jet wiggles are likely due to variations in
ejection angles. Jets are also known to precess (Raga et al.l [2012)), producing S-shaped
point symmetric wiggles or mirror-symmetric wiggles (see Figure in the case of a

binary system.
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Offset (")

Figure 2.3: Examples of jet precession. Panel (a) is a pseudo-colour image of L1157 from
Spitzer. The blue, green, and red represent 3.6, 4.5, and 8.0 um, respectively). Panel (b)
is Hy map of L1157 showing knots (Al - C2) connected to the protostar (green cross).
Panel (c) is a model of the L1157 jet overlaid on CO and SiO emission knots in the jet.
Source: [Frank et al. (2014)

The typical precession periods of jets that originate from class 0 or class 1 protostars fall
within the range of 400 to 50,000 years (Eisloffel et all [1996), with axis angle changes
extending up to 45° (Cunningham et al., [2009)). Jet axis precession is suggested to be a

result of the precession of the axis of rotation of circumstellar disks rather than the spin
of the protostar axis (Frank et al., 2014).

Jets undergo velocity jumps over years (50 kms~! over 400 years), which are suggested

to result from material moving at high velocity catching up with slow-moving material

(Raga et al., 2012). The physical causes of the observed quasi-periodic jet variability

are unclear. Current theories revolve around stellar magnetic cycles, perturbations by

unresolved binary companions, or EXor-FUor accretion bursts.
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2.6 Radiation theory

To understand the nature of the incident radiation collected by radio telescopes and the
physical properties of the sources emitting the radiation, the understanding of the prop-
agation of radiation through space, particularly the interstellar medium, is crucial. The
theory of radiative transfer characterises how the intensity of radiation changes as it travels
through an absorbing and/or emitting medium. The photons collected by radio telescopes
carry information about their emitting sources such as magnetic field intensity and orien-
tation of circumstellar disks around young protostars. The treatment of radiation theory
and radiative transfer presented here is taken from [Sasao and Fletcher (2006) and |[Rybicki
and Lightman| (1986]).

Electromagnetic waves carry energy, and the energy conveyed by the waves is defined by:

E = hu, (2.42)

where h is Planck constant ~6.626 x 1073* J s.

2.6.1 Quantum theory of radiation

Let us take into consideration a gas cloud consisting of N number of particles of the same
species. Each particle occupies a unique quantum state denoted by Z;, where i=1, 2, 3,
...00, with corresponding energy levels, E;, where j=1, 2, 3,...00. For two states, Z,, and
Zn, with energy states, E,, < E,, a particle can transition from a lower state Z,, to the
higher state Z,, by absorbing radiation energy equivalent to the difference in energy of
the two states F,, — E,,. Inversely, the particle can move to a lower state Z,, from Z,, by

emitting the same differential amount of energy E,, — Ey,.

From equation the frequency of the resulting radiation will be:

Wyn = Ep — En. (2.43)

Figure is an illustration of the energy levels and the transitions generating emission

and absorption.

In general, three main transitions can occur between two energy states, namely sponta-

neous emission, absorption, and stimulated (or induced) emission.



CHAPTER 2. THEORETICAL BACKGROUND 28

4.........

E,E, -\ E,-E,
z, E=E,
Z, E=E,
Z; E=E,
Z1 E=E,

Figure 2.4: Quantum energy levels and energy transitions showing emission and absorption

(red and green arrows, respectively) of radiation.

Figure illustrates the three main transitions outlined below:

e Spontaneous emission (Figure (a)) refers to when a particle moves from a higher

energy level to a lower energy level without any external influence.

e A particle may absorb external radiation (Figure (b)) passing through it, engen-

dering a transition from a lower energy state to a higher state.

e Incident radiation with a specific frequency may stimulate or induce the movement
of a particle(s) from a higher energy level to a lower energy level which leads to the
emission of a new radiation (green arrow in Figure (c)) with the same properties

of the incident radiation (frequency and direction).

Zn : vy - E =E,
Zm ' /_V E=En
(@) (b) (c)

Figure 2.5: Illustration of the three main types of transitions; spontaneous emission (a),
absorption (b), and stimulated (induced) emission (¢) of radiation. The green arrow in

(¢) represents the induced emitted photon.
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A transition from one energy level to another, which results in the emission of photons with
a wide range of energies equal to the difference between the initial and final energy levels,
produces a continuous emission spectrum (continuum). The properties of the continuum
emission, such as its intensity, shape, and spectral distribution, depend on the specific
mechanisms responsible for the transitions and the physical conditions within the emitting

source.

2.7 The Einstein coefficients

Spontaneous Emission

Spontaneous emission occurs when a particle spontaneously transitions from a higher
energy state Z,, to a lower energy state Z,, without the influence of an external stimulus,
emitting a photon in the process (See Figure (a)). Let dfs, be the probability of a
photon to be emitted spontaneously without any external influence within an infinitesimal
time interval dt into an infinitesimal solid angle df2, in a direction -s, within a small
frequency bandwidth dv at the frequency v,,,. The bandwidth dv of the emitted photon
is determined by the decay rate of the excited state of the emitting particle. dfs, is
proportional to dv dS) dt:

dfsp = o, dv dQ2 dt, (2.44)

where ;' is a proportionality coefficient known as a differential Einstein coefficient.

Absorption

A gaseous medium may absorb external radiation (Figure (b)) passing through it,
which triggers a transition of particle(s) from the lower energy state Z,, to the higher

state Z,, around a specific frequency vp,.

The probability of the absorption process occurring dfs, in time interval dt, in a specific
direction inside a solid angle df), in an infinitesimal frequency bandwidth dv, should be
proportional to dv d2dt and the energy density per unit solid angle U, (s) of the incident

photon. This introduces another coefficient of proportionality 3,

dfap = B uy(s) dv dQ dt (2.45)
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Stimulated (induced) emission

Incident radiation with a frequency v, incoming from a direction (s), may stimulate/induce
transitions of particles to migrate from upper energy levels to lower energy levels which
leads to the emission of a new radiation (See Figure (c)).

The emitted photon will possess the same characteristics as the incident photon, such as
direction and frequency. The probability of this process occurring dfs, in a time interval
dt, in a particular direction inside a solid angle df2, in an infinitesimal frequency bandwidth
dv, should be proportional to dvddt and the energy density per unit solid angle U, (s)

of the incident photon given as:

dfst = By, uy(s) dv dQ dt (2.46)

Q
_ EE, )
=E,
v  E-E, u,(s)
E=Ey,
/i
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Figure 2.6: Illustration of the propagation of radiation during the three main types of
transitions; spontaneous emission (a), absorption (b) and stimulated (induced) emission

(c) over an infinitesimal solid angle. Adapted from Sasao and Fletcher| (2006]).

The proportionality coefficients o/, 8, and 7, in equations [2.44] 2.45] and [2.46] describe

the probabilities of the three transitions, are isotropic, and are known as the differential

Einstein coefficients. For particles in an isotropic radiation field, the transition probabili-
ties dW; for absorption, spontaneous emission, and stimulated emission, respectively, were

originally described by |Einstein| (1917)):

AW, = B U, dt,
AW, = ATt
dWy = B"™U,dt, (2.47)
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where U, is the spectral energy density defined by; U, = [ u,(s) d€2, in units of Jm3Hz"1.

A, B, and B are the Einstein coefficients. The differential Einstein coefficients and

the Einstein coefficients are related by:

n_ ATFW)
W=
B = Bif(v),
B = B (0), (2.48)

where f(v) is the probability distribution of frequency in a spectral line.

2.8 Radiative transfer

2.8.1 Photon number density

An important quantification of particles in interstellar space is the number density, which
represents the total number of particles per unit volume of a column of gas in the ISM.
Taking n,, and n, to represent the number densities in a pair of states Z,, and Z,,
respectively, a transition Z,, — Z,, within time interval dt, into an infinitesimal solid
angle df), in a specific direction -s, per a specific bandwidth dv, the number density of

photons emitted, will be:

N (dfsp + dfst) = (o) + By wy ) dv dS2 dt. (2.49)

In the case of the absorption during Z,, — Z,, transition, the number density will be:

N, dfap = Mo, By, Uy dv Y dt. (2.50)

In the course of both absorption and emission, the infinitesimal variation in the number

density of photons in solid angle in direction -s, per unit bandwidth vy, will be:

dnp(s,v)d,dQY = —ny, B u, + nplog) + B uy(s)] dv dQ2dt. (2.51)
Finally, the photon density variation with time will be:

dny(s,v)

i = (np B} — B, )uu(s) + npag,. (2.52)
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2.8.2 The radiative transfer equation

The photon density variation describes how the photon number density changes with time.
However, there is a need to quantitatively characterise the transfer of the intensity of the
exiting radiation. From equation the following relations hold:

dl = cdt,
I,(s) = cuy(s),
uy(s) = hvny(s,v), (2.53)

where [, is the intensity and c is the speed of light in vacuum. Using the components in
equation [2.53] equation can be transformed to:

dl, hv

ﬁ = —(nmﬁ;n - nnﬁﬁz) I, + hvny anm' (2'54)

c
Further, if we denote (n,,[)"" — nnﬂyﬁ)h—c” from equation as k, and hvn, o] as €,, we
can rewrite [2.54] as:

dl,

7 = = VIV 2] 2.
7 kuI, + € (2.55)

which is known as the radiative transfer equation, where k,, and €, are frequency-dependent
coefficients. The coefficients of the radiative transfer equation represent physical quantities
that describe the interaction of radiation with matter and may vary depending on the
system under study. They describe how radiation is absorbed, emitted, scattered, and
transmitted through a medium. In this instance, k, is the absorption coefficient and €,
is the emission coefficient. k, represents the fraction of the radiation that is absorbed
per unit distance travelled in the medium, and is proportional to the product of the
material’s absorption cross-section and density. ¢, represents the amount of radiation
emitted per unit volume and unit frequency interval by the medium, and is dependent on

the temperature and composition of the material.

The radiative transfer equation conceptually represents the variation in intensity df, that
exiting radiation which entered and propagated through a cylindrical column of gas of
infinitesimal length dl will experience and it will be a sum of contributions from both

absorption and emission. Figure [2.7] shows a simple illustration of this effect.
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-[V(s:l)

Figure 2.7: Radiative transfer through a cylindrical column of gas of infinitesimal length
dl.

2.8.3 Solutions to the radiative transfer equation

The radiative transfer equation has simple solutions under some conditions. To arrive at

these simple solutions, we have to consider two conditions:
1. When k,= 0, that is in the case of no opacity in the medium,;

The solution to the radiative transfer equation will be:

l
I,(l) = 1,(0) + / e, (1)dl'. (2.56)
0
2. When ¢, = 0;

L(1) = I,,(0)el= Jo k)l (2.57)

Furthermore, in the case of k, = constant everywhere, the solution changes to:

I,(1) = I,(0)e~ k!, (2.58)

These solutions enable inferences about the properties of the medium through which the

radiated photon traversed before reaching the observer.
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2.8.4 Opacity

The opacity k,, of the medium defined as (n,,8]" — nnﬁﬁl)h—c” contains contributions of

m
n

emissions due to the factor hvn, o', which is €,. Accordingly, equation can be

substituted to redefine k, as:

ky = B (nm — g—mnn) hv/ec.. (2.59)

n

If g, = gm, equation [2.68| reduces to:

k, = B (ny, —ny) hv/ec. (2.60)

The opacity will have a negative value if the upper energy level is more populated than the
lower level (n,, > n,,). Further, this negative-opacity, assuming homogeneity (equation
, will lead to exponential growth, leading to maser amplification and emission. On
the other hand when the opacity is positive (k, > 0), exponential decay will occur, which

will arise from regular absorption.

2.9 Black body radiation

For a system in thermodynamic equilibrium, under stationary conditions, the number of
upward transitions Z,, — Z, and the number of inverse transitions Z, — Z,, must be

equal. This can be described as:

Tun B iy (8) = n[a” + B wy (s))], (2.61)

where n,, and n,, are the number densities in the lower Z,, and upper Z,, states, respec-
tively. o) and () are the differential Einstein coefficients for spontaneous emission and

absorption, respectively. u,(s) is the spectral density per unit solid angle.

The Boltzmann distribution relates the probability of a system of particles to their energies.
It is expressed as the probability of finding a particle with energy F in a system of non-
interacting particles, given the temperature 7" of the system. The Boltzmann distribution

is used to calculate the occupation number of a particle in a given energy state.

The Boltzmann distribution can be expressed as the probability df,, of a particle occupying
the state Z,:

dfn = gneiﬁv (2.62)
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where k is the Boltzmann constant ~ 1.381 x 10722 JK~!, E, is the energy of state Z,,
and T is the absolute temperature in Kelvin. g, represent the statistical weight (degree

of degeneracy of the state).

Denoting n as the total number density of particles in the medium, the probability df,
statistically must be equal to the ratio of the number density n, and n,, of particles at
Zyn and Z,, levels, respectively. Equation for both levels can thus be written as:

M _ g e (2.63)
n

Bm e (2.64)
n

Substituting equations (2.63]) and (2.64)) into (2.61)), we have:

¢ g Bl () = € F go[all + Bluy (s)], (2.65)

where T is the absolute temperature in Kelvin, g,, and g, represent the statistical weight
that is the degree of degeneracy of the Z,, and Z,, states, respectively. g]! and S are

coefficients of absorption for transitions Z,, — Z,, and Z,, — Z,, respectively.

If the energy density per solid angle of the thermal radiationw,(s) approaches infinity
(uy(s) — o0) and the absolute temperature T of the medium also moves to infinity (7" —
o0), Equation reduces to:

9m B = 9n By (2.66)

Rewriting [2.65] gives:

En—Em

(e 7 —1)B uy(s) = o, (2.67)

where o is the coefficient for emission. Substituting equation into and ignoring
the direction (s) since thermal radiation is isotropic, the energy density per solid angle u,

can be rewritten as:

o 1

_ “n
T pm  hv :
ﬁn erT — 1

Uy

(2.68)

The energy density follows the Rayleigh-Jeans radiation law (Rybicki and Lightman) |1986):

= kT, (2.69)

where v is the frequency, k is the Boltzmann constant ~1.381 x 10723 JK—!, and T is
the absolute temperature in Kelvin. In the case hv < kT



CHAPTER 2. THEORETICAL BACKGROUND 36

am 212

B = (2.70)

Substituting equation [2.70] into [2.68], we obtain Planck’s formula for blackbody radiation:

2h? 1

U, = _
3
€ erT —1

(2.71)

The energy density, U,, measured by radio telescopes, is the integral over the solid angle:

8rhv® 1
L — (2.72)
" erT — 1

U, = j{uyd(l = 4mu, =

The Planck formula (Equation implies that for any frequency range, the measured
intensity of a hot blackbody is always higher than the intensity of a colder body. Inter-
stellar gas clouds, despite colder temperatures, are still bright at radio frequencies due to
their large angular sizes. The total intensity I;,q; of thermal radiation from a blackbody

of temperature T, over the entire frequency range, is given by:
o *2m3 1 1
Liotal = / Ld, = / TTdV = = O'T4, (273)
0 0o ¢ exr —1 T

where o is the Stefan-Boltzmann constant ~ 5.6697 x10~8Wm 2K %

2.10 Basic quantities in radio astronomy

Certain quantities are commonly used in radio astronomy to characterize specific compo-
nents of interstellar radiation, these quantities are presented in this section and will be

used throughout the text.

2.10.1 Intensity [, or Brightness B,

The intensity I, or brightness B, in radio astronomy refers to the amount of power from
an astronomical source dW, in the form of radiation, arriving f