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ABSTRACT

Massive stars (M? ≥8 M�) play a crucial role in structural and chemical

evolution of galaxies, yet their formation processes are still not fully understood.

The problem remains unsettled because of theoretical as well as observational

challenges. The high radiation pressure exerted by young massive stars limits

their maximum mass. On the other hand, these stars generally found to be deeply

embedded in the clustered environments located at far distances (d &1 kpc). A

rapid evolution of young massive stars compared to their low-mass counterparts

limits their observed population. Therefore, a systematic process explaining the

formation of a massive star is necessary.

Recent observations, most prominently after the launch of Herschel Space Ob-

servatory, unravel that the interstellar medium (ISM) is full of web-like elongated

gaseous/dusty features (i.e., filaments) that span from the size of protostellar en-

velope (∼0.1 pc) to the extent of a giant molecular cloud (∼100 pc). These

filaments are universal in the ISM and often found to be linked with the star-

forming sites, embedded clumps, Hii regions, and the clusters of young stellar

objects (YSOs). How these filaments play a role in the formation of stars and

star clusters is still a topic of debate. Furthermore, studying the the link between

filaments and the massive star-forming sites can improve our understanding of

the physical processes of mass accumulation involved in massive star formation

(MSF).

This thesis explores the potency of interstellar filaments in the mass accu-

mulation processes of MSF. It combines multi-scale and multi-wavelength dust

continuum and line data to study the gas kinematics and physical environments

of filaments and the ongoing star formation activities within them. The range

of specific objectives includes observational assessment of a rare recent theoreti-

cal models of the End-dominated collapse (EDC) process in filaments, studying

MSF in a hub-filament system (HFS), investigating the coexistence of multiple

physical processes of star formation within a single filamentary cloud system, ex-

ploring the innermost region of a hub in an HFS, and examining the interactions

of massive stars with their surrounding environment. The thesis presents the
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results derived from the analysis of multi-scale and multi-wavelength data of six

star-forming sites: RAFGL 5085 (d =3.3 kpc), Monoceros R1 (d =760 pc), GMF

G45.3+0.1 (d =8 kpc), IC 5146 dark Streamer (d =600 pc), W42 region (d =3.8

kpc), and S305 Hii region (d =3.7 kpc) in chronological order. The Key findings

from this thesis include the identification of a prominent HFS in RAFGL 5085,

consisting of a central massive clump (∼225 M�) surrounded by multiple parsec-

scale filaments with longitudinal velocity gradients. RAFGL 5085 is found to be a

promising candidate HFS hosting the early stages of MSF prior to the influence of

UV radiation from the compact Hii region. The analysis of 12CO/13CO line data

in the Monoceros R1 complex reveals a supercritical filamentary cloud named

Mon R1 filament (∼1465 M�, length ∼14 pc) at VLSR ∼ −2 km s−1. The higher

surface density of YSOs and relatively large velocity gradients (∼0.6 km s−1 pc−1)

at both the ends of filament support the onset of EDC process. A giant molecular

filament, GMF G45.3+0.1 (∼1.1×106 M�, length ∼75 pc), is discovered exhibit-

ing signatures of both EDC and HFSs, with a VLSR of ∼58 km s−1. The HFSs

are primarily found at the ends of GMF G45.3+0.1. In addition to the HFSs

and EDC signatures, the intertwined sub-filaments in IC 5146 dark Streamer are

observed in the derived high-resolution column-density map (∼13.′′5). The curved

magnetic fields in nearby EDC filaments is found to be a new and novel indicator

of the EDC process. The inner environment of a known HFS in the W42 region,

hosting a massive protostar, highlights the role of turbulence and supports the

hierarchical and chaotic collapse scenario. The collisions between two ridges in

the S305 Hii region (with VLSR of ∼42 and ∼45 km s−1) may have formed the

known massive stars. The [Cii] 158 µm line data further unlocked the expanding

neutral shells (Vexp ∼ 1.3 km s−1) that triggered the dense clump formation at

the boundary of S305 Hii region supporting the “collect and collapse” scenario

of triggered star formation.

Overall, this thesis contributes to our current understanding of the complex

processes involved in the MSF within interstellar filaments. The insights gained

from this research provide a foundation for future investigations and shed light

on the new intricate mechanisms driving MSF in the ISM.
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Chapter 1

Introduction

Stars are universally known celestial objects that serve as the fundamental con-

stituents of galaxies. They form in the densest and coolest regions of the inter-

stellar medium (ISM) throughout the Galaxy and primarily consists of gas, dust,

and cosmic rays. Hydrogen, a most abundant element (approximately 70% by

mass; Smith, 2004) in the visible Universe exists in three different forms such as

molecular hydrogen (H2), atomic hydrogen (Hi), and ionized hydrogen (Hii). The

majority of the remaining mass is contributed by helium and all other heavier

elements (or collectively referred to metals in astrophysics). Molecular clouds,

comprising a small volume fraction (∼2–4%; Smith, 2004) among the various

phases of the ISM, play a crucial role as potential sites for star formation (Ken-

nicutt & Evans, 2012). Apart from H2, molecular clouds include CO, OH, H2O,

HCN, NH3, and other complex organic (carbon based) molecules.

In general, by mass, stars are categorized as low-mass stars (M? ≤ 2 M�),

intermediate-mass stars (2 < M? < 8 M�), and the major focus of this thesis,

high-mass (or massive) stars (M? ≥ 8 M�). This distinction is primarily based

on the Chandrasekhar limit (remnant core mass ∼1.4 M�) so that the progenitor

massive star undergoes core collapse supernova during its death and forms either

a neutron star (M? ∼ 8 − 25 M�) or a black hole (M? > 25 M�). Stars of all

masses are primarily formed in clustered environments (Lada et al., 2003), shar-

ing similar ages and chemical compositions. In later stages, these star clusters

may remain bound system (e.g., globular clusters) or disperse (e.g., open clus-

1
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ters) to contribute the field population stars. Therefore, studying the physical

environment of star-forming sites may disclose their formation processes and the

history of galactic evolution.

1.1 General picture of star formation in molec-

ular clouds

Molecular clouds as mentioned in previous section are composed of dust and gas

and differ from one another based on the variation in their physical properties

(e.g., number density, temperature, size, and extinction). Giant molecular clouds

(GMCs) are the largest molecular cloud structures of mass 105–106M�, density

∼ 100 − 300 cm−3, and size ∼50–100 pc. Within GMCs, the smaller scale sub-

structures are either referred to as clouds (>10 pc), clumps (∼1–3 pc), and cores

(<0.1 pc; e.g., Smith, 2004)1. Some clouds appear darker at infrared (IR) wave-

lengths are known as infrared dark clouds (IRDCs) and serve as a potential sites

of massive star formation (MSF; e.g., Rathborne et al., 2006). Chapter 6 presents

the investigation of MSF in such a site.

A prevailing question is how substructures form within a molecular cloud in

the first place and why stars form within smaller-sized cores compared to much

larger-sized clump structures. The answer to this lies in the role of supersonic

turbulence and its interplay with gravity (e.g., Krumholz, 2014; Krumholz &

Burkhart, 2016). Some earlier works describe turbulence as the “one in which

velocity at any point fluctuates irregularly” (McKee & Ostriker, 2007) or “non

linear fluid motion, resulting in the excitation of an extreme range of correlated

spatial and temporal scales” (Elmegreen & Scalo, 2004). The energy from the

large scale generally translates to the smaller scales and sustain the observed

turbulence level seen in observations and simulations of molecular clouds (e.g.,

Ballesteros-Paredes, 2004; Krumholz & McKee, 2005; Ballesteros-Paredes et al.,

2006). These power suppliers can be in the form of galactic shear, gravitational

instability in spiral arms, collision between clouds, outflows from young stars,

1These values represent typical figures commonly used in research community.
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stellar winds/radiation, and supernova explosions (Smith, 2004). Therefore, the

turbulence in molecular clouds introduces velocity fluctuations that play a crucial

role in shaping the density structure of the cloud. These fluctuations lead to den-

sity variations, which are essential for initiating star formation. The substructures

reach a critical point where the gravitational force overcomes the counteracting

effects of turbulence, thermal pressure, and magnetic field, the collapse process

is started, ultimately giving rise to the formation of stars.

In general, stars can form through two main mechanisms: spontaneous and

triggered. In spontaneous star formation, stars form without any specific trigger

or external agent initiating the process. This mode of formation is considered

an ideal assumption, although there may be underlying mechanisms yet to be

observed, which primarily depend on the shape of the molecular cloud (e.g., Sec-

tion 1.3). However, in a real scenario, all the star formation processes seem to be

driven by the presence of external feedback agents or triggering mechanisms to

initiate star formation process within molecular clouds. Examples of such trigger-

ing agents include the radiative and mechanical feedback from existing massive

stars, such as the expansion of ionized regions (Hii regions) or supernova explo-

sions. Galactic shear and supersonic collisions between clouds are also triggering

agents (see Elmegreen, 1998, for an overview of triggered star formation).

The conditions for the cloud to collapse and form the stars were first given by

Sir James Jeans (1877–1946) in 1902. A simplifying assumption is considered in

the analysis neglecting the effects due to turbulence, galactic magnetic field, and

cloud rotation. For a spherical cloud in hydrostatic equilibrium the governing

equation is:
dP (r)

dr
= −Gρ(r)m(r)

r2
(1.1)

where, r is the radius of spherical cloud enclosing mass m(r), ρ(r) is the gas

density at radius r, P (r) is the outward pressure exerted by gas due to its kinetic

energy, and G is the gravitational constant. The cloud will become gravitationally

unstable when its gas kinetic energy fails to balance the gravitational potential

energy. In this case the cloud begins to contract once it overcomes the critical

mass limit and continues collapsing unless opposing force impedes the collapse.
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This critical mass is known as Jean’s mass and can be derived from Equation 1.1

and expressed as (e.g., Shu et al., 1987):

MJ =

(
5kbT

µmHG

)3/2(
3

4πρ0

)1/2

(1.2)

where, T is the gas temperature, kb is the Boltzman’s constant, ρ0 is the initial

gas density, µ is the mean molecular weight, mH is the mass of hydrogen atom,

and G is defined earlier. Such a spherical gas cloud of uniform density ρ will

collapse under its self gravity and without any pressure support on a time scale

of

tff =

√
3π

32ρG
, (1.3)

which resulted in ∼ 4× 105 yr, for the initial density of ∼ 104 cm−3.

For a significant period, the prevailing assumption was that molecular clouds

had a near-spherical shape. However, recent observational results support the

existence of arbitrary structures within molecular clouds, where the simple Jeans

formalism may not be applicable (e.g., Section 1.2). Additionally, the inclusion

of other factors such as turbulence and magnetic fields may further complicate

the problem. Nevertheless, it is still believed that local variations in the density

distribution can lead to the formation of small gravitationally unstable conden-

sations (∼0.1 pc), where subsequent stages of star formation take place.

1.1.1 Low-mass star formation

In the previous sections, we learned about the substructures within molecular

clouds, namely clumps and cores, which are formed as a result of the combined

effects of self-gravity and turbulence in the ISM. The cores, which are the ultimate

structures, undergo gravitational collapse to form single or multiple stars. These

cores can be categorized as starless, prestellar, and protostellar cores (Smith,

2004).

A starless core refers to a dense core that does not contain any embedded

stars. However, these cores may have a less centrally condensed structure and

could be either gravitationally collapsing or on the verge of dispersing. The
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starless cores that are gravitationally bound and prone to collapse are known as

prestellar cores. These cores often exhibit infall motion and have centrally peaked

structures. Protostellar cores, on the other hand, are cores that host developing

self-luminous sources (e.g., Enoch et al., 2008). When a prestellar core under-

goes collapse, it initially maintains a relatively constant temperature (isothermal

collapse) around 15 K, with densities ranging from 104 to 1011 cm−3. The radia-

tive cooling through reprocessed dust emission at millimeter (mm) wavelengths

is efficient during this phase. However, as the collapse progresses, the density in-

creases, resulting in higher radiation opacity, which heats the central regions. At

this stage, the collapse transits from isothermal to adiabatic, and a phase known

as the “first hydrostatic core” forms when thermal pressure is able to counter-

act gravity. This occurs at densities around 1013 to 1014 cm−3 and temperatures

of 100-200 K. During the adiabatic collapse at temperatures of around 2000 K,

molecular hydrogen dissociates, requiring energy due to its endothermic nature.

This leads to a brief gravitational collapse. Once all the H2 is dissociated, the col-

lapse is halted again, resulting in the formation of a more compact core (density

around 1023 cm−3 and temperature around 104 K), referred to as a protostellar

core. Subsequently, material accretion continues from the protostellar envelope

onto the central protostar (Smith, 2004).

The evolution from the protostellar core to young stars can be traced through

observations across the wavelength range from near-infrared (NIR) to sub-

millimeter (sub-mm) wavelengths. These baby stars show excess emission at IR

bands due to the presence of dusty circumstellar environment, hence, also known

as IR-excess sources. Generally, four broad classes of protostars, also known as

young stellar objects (YSOs), are discussed based on their geometry and spec-

tral energy distribution (SED). These are classified as Class 0, I, II (also known

as classical T-Tauri stars), and III (weak-line T-Tauri stars) YSOs, as shown in

Figure 1.1 (e.g., Andre et al., 1999). The youngest protostars are designated as

Class 0 YSOs, which subsequently evolve into the phases of Class I, II, and III

YSOs before becoming main-sequence stars. Main-sequence stars are the final

stage often referred to simply as ‘stars,’ as their energy is generated through
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nuclear hydrogen burning in the central core. These stars are located along the

main sequence in the Hertzsprung-Russell (H-R) diagram. The slope of the SED,

denoted as αλ is defined as:

αλ =
d(log λSλ)

d(log λ)
, (1.4)

where Sλ represents the flux at a given wavelength λ. Below is a brief description

of the different phases of YSOs (see also Figure 1.1):

Class 0: This indicates the phase in which the central protostar is embedded

in its thick dusty envelope and is barely visible at optical and NIR wavelengths.

However, its SED peaks in the sub-mm portion of the spectrum. The mass of

infalling material exceeds that of the central region and the signature of outflow

and rotating disk become observable (Smith, 2004).

Class I: The SED of this source has a positive slope in the wavelength range

of 2–25 µm (i.e., αλ > 0) and has evolved its envelope and widen the outflows.

From this stage the infalling envelope contains less mass compared to the central

protostar.

Class II: These sources refer to the pre-main sequence stars which develop sig-

nificant circumstellar disks and loss most of their envelope. The spectral index

found in the range −1.5 < αλ < 0. These sources are also known as T Tauri

(M < 1.5 M�) and Herbig Ae/Be (1.5 < M < 10 M�) stars (Smith, 2004).

Class III: These pre-main sequence stars cease to accrete material and therefore

do not exhibit outflow activity. They may undergo disk dissipation during the

formation of planetary bodies. The slope of their SED becomes steeper and more

negative (i.e., αλ < −1.5).

It is to be noted that the main source of energy for pre-main-sequence stars

is gravitational contraction (e.g., Lada, 1999; Andre et al., 1999). The timescale

for this period in which nuclear reactions are not started is known as Kelvin-

Helmholtz phase (Huang & Yu, 1995; Smith, 2004), and is given by:

tKH =
GM2

RL
, (1.5)

where M , R, and L are the mass, radius, and luminosity of protostellar object,
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respectively. This timescale is around 5× 107 yr for a 1 M� star, and 6× 104 yr

for a 15 M� star.

Figure 1.1: Schematic diagram of geometrical structures and corresponding SEDs of low-mass proto-

stellar evolutionary phases. Credit: M. V. Persson (https://doi.org/10.6084/m9.figshare.1121574.v2 and

https://doi.org/10.6084/m9.figshare.654555.v7).

1.1.2 High-mass star formation

In comparison to low-mass stars, which make up an overwhelming fraction of the

stars in the Galaxy and host planetary systems, massive stars are relatively rare

but of great interest. This is concluded by the shape of initial mass function

(IMF; see Salpeter, 1955; Kroupa, 2001; Chabrier, 2007, for more discussion),

which is given as:
dN

dM
∝M−2.35, (1.6)

where dN is the number of stars per mass bin of dM . This equation implies that

for the stellar population of young stars including massive ones, most of the mass

is concentrated in low-mass end. However, most luminosity comes from massive

stars (assuming L ∝ M3; Salaris & Cassisi, 2006). These rare massive OB stars

are known to play a major role in the energy budget of galaxies through their

https://doi.org/10.6084/m9.figshare.1121574.v2
https://doi.org/10.6084/m9.figshare.654555.v7
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ionizing ultraviolet (UV) radiation, stellar winds, and supernova events. The

mechanical and radiative energy output from these stars lead to either the dis-

ruption of star-forming clouds (i.e., negative feedback) or the triggering of a new

generation of stars, including young massive star(s) (i.e., positive feedback; e.g.,

Deharveng et al., 2005, 2010). The collective impact of these feedback processes

serves as a source of turbulence within the ISM, which is considered a signifi-

cant mechanism that regulates the process of star formation (e.g., Section 1.1).

Therefore, they play a major role not only maintaining the matter flow and pro-

moting further star formation in the ISM, but also injecting the heavier elements

throughout the ISM, serving as essential components for the creation of organic

matter in the Universe.

Unlike low-mass stars, which have well-established evolutionary phases (such

as Class 0/I/II/III phases; see Section 1.1.1), the evolutionary sequence for mas-

sive stars is not well-established (Zinnecker & Yorke, 2007; Rodŕıguez, 2006; Motte

et al., 2018). For massive stars tKH � tff (see Equations 1.3 and 1.5) compared to

their low-mass counterparts, indicating that the star begins nuclear fusion while

still in accretion phase (Palla & Stahler, 1993; Keto & Wood, 2006). Therefore,

the primary challenges arise from the strong radiation pressure exerted by young

massive stars (or massive protostars), which inhibits the infall of material from

their parent cloud (or clump) once the massive stars begin to form. This inter-

action between radiation and accretion flows sets it apart from the formation of

low-mass stars and demands a comprehensive understanding.

In line with the classical model of low-mass star formation, the radiation

pressure (P = L
4πr2c

, where r and c are the distance at which the pressure is

estimated and the speed of light, respectively) from young massive stars (L >

103 L�) is capable of halting their accretion process for stars above 7 M� (Shu

et al., 1987). However, more massive stars, infact found in abundance (e.g.,

Vink, 2015; Hirschi, 2017; Bestenlehner et al., 2020, and references therein). As

a result, several theories have been proposed to explain the mechanisms behind

the formation of massive stars (e.g., Zinnecker & Yorke, 2007; Rodŕıguez, 2006;

Motte et al., 2018). A decade ago, three main classes of theories describing
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the formation of massive stars were put forward, which are core accretion (or

monolithic collapse; McKee & Tan, 2003), competitive accretion (Bonnell et al.,

2004; Bonnell & Bate, 2006), and stellar coalescence (or stellar mergers; Bonnell

et al., 1998).

Monolithic collapse is the scaled-up version of the low-mass star formation

with an increasing accretion rate of 10−4–10−3 M� yr−1 (McKee & Tan, 2003),

where accretion primarily happens through accreting disk (e.g., Yorke & Sonnhal-

ter, 2002). This theory provoke the existence of single and isolated massive

prestellar cores, which is enigmatic. In the case of competitive accretion, the

material for forming massive star does not initially bound to a star, rather, it

funneled onto it via a collective gravitational attraction of a star cluster. In

this way, the low mass protostars compete for material from the entire parent

molecular clump (Bonnell et al., 2004). The protostars at the cluster centre have

advantage to gather more material than off-centre participants, thus, they grow

faster to become massive stars (Bonnell & Bate, 2006). However, it has short-

comings as it depends on spherical accretion, which is more prone to be disrupted

by stellar feedback (e.g., Rodŕıguez, 2006). On the other hand, stellar coalescence

advocates for the collision of low-mass protostellar objects to form massive star,

but it requires a stellar density of 108 pc−3, much higher than the observed den-

sities. Therefore, these models have serious shortcomings, but they collectively

support the requirement of a sufficient mass reservoir for the formation of massive

stars.

The study of MSF faces challenges not only in theoretical aspects but also in

observational limitations. Massive star-forming regions are typically located at

far distances from the Sun (d ≥ 1 kpc), necessitating high-angular resolution ob-

servations. Moreover, these regions are deeply embedded, requiring observations

at centimeter (cm), mm, sub-mm, and mid/far-infrared (MIR/FIR) wavelengths

to penetrate through the obscuring material. Additionally, the rapid evolution

of massive star-forming cores presents difficulties in target selection. This is also

reflected in the lifetime of massive stars, which is much shorter compared to

that of their low-mass counterparts, posing challenges in studying their earliest
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evolutionary phases. The combined effects of stellar feedback and high column

densities of star-forming materials complicate the interpretation of observational

data.

1.1.2.1 Early phases of a massive star

Hii regions, formed through the ionization of hydrogen by intense UV radiation

emitted by massive OB stars, serve as valuable observational proxies for these

stars. These Hii regions are found to be associated with the Galactic massive

star-forming regions. In recent years, IR and submm data have revealed plenty

of bubbles and filamentary structures in star-forming regions (e.g., Churchwell

et al., 2006; André et al., 2010), which are often found to host several Hii regions,

star-forming clumps, and clusters of YSOs. The 6.7 GHz Class II methanol

maser emission (MME) and its IR counterpart possibly indicates the presence of

a massive young stellar object (MYSO). The absence of radio continuum emission

further tells us that the massive YSO is embedded in its dusty envelope and has

not produced the Hii region yet. A general classification of various components

at the early stages of massive stars are given in the literature (e.g., Churchwell,

1999; Beuther et al., 2006; Zinnecker & Yorke, 2007) Below, we highlight the

major early evolutionary phases of massive stars:

High-mass starless core: The MSF occurs in a high-mass starless core (HMSC)

within a molecular clump, where density reaches local maximum > 106 cm−3 and

temperature is local minimum T < 20 K. The typical mass of these clumps

(size∼0.2–0.5 pc) range from 100 to 1000 M� (Beuther, 2002; Sridharan et al.,

2005). The IRDCs are believed to provide such a potential sites meeting afore-

mentioned conditions (Rathborne et al., 2006). However, HMSCs are rare, pos-

sibly because of their short lifetime (e.g., Ragan et al., 2012).

High-mass protostellar object: This phase is categorized based on the pres-

ence of infall signatures, the absence of radio (cm-wavelength) emission, and the

limited or weak detection of complex molecule emissions. The lack of radio emis-

sion expected from the ionized gas indicates that these forming star still have low

to intermediate masses and have not yet started nuclear hydrogen burning.
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Hot molecular core: This phase is distinguished by the intense emission from

the complex organic molecules, including CH3OH, HCOOCH3, C2H5CN, and

more. The molecular outflow signature is also prominent in this phase. The

presence of these molecules, as observed in previous studies (e.g., Kurtz et al.,

2000; Cesaroni, 2005; Beuther, 2006; Rolffs & Schilke, 2011), indicates that a sub-

stantial portion of these star-forming cores have experienced heating, resulting in

the evaporation of ice on dust grains and subsequent high-temperature gas-phase

chemistry (Herbst & van Dishoeck, 2009).

Hypercompact and Ultracompact Hii regions: Once the nuclear hydrogen

burning start in the central regions of forming massive stars, the intense UV ra-

diation ionize its surrounding environment and forms the hypercompact (HC) or

ultracompact (UC) Hii regions (Kurtz & Franco, 2001; Kurtz, 2005; Gonzalez-

Aviles et al., 2005). The major distinction between these two phases is their sizes

and electron densities, that is given for HC Hii (UC Hii) as ≤ 0.03 (≤ 0.1) pc,

and ne ≥ 106 (≥ 104) cm−3, respectively (e.g., Kurtz, 2005; Yang et al., 2021).

HC Hii regions are thought to originated from the photoevaporation of the disk,

while UC Hii regions lack a disk and are formed by the photoionization of molec-

ular cocoon.

Compact or Classical Hii regions: As the young massive star evolves, the

ionization process leads to the hydrodynamic expansion of the region, causing the

disruption of the parent molecular cloud. During this stage, embedded massive

stars, along with their associated low-mass stellar population, can be observed

at optical and NIR wavelengths. This thesis primarily investigates the com-

pact/classical Hii regions as a proxy of massive stars.

All of these above-mentioned phases may not entirely indicate a sequential

evolutionary phase of MSF. It is challenging to differentiate between evolution-

ary stages based solely on differences in luminosity, especially considering the

rapid evolution of these objects. Therefore, some of the phases described above

may coexist during the MSF such as the hot molecular core phase may exist

simultaneously with the HC Hii and UC Hii regions.
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1.1.3 Modern scenarios of MSF

In recent years, it has been observed that the star formation process is not solely

regulated by core-scale dynamics. Instead, the ongoing physical processes at cloud

scales have also been found to play a significant role in shaping star formation

(e.g., Motte et al., 2018; Fukui et al., 2021a; Hacar et al., 2022).

The theories of MSF can be broadly categorized based on their primary em-

phasis on mass accumulation processes and the presence of a significant mass

reservoir. The core-fed scenario suggests that the stars acquire mass from their

parent core (or envelope) in a similar fashion to low-mass stars (McKee & Tan,

2003; Rodŕıguez, 2006). This scenario demands that the pre-stellar core must

be sufficient massive (>30 M�), leading the star formation efficiency of ∼40%

from cores to stars (Könyves et al., 2015, 2020). Based on the analysis of

FIR/sub-mm Galactic plane data/surveys, previous studies suggest that massive

pre-stellar cores are extremely rare (e.g., Traficante et al., 2018a; Motte et al.,

2018, and references therein). Moreover, with the advent of Atacama Large

Millimeter/submillimeter Array (ALMA) in recent years, the fragmentation of

clumps at sub-parsec scales has been observed, and it is commonly noted that

the existence of massive pre-stellar cores seems to be negligible (Svoboda et al.,

2019; Sanhueza et al., 2019). This indicates that the phase of massive pre-stellar

cores is likely to be very short-lived, making their detection rare (Ginsburg et al.,

2012). The supersonic collision between two gas clouds may lead to the formation

of such massive prestellar cores, however, a comprehensive picture is not yet well

established (see review article by Fukui et al., 2021a, and Section 1.3.4 for a brief

overview).

Alternatively, it is possible that the massive prestellar cores may not exist at

all and the MSF is thus a much more dynamical process. In this case, favoring the

competitive accretion model (Bonnell & Bate, 2006), the smallest seeds compete

for material and form massive protostars. However, such processes should be

regulated from the scales of the cloud to cores, in order to have sufficient mass

reservoir for MSF. Therefore, in this clump-fed scenario, a global hierarchical
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collapse process (GHC; Vázquez-Semadeni et al., 2019) occurs within a cloud

that form the dynamically connected structures from the scales of cloud to clumps

and cores (e.g., Smith et al., 2009; Ballesteros-Paredes et al., 2011; Peretto et al.,

2013; Vázquez-Semadeni et al., 2019).

In the GHC model, Vázquez-Semadeni et al. (2019), local centers of collapse

form throughout the cloud while the cloud as a whole contracts. The collapse

occurs at various scales and may not start simultaneously. According to this

scenario, a small number of stars may form early in different regions of the cloud,

while the majority of the stellar population forms later as the gas density increases

due to global contraction. This understanding is supported by the observations

of massive sub-parsec fragments (e.g., scale ∼1000–10000 AU Csengeri et al.,

2017) in high-resolution dust continuum and line observations (Beuther et al.,

2018; Sanhueza et al., 2019; Svoboda et al., 2019). Furthermore, this scenario

finds observational support from clumps that exhibit high accretion rates of Ṁ =

10−4 − 10−3 M� yr−1 (Wyrowski et al., 2016; Yuan et al., 2017a; Traficante

et al., 2018a). However, a direct connection between the formation of sub-parsec

scale fragments and the accretion at parent clumps has not yet been definitively

established. There are instances in the literature where regions exhibit accretion

at core scales (Yuan et al., 2017a; Cortes et al., 2019), sometimes accompanied by

simultaneous accretion at the clump scale and evidence of global collapse of parent

structures (Peretto et al., 2013). However, it remains uncertain whether this

large-scale accretion is directly responsible for the observed small-scale accretion.

After the launch of the Herschel space observatory, a new understanding of

star formation has emerged. It became evident that nearly all molecular clouds

exhibit either linear substructures or are themselves formed in a linear manner

(e.g., André et al., 2010, 2014; Arzoumanian et al., 2011). These elongated struc-

tures, characterized by an aspect ratio (A = length
width

) of 3–5 or more, are now

commonly referred to as filaments (or filamentary structures André et al., 2010).

They are ubiquitous in the ISM and are often found to be associated with star-

forming sites, Hii regions, embedded clumps, and clusters of YSOs. The star

formation studies in filaments suggest that filamentary clouds break into frag-
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ments of dense clumps and cores, which can further collapse to form YSOs as

well as massive stars (e.g., Kainulainen et al., 2016; Dewangan et al., 2017a,b).

Based on the observed morphologies of filamentary structures, there have been

at least two different scenarios concerning the role of filaments in star formation.

One is the “Hub-Filament Systems” (HFSs; Myers, 2009), which are thought to

be reliable sites for MSF (e.g., Motte et al., 2018). HFSs represent the complex

of filamentary molecular clouds/filaments merging at the central hub. In another

scenario, which is a less explored process named as “End-Dominated Collapse”

(EDC), is found to occur in isolated filaments. The EDC scenario suggests that

the collapse occurs faster at the ends of the filament compared to central regions

(e.g., Bastien, 1983; Pon et al., 2012; Clarke & Whitworth, 2015; Hoemann et al.,

2022). The presence of HFSs is widely known in the literature, but the obser-

vational evidence for the EDC scenario is relatively scarce. This serves as the

primary motivation for the thesis, which aims to explore the role of interstellar

filaments in the formation of massive stars and their associated stellar clusters.

The thesis offers novel observational insights into the physical processes underly-

ing star formation within filaments, encompassing scales ranging from clouds to

clumps. A detailed description of these processes is presented in Sections 1.3.3

and 1.3.2.

In the following sections, a comprehensive review on interstellar filaments and

their role in star formation process is presented.

1.2 Filaments in the interstellar medium

E. E. Barnard’s pioneering work in 1907 established the direct connection between

elongated features in the ISM, dense cores, and stars, referred to as dark lanes,

holes, and nebulae in his paper, respectively (Barnard, 1907). However, the sub-

sequent advent of molecular line observations further reinforced the connection

between interstellar geometry and star formation processes (Wilson et al., 1970).

Despite over a century of research and numerous breakthroughs, understanding

the physics of star formation across multiple scales and the significance of ubiq-
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uitous filamentary structures in the ISM remains a challenge (see an extensive

review by Hacar et al., 2022).

Filamentary clouds are observed as the dark lanes in the optical and NIR/MIR

wavelengths. In other words, these structures appear darker (or absorption fea-

ture) in shorter wavelengths due to the dust extinction of background starlight

(e.g., Jackson et al., 2010; Dewangan, 2022). However, at longer wavelengths i.e.,

FIR to submm/mm, these structures appear in emission (e.g., Hacar et al., 2016;

Dewangan et al., 2019b). This happens because of the thermal dust emission at

low temperature. The longer wavelength light is less extincted (scattered and

absorbed) by the intervening dust particles compared to the shorter wavelength

light (Draine, 2003).

In recent years, the extensive presence of filamentary structures in the ISM

and molecular clouds has been revealed, building upon earlier studies (Schneider

& Elmegreen, 1979; Abergel et al., 1994). After the launch of the Herschel Space

Observatory (Pilbratt et al., 2010) in 2009, the picture of the Galactic ISM has

changed significantly, leading to new questions in the field of star formation rather

than resolving existing ones. This substantial progress has been made possible by

the high resolution and dynamic range observations of the Herschel observatory,

particularly in the sub-mm wavelength ranges (André et al., 2010; Molinari et al.,

2010a). Herschel has unveiled the intricate networks of elongated features in dust

emission throughout the ISM, which are widely distributed and often associated

with young stars and star-forming regions. The presence of YSOs is often closely

tied to the long spines of the filaments (e.g., Beuther et al., 2015; Kainulainen

et al., 2016; Mattern et al., 2018; Dewangan, 2022). Furthermore, the Planck

satellite has also provided all-sky maps of sub-mm emission, capturing total and

polarized intensity. These maps have shed light on the hierarchical filamentary

structure of the Galactic ISM on large scales (Ade et al., 2015; Adam et al.,

2016a). The combined data from Herschel and Planck missions have revealed

that interstellar matter is organized in a web-like network of filaments, arising

naturally as a result of the physical processes at work in the ISM.

The dust continuum and molecular line data have revealed that the filaments
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are present across a wide range of scales and environments. For example, these

structures have been identified from the scale of sub-parsec features within clouds

(∼0.1 pc; e.g., protostellar envelope; Hacar et al., 2013) to the extent of GMCs

(i.e., ∼100 pc Goodman et al., 2014; Abreu-Vicente et al., 2016a; Mattern et al.,

2018; Zucker et al., 2018) and kpc-sized objects associated with spiral arms (Li

et al., 2021). Furthermore, filaments have been observed in the densest high-

mass star-forming regions (Treviño-Morales et al., 2019a) as well as in the atomic

interstellar medium (Syed et al., 2022). The Herschel Gould Belt Survey (HGBS)

was a dedicated survey to understand the formation mechanisms of prestellar

cores from the diffuse ISM (André et al., 2010).

The HGBS and Herschel Infrared Galactic Plane Survey (Hi-GAL; Molinari

et al., 2010a), for the first time, mapped the dust emission throughout the Galac-

tic plane within the range −70◦ < l < 68◦ and approximately 145 deg2 field,

providing us with many valuable insights into the star formation processes in

filaments. The Gould belt is a giant, flat structure with dimensions of approxi-

mately 700 × 1000 pc2 and is inclined by around 20◦ to the Galactic plane. The

HGBS is based on FIR/sub-mm observations of nearby molecular clouds (d . 0.5

kpc) using both the Spectral and Photometric Imaging Receiver (SPIRE; 70 and

160 µm; Griffin et al., 2010) and Photoconductor Array Camera and Spectrometer

(PACS; 250, 350, 500 µm; Poglitsch et al., 2010) bolometer cameras.

In the literature, gravitational instability of a filament is defined by its crit-

ical line mass parameter. One can calculate the critical line mass of a filament

(Mline,cri) by considering it as an infinite and non-magnetized isothermal cylinder,

which is in equilibrium between gravitational and thermal pressures. Mline,cri is a

function of the kinetic temperature (T ) of the gas only, and can be expressed as

follows (Ostriker, 1964):

Mline,cri =
2c2
s

G
' 16M�

pc

(
T

10K

)
, (1.7)

where cs =
√

kT
µmH

is the isothermal speed of sound at temperature T , and G

is the universal gravitational constant. To incorporate the effect of non-thermal

motions on the stability of a filament, the term cs can be substituted with the total
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velocity dispersion (σtotal =
√
c2

s + σ2
NT), where σNT is the non-thermal velocity

dispersion, resulting in the determination of the virial line mass (Mline,vir) as

follows:

Mline,vir =
2σ2

total

G
' 465M�

pc

( σtotal

1 km s−1

)
. (1.8)

According to Ostriker (1964), a cylindrical filament can only resist collapse

thermally if its line mass stays below a critical value Mline,cri. However, if the

line mass exceeds this critical value, even small perturbations within the filament

can grow due to self-gravity. This ultimately results in radial collapse and frag-

mentation, as described in the models of fragmenting cylinders (Nagasawa, 1987;

Inutsuka & Miyama, 1992; Fischera & Martin, 2012). Also, the contribution

of non-thermal gas motions effectively enhance the line mass and thus further

support the filament against gravitational collapse.

The observed line mass (Mline,obs) of filaments can be calculated as Mline,obs =

M
L

, where M and L are the mass and length of filament, respectively. Obser-

vationally, the thermal supercritical filaments having Mline,obs > Mline,cri show

the signature of star formation activities and prestellar cores along their long

spines, whereas the subcritical filaments for which Mline,obs < Mline,cri do not gen-

erally show these signatures (André et al., 2010). Hence, Mline,cri represents the

threshold line mass above which a filament undergoes gravitational instability,

leading to radial contraction and fragmentation along its major axis (Inutsuka

& Miyama, 1997). The results from Herschel observations support the univer-

sality of filamentary structures in the ISM. André et al. (2010) presented the

results for two exemplar regions, Aquila rift and Polaris Flare, demonstrating

that most of the bound prestellar cores are concentrated in the supercritical fila-

ments (Mline,obs > Mline,cri), and show the close relationship between the core mass

function (CMF) and the IMF. They also emphasized that the stages of star for-

mation involve the formation of filaments by interstellar magneto hydrodynamic

(MHD) turbulence, followed by the formation of gravitationally bound and un-

stable cores, leading to the formation of stars. Figure 1.2, which is adapted from

André et al. (2010), presents the column-density (N(H2)) maps of the Aquila rift

and Polaris Flare regions. These maps also provide the information of gravita-
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tional stability parameter (i.e.,
Mline,obs

Mline,cri
) that infers the supercritical or subcritical

states of a filament. The Aquila rift region contains much denser gas and, con-

sequently, has gravitational unstable cores and Class 0 YSOs, compared to the

Polaris Flare region, which does not host any Class 0 YSOs and exhibits unbound

starless cores.

Figure 1.2: The column density maps of Aquila rift (left) and Polaris Flare (right) regions. The bound prestellar

cores and Class 0 YSOs (see Bontemps et al., 2010; Könyves et al., 2010) are indicated by blue triangles and

green stars, respectively. The figure is adopted from André et al. (2010).

Therefore, filaments play a crucial role in various astrophysical processes,

particularly in star formation. They are frequently associated with star-forming

sites where dense molecular gas initially accumulates, eventually leading to the

formation of stars and star clusters.

1.2.1 Formation of interstellar filaments

The widespread presence of filaments associated with both star-forming regions

(e.g., Könyves et al., 2010; Bontemps et al., 2010) and non star-forming regions

(or a quiescent cloud such as Polaris; Men’shchikov et al., 2010; Ward-Thompson

et al., 2010) suggests that the formation of filamentary structures is an inherent

outcome of the physical processes occurring in the magnetized turbulent cold

ISM (André et al., 2010; Arzoumanian et al., 2013). This also suggests that the

filament formation precedes the star formation in any GMCs. The origin of the
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filamentary structures in GMCs is still a topic of debate. However, they are

likely to form in gas that has experienced strong compression due to converging

supersonic and anisotropic gas accretion (e.g., Chen et al., 2020a, and references

therein). Numerical simulations incorporating colliding flows and turbulence have

shown the formation of filaments within post-shock regions, accompanied by the

emergence of self-gravitating cores (e.g., Vazquez-Semadeni et al., 2007; Gong &

Ostriker, 2011; Chen & Ostriker, 2014).

The presence of filamentary structures in the gravitationally unbound cloud

complex, such as Polaris (Figure 1.2), suggests that turbulence, rather than grav-

ity, plays a major role in their formation at large scales. It has been found

that turbulence compression of interstellar gas can give rise to the formation

of filaments (Padoan et al., 2001). Along these filaments, the relative veloc-

ity difference between two layers of gas remnants is minimized, resulting in low

(or transonic) velocity dispersion (e.g., Klessen et al., 2005; Arzoumanian et al.,

2013). Arzoumanian et al. (2013) discovered that thermally supercritical fila-

ments are self-gravitating structures that exist in approximate virial equilibrium

(Mline,vir ∼ Mline,obs), while subcritical filaments are unbounded structures that

exhibit overvirial states (i.e.,
Mline,vir

Mline,obs
≥2). Furthermore, these authors found

that filaments with column densities N(H2) < 8 × 1021 cm−2 (or equivalent to

Mline,obs < Mline,cric at T = 10 K; see Figure 6 in Arzoumanian et al., 2013)

exhibit a constant velocity dispersion, while those with high column densities

(i.e., N(H2) > 8 × 1021 cm−2 or Mline,obs > Mline,cric) display a linear trend with

σv ∝ N(H2)0.5. This suggests that the central column density of thermally super-

critical filaments is expected to increase over time due to radial collapse and the

accretion of background material. Since the observed velocity dispersion directly

measures Mline,vir (see Equation 1.8), which subsequently increases with N(H2), it

is possible that the observed velocity dispersion reflects not only the evolutionary

state of filaments but also the level of turbulence in the parent cloud. There is fur-

ther direct evidence supporting the process of accretion and growth in Mline,obs for

supercritical filaments, which is observed in several cases as low-density striations

or subfilaments perpendicular to the main filaments. These striations appear to
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feed the main filaments from the side. Examples of such observations include

the B211/B213 filament in Taurus, where the signature of infalling material is

observed from CO observations (Goldsmith et al., 2008; Palmeirim et al., 2013),

and the alignment of magnetic field lines to that of striations is found (e.g., Shi-

majiri et al., 2019b). Similar evidence is found in the Musca filament (Cox et al.,

2016) and the DR21 ridge in Cygnus X (Schneider et al., 2010). Hence, once the

structure forms, further material accretion enhances the formation of filaments.

1.3 Role of filaments in star-formation

The Herschel observations, along with other multi-wavelength studies, revealed

that the interstellar filaments favor universal properties (Arzoumanian et al.,

2011, e.g., characteristic width of ∼0.1 pc) and almost serve as the intermediate

steps for the star formation processes from clouds to core scales (André et al.,

2010). This also includes the hot debate on the role of filaments in MSF, which is

still far from complete understanding (André et al., 2014; Beuther et al., 2015).

According to André et al. (2010), there are two key steps for the formation of

stars in filaments. The first step is the formation of the filament itself, and the

second step involves the processes that lead to the formation of young stars within

filaments. In general, the filaments fragment due to the effect of their self-gravity

and ambient turbulence into smaller dense structures that further collapse to form

protostars. Observations infer that the magnetic field helps to grow filamentary

structures that nurture the young stars within them (Cox et al., 2016; Shimajiri

et al., 2019a).

Below, we discuss the major filament configurations and their role in the

formation of dense clumps and subsequently stars and star clusters.

1.3.1 Fragmentation and collapse of filaments

The generic models of equilibrium filaments suggest that a filament is likely to

fragment into a chain of cores that are quasi-periodically spaced (Inutsuka &

Miyama, 1992, 1997; Fischera & Martin, 2012) and it depends upon a fastest
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growning wavelength density perturbation. The separation between these cores is

approximately four times the filament’s width. Furthermore, the non-equilibrium

model proposed by Clarke et al. (2016), which considers the effects of accretion,

also support the formation of quasi-periodically spaced cores when realistic initial

density perturbations are taken into account. However, the theoretical studies

examining the substructures of filaments face challenges as the cores are not the

only form of substructure and the quasi-periodically spaced cores are relatively

rare (André et al., 2014). Filaments also appear to fragment into smaller fila-

ments known as “fibers” when observed in position-position-velocity (PPV) space,

or “sub-filaments” when observed in position-position (PP) or position-position-

position (PPP) space (e.g., Hacar et al., 2013; Tafalla & Hacar, 2015; Dhabal

et al., 2018; Suri et al., 2019). In this way, Tafalla & Hacar (2015) proposed a

formation scenario known as “fray and fragment” to explain the creation of large

filamentary structures through the encounter of two gas fronts. Within these

filaments, coherent velocity structures known as ‘fibers’ form, as observed in tur-

bulent self-gravitating simulations (e.g., Moeckel & Burkert, 2015; Clarke et al.,

2017). However, it is not clear whether these sub-filaments (or fibers) form within

the parent filament or originate separately and then gather together to form a

larger-scale filament (Smith et al., 2016; Clarke et al., 2017). In both scenarios,

it is found that these sub-filaments undergo fragmentation to form cores.

Recently, Clarke et al. (2018) found that the sub-filaments bear a resem-

blance to fibers, formed through the in situ fragmentation of a filament driven by

turbulence caused by filament accretion. Although the fibers observed in PPV

space may not always directly correspond to the sub-filaments observed in PPP

or PP space, both structures arise due to the internal turbulence within a fil-

ament. Therefore, a filament containing fibers also contains sub-filaments and

the distinction between these structures is supported by cloud-scale simulations

presented by Zamora-Avilés et al. (2017).
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1.3.2 End dominated collapse in filaments

Previous studies have extensively explored the collapse modes of spherical and

infinite non-spherical structures (Ostriker, 1964; Larson, 1969, 1985; Penston,

1969; Shu, 1977; Inutsuka & Miyama, 1992, 1997; Fiege & Pudritz, 2000; Myers,

2009). However, the collapse properties of finite non-spherical structures have

only recently gained attention and are not well understood due to their inherent

global and local instabilities, as well as the critical influence of initial conditions

(e.g., Bastien, 1983; Bastien et al., 1991; Burkert & Hartmann, 2004; Hsu et al.,

2010; Pon et al., 2011; Toalá et al., 2012; Pon et al., 2012; Clarke & Whitworth,

2015). Analytical studies have demonstrated that non-spherical cloud structures

take longer to collapse compared to spherical clouds of the same initial density

(Burkert & Hartmann, 2004; Pon et al., 2012), which is further supported by the

simulations (Bastien, 1983; Vazquez-Semadeni et al., 2007; Clarke & Whitworth,

2015).

For the case of long but finite-sized filaments, there are two possible longitu-

dinal (along the major axis of filaments) collapse modes: “homologous collapse”

(Pon et al., 2012), and EDC (or edge-collapse; Bastien, 1983; Burkert & Hart-

mann, 2004; Pon et al., 2011, 2012; Clarke & Whitworth, 2015). This happens

because of the longitudinal gas acceleration is found to be a function of distance

from the centre of the cylindrical cloud. In the case of self-gravitating cylinder

with uniform density ρ, length 2L, and radius R, the longitudinal acceleration

of the gas at axial distance d(< L) along the filament is given as (Burkert &

Hartmann, 2004):

a(d) = 2πGρ(2L+
√
R2 + (L− d)2 −

√
R2 + (L+ d)2). (1.9)

In homologous collapse, all regions should have similar collapse timescales

and the density remains approximately uniform in space. Therefore, in order

to undergo a homologous collapse, the acceleration across the object must be a

linear function of the axial distance from the center of collapse. However, we

note that the Equation 1.9 is not a linear function of d, and hence the filament

collapse is homologous at specific condition if L� R or at some point away from
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the exact end of filament (i.e., L− d� R), which results in the a(d) as:

a(d) ≈ πρGR2

(
2d

L2 − d2

)
. (1.10)

Although, this equation is also not a linear function of d, for the central regions

of filament (i.e., if d2 � L2), the acceleration becomes a linear function of d and

can be given as:

a(d) ≈ πρGR2

(
2d

L2

)
. (1.11)

Hence, the interior of cylindrical clouds seems to collapse homologously.

The nonlinear terms in Equation 1.9 become significant at the filament edges

(i.e., if d ∼ L) such that the edges gain high acceleration and impart higher

momentum to the inner gas particles. Therefore, in the collapse journey, filament

grows clumps at both the edges, which continuously gain mass. This collapse

process is known as EDC process. Here we note that in the current scenario,

the radial motion of gas particle are neglected and hence only axial (or along

the longer axis) motions are considered. Pon et al. (2012) in their analytical

calculations found that the filaments with aspect ratio, A > 5 tend to show the

EDC signatures. The resulting accelerations can be turned into instantaneous

collapse timescales (tcollapse; time taken for filament to collapse at its centre). For

homologous collapse, tcollapse ∝ A, while for EDC, it is tcollapse ∝
√
A (Pon et al.,

2012).

In continuation of this work, Clarke & Whitworth (2015), performed

smoothed particle hydrodynamic (SPH) simulations of cold, uniform density, self-

gravitating filaments. They indeed found similar results of EDC, but the collapse

timescales in filaments are now satisfied with a single equation (for A > 2) as:

tcollapse =
(0.49 + 0.26A)√

Gρ
. (1.12)

They also observed that for all A > 2, the collapse mode is EDC. It is also

interesting to notice that the dependencies of ρ on tcollapse of filament is ∝ ρ−1/2,

similar to that of the free-fall timescale of a spherical cloud (see Equation 1.3).

Here, we point out that very few clear samples of filaments demonstrating the

EDC process have been observed and published in the literature. These include
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NGC 6334 (Zernickel et al., 2013), Sh 2-242 (or S242; Dewangan et al., 2019b;

Yuan et al., 2020), IC 5146 (Wang et al., 2019b), Monoceros R1 (or Mon R1;

Bhadari et al., 2020), G341.244-00.265 (Yu et al., 2019), and G45.3+0.1 (Bhadari

et al., 2022).

1.3.3 Hub-filament Systems (HFSs)

The observations made in the past decade, including the Gould belt survey, have

revealed a significant concentration of star formation activities within density-

enhanced filamentary structures of molecular clouds. One particular configu-

ration that has gained considerable attention is the HFS. The HFSs exhibit a

distinctive arrangement wherein multiple filamentary structures merge at a com-

mon gravitational center known as the “hub”. In general, in HFSs, filaments

are traced with high aspect ratio (A > 3) and lower column densities (.1021

cm−2) compared to hub region that is identified with low aspect ratio (A < 3)

and high column density (&1022 cm−2; e.g., Myers, 2009; Schneider et al., 2012).

Observational evidence suggests that filaments within the HFSs serve as channels

for material flow, transporting material from the larger cloud scale down to the

clump/core scales. Most recent study by Zhou et al. (2023) suggests the funnel-

like feature in the PPV space of a HFS which translates to a V shaped feature

in the PV diagram. This is supported by the observations of a coherent velocity

gradient seen from the filament ends toward the hub regions, aligning with local

gravity centers (e.g., Treviño-Morales et al., 2019b; Motte et al., 2018). The fil-

aments in HFSs themselves often exhibit a tree-like configuration, with several

branches linked to a major stem, resembling subfilaments within a larger fila-

ment. Chapter 5 presents such HFSs in a Giant Molecular Filament (GMF) at

the physical scales of ∼5–10 pc. The smaller subfilaments converge into the main

filament, and these structures continue to merge towards the hub, resulting in

higher column density in the hub region. These structures, resembling conveyor

belts in factories, act as carriers or material flow pathways. They serve as bridges,

connecting different density structures within the molecular clouds and support

star formation.
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In recent years, HFSs have become popular in MSF research and are cited

as the potential nurseries of protocluster and MSF. More specifically, they are

found to play a crucial role in mass accumulation processes. An evolutionary

model based on gravity-driven inflow has been proposed to elucidate the MSF

(Tigé et al., 2017; Motte et al., 2018). This scheme does not favour the existence

of high-mass prestellar cores. Instead, it proposes that low-mass prestellar cores

first develop within the starless phase of massive dense cores/clumps (MDCs) on

a scale of ∼0.1 pc, within a time scale of around 10,000 years. The protostellar

phase of MDCs begins with the formation of low-mass protostellar cores. The

local (∼0.02 pc) collapse of these cores is accompanied by the global (∼0.1–1 pc)

collapse of MDCs and hub region. As a result of these gravity-driven inflows,

the low-mass protostellar core accumulates mass and evolves into a high-mass

protostar over a period of ∼30,000 years.

In the later stages of this evolutionary scheme, the formation of Hii regions

is favored around massive protostars with masses exceeding 8 M�. The Hii

region emerges when the intense UV radiation emitted by the massive protostar

ionizes the surrounding protostellar envelope. Simultaneously, the main accretion

phase comes to an end. According to this schematic model, one can expect the

simultaneous growth of stars, cores, and ridges as they draw mass from their

parent cloud. It is to be noted here that this scenario is in line with the clump-

fed scenario (see Section 1.1.3) of MSF where the massive protostar does not form

initially, however low-mass protostar gains mass and become massive protostar.

Most recent study by Kumar et al. (2020) showed that nearly 3700 (∼11%)

Herschel Hi-GAL survey clumps (Elia et al., 2017) are associated with HFSs. The

mean length of filaments in HFSs was found to be ∼ 10 − 20 pc, with the mass

of ∼ 5 × 104 M� and Mline,obs of ∼ 2 × 103 M� pc−1. These authors also found

that all the clumps having bolometric luminosity of Lbol > 104 L� located within

2 kpc and Lbol > 105 L� located within 5 kpc are part of the hubs in HFSs.

In addition to their significance in MSF, the formation of HFSs remains a

subject of ongoing debate. Recent numerical and observational investigations

propose the cloud-cloud collision (CCC) scenario as one of the potential mecha-
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nisms for the formation of HFSs. Another possibility involves the fragmentation

of clumps along magnetic field lines that are initially oriented perpendicular to

the main filament (Wang et al., 2019b). This scenario is feasible because den-

sity perturbations along the magnetic field grow more rapidly compared to those

perpendicular to the field (Nagai et al., 1998; Van Loo et al., 2014).

1.3.4 Intertwined filaments and filament collision

In addition to the previously mentioned physical configurations of filaments in

star formation, there are other possibilities that have received less exploration

or are considered rare in the literature. Recent numerical simulations and ob-

servations have confirmed the existence of intertwined filaments (or interacting

subfilaments), although their role in star formation remains a subject of debate.

As discussed earlier in Section 1.3.1, the “fray and fragment” scenario, which

describes the formation and fragmentation of filaments, also supports the pres-

ence of closely spaced (or interacting) filaments (Smith et al., 2014; Shimajiri

et al., 2019a). This may also suggest the possibility of intertwined (or twisted)

filaments resembling a filamentary braid or a double helix like structure. Previ-

ous study by Dewangan et al. (2021) has observed double helix-like structures in

Lynds Bright Nebulae, evident in both dust continuum and molecular line emis-

sion maps. Such structures should be ideally distinguishable in PPP space, and

one would expect oscillatory velocity profiles or two distinct intensity features in

PPV or position-velocity (PV) diagrams (e.g., Hartmann & Burkert, 2007; Hacar

et al., 2017; Dewangan et al., 2021). In systems where filaments exhibit twisting,

it is conceivable that multiple overlapping regions with high column density may

be present, potentially favoring star formation. According to Dewangan et al.

(2021), these intersection areas may host dense star-forming clumps or exhibit

signatures of ongoing star formation activities, such as the presence of YSOs.

Chapter 6 emphasizes the importance of intertwined subfilaments in IC 5146

dark Streamer and presents a new picture of star formation in this site.

Additionally, the collision of filaments can be seen as a special case of the

CCC process, as extensively reviewed by Fukui et al. (2021a). In this scenario,
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two filaments collide head-on or along the directions of their long axes (e.g.,

Dewangan, 2019). Such a collision can result in the formation of dense and

massive clumps at the collision interface, where turbulent mass accretion onto

the core is enhanced due to the increase in sound speed (Takahira et al., 2014,

2018). The observational signatures of this process include an intense double-

peaked velocity profile with a less intense bridge feature in PV diagrams, as well

as complementary features observed in molecular line intensity maps at different

velocities (see Maity et al., 2022, 2023, and references therein). In the case of

a collision between filaments along their shorter axes, it becomes challenging to

observe the complementary distribution as the collision occurs along our line of

sight. However, the line spectra would exhibit two velocity peaks with a bridge

feature. In Chapter 6, we observed colliding or interacting subfilaments in the IC

5146 region, which also contributed to the formation of the known HFSs in this

area.

Therefore, despite the popularity of the CCC process, filament collisions are

less frequently observed, and there is a current lack of theoretical insights into

the observations of filament twisting and its impact on star formation processes.

Consequently, further observational investigations are crucial to unravel the sig-

nificance of filament twisting and collisions and understand their implications for

star formation.

1.4 Motivation and outline of the thesis

This thesis aims to uncover the formation processes of massive stars within in-

terstellar filamentary clouds through observational investigations. By utilizing a

combination of multi-scale and multi-wavelength dust continuum and line data,

the study explores the new physical processes of star formation occurring within

filaments and examines their potential role in MSF. The primary scientific ob-

jective of this thesis is to conduct observational assessments of recent theoretical

models of star formation in filaments and investigate their suitability for the MSF.

To accomplish this objective, the thesis pursues the following specific goals:
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1. To investigate the observational assessments of the recent theoretical models

of EDC process in filaments (e.g., Bastien, 1983; Pon et al., 2012; Clarke

& Whitworth, 2015; Hoemann et al., 2022), and look for its suitability

in mass accumulation process and the formation of massive stars. Also,

exploring the new possibilities of observable proxies for this scenario using

dust polarisation emission.

2. Investigating MSF in a prominent HFS from the physical scale of the cloud

(>10 pc) to core (<0.1 pc) using multi-wavelength and multi-scale data

set and compare its evolutionary sequence with the recent schematic model

proposed by Motte et al. (2018). This also includes the examination of the

physical environments including the role of turbulence and gravity within a

hub (or dense clump) of HFS, which harbors a diverse population of massive

stars.

3. The exploration of simultaneous occurrence of multiple physical processes

of MSF within a single filamentary cloud system. Additionally, it involves

investigating and searching for other possible filamentary configurations

that play a role in the process of star formation.

4. To examine the formation process of massive stars within a filamentary

cloud and investigate their interaction with the surrounding environments,

including the observational assessments of a recent model proposed by

Whitworth & Priestley (2021) concerning the escape and the trapping of the

ionizing radiation emitted by an O-type star that forms within a filament.

1.5 Target identification

To achieve the objectives of this thesis, the first and foremost crucial task is to

identify the filaments that host massive stars. We conducted a systematic search

for elongated dust emission features (>2-3 pc) in sub-mm wavelength images ob-

tained from the Herschel observatory, and also examined the corresponding radio

continuum emission counterparts, and catalogs of massive stars. The presence of
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radio continuum emission along the elongated structures may indicate the exis-

tence of Hii regions formed by massive stars. To study the gas kinematics within

the filaments, molecular line data were required which we have obtained from

various molecular line surveys. Therefore, our primary focus was on selecting

massive star-forming sites associated with filamentary clouds or complexes com-

prising several filaments. In this way, we analysed the mult-wavelength data for

target sites, Monoceros R1 (d =760 pc; Chapter 4, Bhadari et al., 2020), GMF

G45.3+0.3 (d =8 kpc; Chapter 5, Bhadari et al., 2022), Sh 2-305 (S305, d =3.7

kpc; Chapter 8, Bhadari et al., 2021), RAFGL 5085 (d =3.3 kpc; Chapter 3,

Dewangan et al., 2022a), IC 5146 (d =600 pc; Chapter 6, Dewangan et al., 2023),

and W42 (d =3.8 kpc; Chapter 7, Bhadari et al., 2023).

1.6 Thesis organization

This thesis is organized into nine chapters. Chapters 3 to 8 provide case studies

of individual star-forming sites and the results are published in peer-reviewed

journals. The overall conclusion from the thesis is discussed in Chapter 9. Below,

a brief description of each of the nine chapters in this thesis is provided.

Chapter 1: Introduction

This chapter provides a comprehensive overview of star formation in the ISM. We

commence by briefly discussing the known star formation processes and highlight

the challenges associated with studying massive stars. We further discuss the

pivotal role of interstellar filaments in star formation, specifically in the context

of massive stars, and highlight the various mechanisms by which they actively

participate in the process. Next, we present the significance of multi-wavelength

and multi-scale observations in understanding the intricate processes of MSF. As

we approach the conclusion of this chapter, we elucidate the motivation driving

the thesis work, thereby setting the stage for the research to be presented.
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Chapter 2: Multi-wavelength data and methods

This chapter presents the multi-wavelength (optical–radio wavelengths) and

multi-scale data obtained from various ground and space-based observatories and

existing surveys that are utilised in this thesis work. This chapter also provides

the basic principles and physics behind the continuum and line emissions from

interstellar environments. In addition, we provide a discussion on the methods

and principles employed for data analysis, highlighting their role in deriving ob-

servable physical quantities.

Chapter 3: Star-forming site RAFGL 5085: Is a perfect

candidate hub-filament system?

This chapter focuses on RAFGL 5085, a massive star forming site located 3.3

kpc away. By adopting a multi-wavelength approach, we aim to understand the

underlying physical processes driving star formation in RAFGL 5085, which has

not been previously explored. Our findings reveal the presence of a potential HFS

in RAFGL 5085, suggesting that it represents an early phase of MSF rather than

hosting an evolved Hii region. These findings are discussed in comparison with

the schematic model proposed by Motte et al. (2018). The results presented in

this chapter have been published as Dewangan et al. (2022a).

Chapter 4: Star-forming sites IC 446 and IC 447: an out-

come of end-dominated collapse of Monoceros R1 filament

This chapter is dedicated to the observational exploration of the EDC process.

It provides detailed multi-wavelength analysis of a nearby massive star-forming

complex Monoceros R1, situated at a distance of 760 pc. Through the analysis

of Herschel dust continuum data and FUGIN 12CO/13CO (1–0) line data, the

presence of a filamentary cloud known as the Mon R1 filament is discovered and

detailed discussion of the onset of a rare EDC process in Mon R1 is presented.

The results highlighted in this chapter have been published as Bhadari et al.
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(2020).

Chapter 5: Simultaneous evidence of edge collapse and

hub-filament configurations: A rare case study of a Giant

Molecular Filament G45.3+0.1

The primary focus of this chapter is to investigate the simultaneous onset of the

EDC process and the presence of HFSs within a filamentary cloud. It aims to

provide new insights into the physical processes occurring in the massive com-

plexes G045.49+00.04 (G45E) and G045.14+00.14 (G45W), which are part of a

large cloud complex in the Aquila constellation located at a distance of 8 kpc.

Our findings reveal the existence of a GMF, denoted as GMF G45.3+0.1, which

hosts G45E and G45W at its opposite ends harbouring HFSs as well. Addition-

ally, our results suggest that these sites are formed through the EDC scenario,

with mass accumulation occurring through sub-filaments towards the hub regions.

This chapter builds upon the findings published as Bhadari et al. (2022).

Chapter 6: IC 5146 dark Streamer: is a first reliable can-

didate of edge collapse, hub-filament systems, and inter-

twined sub-filaments?

This chapter highlights the occurrence of multiple physical processes in a fila-

mentary cloud. Through a comprehensive multi-wavelength analysis of IC 5146

Dark Streamer, a nearby potential site for MSF located at a distance of 600 pc,

our results unveil the first reliable candidate exhibiting edge collapse, HFSs, and

interconnected sub-filaments. Furthermore, the distribution of the plane-of-sky

magnetic field in nearby candidate EDC filaments is investigated using Planck

polarization data, and the implications of these findings are thoroughly discussed.

This chapter incorporates the results published as Dewangan et al. (2023).
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Chapter 7: Unveiling the innermost environments of a hub-

filament system hosting massive stars

This chapter focuses on a case study of the physical environments surrounding a

MYSO W42-MME, which is formed within a known HFS along with an evolved

massive O-type star in the W42 region. The chapter presents a comprehensive

analysis of the ALMA H13CO+ data of the W42 region hosting the MYSO, aiming

to investigate the role of gravity and turbulence on sub-parsec scales. The findings

discussed in this chapter have been published as Bhadari et al. (2023).

Chapter 8: Formation and interaction of O-type stars in

filaments: insights from the S305 Hii Region

This chapter aims to provide insights into the formation of O-type stars and their

interaction to surrounding environments in the S305 region. With the extensive

discussion on the MSF processes in the filamentary cloud of S305, the chapter

further presents the results obtained from the analysis of the SOFIA [CII] 158

µm line data, providing valuable insights into the feedback processes of massive

stars in the S305 region. The part of results obtained in this chapter have been

published as Bhadari et al. (2021).

Chapter 9: Summary and future plan

This chapter serves as a comprehensive summary of the significant findings ob-

tained from the thesis and offers a broad overview of the advancements made in

relation to our existing knowledge. It provides valuable insights into how this

research study will contribute to establishing a solid groundwork for future inves-

tigations in the field. Additionally, the chapter discusses the limitations of the

overall work and provides immediate future prospects.



Chapter 2

Multi-wavelength data and

methods

To investigate the various physical processes involved in MSF across different

spatial scales, it is necessary to utilize comprehensive data sets spanning multiple

wavelengths. Figure 2.1 presents a schematic diagram illustrating the signifi-

cance of incorporating multi-wavelength data (optical to radio wavelength) to

study MSF. In the subsequent sections, we provide a general overview of the

methodologies employed to obtain the results and the data sets utilized in this

thesis.

Figure 2.1: Schematic diagram illustrating the significance of multi-wavelength data in the study of MSF. Various

components are traced at different wavelengths.

33
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2.1 Necessity of multi-wavelength and multi-

scale data

Hydrogen, being the most abundant (∼75%) element in the Universe found in

different phases in the ISM, i.e., Hii (ionized hydrogen), Hi (atomic or neutral

hydrogen), and H2 (molecular hydrogen), plays a crucial role in star formation. In

environments with high densities (> 103 cm−3) and cold temperatures (T ∼ 10

K), such as those important for star formation, hydrogen tends to be in the

molecular form rather than atomic. However, directly observing H2 is extremely

challenging due to its homonuclear nature, which prohibits ∆J = 1 rotational

transitions (e.g., no J = 1 − 0 emission; ∆EH2
J=1−0 = 175 K). The lowest energy

transition available is the J = 2 − 0 quadrupole transition, which is weak and

requires even higher temperatures for excitation (i.e., ∆EH2
J=2−0 = 510 K). This

high temperature requirement is due to the low-mass of the H2 molecule, which, in

contrast, necessitates less energy for the excitation of relatively heavier molecules

(e.g., CO, O2, N2). It is worth noting that the energy level spacing depends on the

reduced mass (µr) of a molecule (or quantum rotor) as ∆E ∝ µ−0.5
r . Therefore,

the observations of H2 can only be indirectly achieved through other proxies.

The thermal dust emission serves as an indirect proxy for studying the inter-

stellar gas (or molecular clouds) since the gas is always mixed with dust grains

that thermally radiate. On the other hand, gas primarily emits through its line

emissions. As mentioned earlier, direct observation of H2 is challenging, so one

of the most common proxies used is the rotational lines of CO. This is because

CO is the second most abundant molecule after H2 in the ISM and has rotational

transitions that can be excited at low temperatures (e.g., ∆ECO
J=1−0 = 5.5 K).

The structures observed in the dust continuum emission can be morphologically

traced using line emissions (e.g., 13CO and 12CO), which provides deeper in-

sights into the physical properties of the molecular clouds (for comparison, refer

to Figures 4.1 and 4.5 in Chapter 4).

The physical environment of massive star-forming regions at different spa-
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tial scales, ranging from clouds (>10 pc) to cores (<0.1 pc), is traced using a

combination of dust continuum and molecular line emission. When considering

continuum data, optical and NIR data are useful for tracing point-like sources,

which are direct manifestations of main-sequence and YSOs (or pre-main se-

quence) stars, respectively. MIR/FIR continuum emission traces the locations of

warm dust emission, where the physical environment is heated by UV photons

from massive stars, and may reveal the Photo Dissociation Regions (PDRs). The

mm/sub-mm range traces the cold dust emission environment and is very impor-

tant for the overall study. This wavelength range traces the morophology and

kinematics of molecular clouds through dust continuum and molecular line emis-

sion, and is useful to detect prestellar cores. Ionized emission from Hii regions is

depicted in radio continuum maps, although signatures of the ionized regions can

also be observed in the optical-MIR range (e.g., Hα emission and Polycyclic Aro-

matic Hydrocarbons (PAH) emission). In addition to the multi-wavelength data,

the high-resolution data (tracing the physical scale of .0.05 pc) is necessary to

trace the substructures at different scales within molecular clouds. Hence, multi-

scale observations are also equally important. The following section provides the

overview of data sets used in this thesis.

2.2 Multi-wavelength data sets

To investigate the formation processes of massive stars, we utilize multi-

wavelength and multi-scale data spanning from optical to radio wavelengths, ob-

tained from national and international telescope facilities, including both space-

based and ground-based observations. The MIR and sub-mm data trace the

warm and cold dust emission respectively, while the ionized emission tracing Hii

regions is depicted in the radio continuum maps. The kinematics of molecular

cloud associated with the star-forming sites are primarily studied by the use of

molecular line data (e.g., 12CO/13CO/C18O(J = 1–0)).

Table 2.1 presents a comprehensive overview of the multi-wavelength data

utilized in this thesis.
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However, the detailed description of the specific data used is provided within

each respective chapter. In the following section, we provide a brief discussion on

the general procedure for data analysis.

2.3 Methods & Techniques

This section presents an overview of the methods employed to extract observ-

able parameters from the multi-wavelength data. These methods were crucial in

obtaining the scientific results necessary to achieve the objectives of this thesis.

2.3.1 Moment Maps

In radio astronomy, a moment map is a way to visualize the distribution and

properties of the emission of a particular spectral line. It is obtained by calcu-

lating the moments of the spectral line intensity over a specific spectral/velocity

range. Concerning the moment maps of particular region of interest, one needs to

collapse the molecular line data cube along the spectral axis by taking a moment

of the data. The moment maps for the given 3D PPV data cube having spectral

line intensity I(x, y, v) are defined as follows (e.g., Teague, 2019):

• Moment-0 map: The zeroth moment map (M0(x, y)) is simply the inte-

grated intensity along the spectral (or velocity) axis and can be expressed

as:

M0(x, y) =

∫ v2

v1

I(x, y, v)dv. (2.1)

This map provides the spatial morphology of molecular cloud and can be

related to the N(H2) column density distribution (see Section 2.3.3.3 for

details). On the other hand, a peak intensity map (Fpeak(x, y)) infers the

spatial distribution of maximum intensity and can be expressed as:

Fpeak(x, y) = max(I(x, y, v)). (2.2)
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• Moment-1 map: The first moment map (M1(x, y)) is the intensity-

weighted velocity of the line and is expressed as:

M1(x, y) =

∫ v2

v1
vI(x, y, v)dv

M0(x, y)
. (2.3)

This provides the kinematics of molecular cloud and is useful to distinguish

different velocity components present in the direction of our target site.

A peak velocity map (Vpeak(x, y)), which indicates the velocity at peak

emission is expressed as:

Vpeak(x, y) = V (x, y) at max(I(x, y, v)). (2.4)

• Higher order moment maps: The higher order moments (i.e., MK(x, y)

for K ≥ 2) are expressed as follows:

MK(x, y) =

∫ v2

v1
(v −M1(x, y))KI(x, y, v)dv

M0(x, y)
. (2.5)

Following Equation 2.5, the second moment map (M2(x, y)) generally infers

the intensity-weighted velocity variance of the line, and has a unit of km2 s−2.

However, in usual practice, the intensity weighted velocity dispersion (or line-

width) is useful measure of the thermal and turbulent properties of gas. There-

fore the quantity
√
M2(x, y) =

√∫ v2
v1

(v−M1(x,y))2I(x,y,v)dv

M0(x,y)
is the actual measure

of velocity dispersion (σ(x, y)) and is referred to second moment line-width (or

moment-2 line-width) map throughout the following chapters. It is also to be

noted that the Full Width at Half Maximum (FWHM) line-width is equally pop-

ular in literature and is related to σ(x, y) as FWHM(x, y) = σ(x, y)
√

8ln2. We

have consistently highlighted this distinction throughout the relevant chapters,

wherever it was necessary. Here, in the mentioned equations, x, y, and v are the

three dimensions of PPV cube (or molecular line data cube), and I(x, y, v) refers

to the line intensity. In this thesis, all these moment maps including Vpeak and

Fpeak are produced using either the Python package SpectralCube1 or the IDL

based routines.

1https://spectral-cube.readthedocs.io/en/latest/moments.html
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2.3.2 Kinematic parameters of gas

• Thermal/Non-thermal velocity dispersion: An expression of the non-

thermal velocity dispersion (σNT) is defined below:

σNT =
√
σ2

obs − σ2
T =

√
∆V 2

8 ln 2
− kTkin
µmH

, (2.6)

where σobs is the observed velocity dispersion and is related to ∆V , which

is the measured FWHM line width (∆V = σobs ×
√

8ln2), and

σT =

√
kTkin
µmH

(2.7)

is the thermal broadening (or thermal velocity dispersion) for specific

molecule having mean molecular weight of µ (i.e., µ for 13CO, 13CO, and

H13CO+ are 29, 30, and 30, respectively) at gas kinetic temperature (Tkin),

and mH is the mass of hydrogen atom.

2.3.3 Column density (N(H2)) and temperature (Td) esti-

mates

The knowledge of N(H2) and Td directly manifest as observable physical parame-

ters of the system, such as mass, density, and turbulent properties of gas. Below

we discuss the methods to estimate the N(H2) and Td maps.

2.3.3.1 Using cold dust continuum emission

The analysis of thermal cold dust emission in the FIR wavelength range allows

us to derive important physical parameters such as dust temperature and column

density of a region (Battersby et al., 2011; Launhardt et al., 2013). In this thesis,

we utilize SED modeling of the thermal dust emission, focusing on the Rayleigh-

Jeans regime covered by the Herschel FIR bands (160-500 µm). In this scenario,

the standard procedure assumes that the emission is optically thin, following the

power-law opacity of κν ∝ νβ, where β is a constant value. It is also assumed

that the dust temperature remains constant along the line of sight and that there
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is no contamination from radiation in front of or behind the observed structures.

The following steps were followed in this order to obtain the N(H2) and Td maps.

Firstly, the surface brightness unit for all images needs to be calibrated to

Jy pixel−1. This conversion is necessary as the SPIRE images (250, 350, and

500 µm) are calibrated in MJy sr−1 and the PACS images (70 and 160 µm) are

calibrated in Jy pixel−1. The conversion was performed using the pixel scales

specific to each SPIRE band. Next, the images at wavelengths of 160-350 µm

are convolved to match the resolution of the 500 µm image, which had the lowest

resolution among all the images (∼37′′). This is generally achieved by applying

the convolution kernels provided by Aniano et al. (2011). The convolved images

are also regridded to a common pixel scale of 14′′, which match the pixel scale

of the 500 µm image. Using these final images, the background flux level (Ibg)

is determined. This is done by selecting a smooth and relatively dark region of

the sky, without any abrupt clumpy structures. The distribution of pixel values

in this region is now iteratively fitted with a Gaussian, with pixel values outside

±2σ being rejected in each iteration until the fit converged. The same region of

the sky is used for all wavelength bands.

A modified blackbody (or gray-body) fitting approach is then employed to

analyze the data on a pixel-by-pixel basis. The Herschel 70 µm image is generally

not used in the spectral fitting due to the contamination caused by warm emission

originating from UV-heated dust (e.g., PAHs or transiently heated small dust

grains), thus leading to overestimation in dust temperature (i.e., underestimation

in column density). The formulation used for the fitting is given by the gray-body

equation as follows (e.g., Battersby et al., 2011; Sadavoy et al., 2012; Mallick et al.,

2015):

Iν(ν)− Ibg(ν) = Bν(ν, Td)Ω(1− e−τ(ν)), (2.8)

where, Iν is the observed flux density and Ibg is the background flux density. The

Planck function (Bν) accounts for the emission from a blackbody at the given

frequency (ν) and dust temperature (Td). The term Ω represents the solid angle

subtended by each pixel (14′′× 14′′ in this case), and τ(ν) denotes the optical
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depth, which is determined by the equation

τ(ν) = µmHκνN(H2), (2.9)

where, µ = 2.8 is the mean molecular weight per H2 molecule, mH, κν , and N(H2),

represent the mass of hydrogen, dust opacity, and column density of molecular

hydrogen, respectively. In this analysis, a functional form of κν = 0.1
(

ν
1(THz)

)β

cm2 g−1 was adopted for the dust opacity, with β set to 2 (e.g., Könyves et al.,

2015). The fitting procedure involved using the four data points corresponding

to each wavelength (160–500 µm), and allowing Td and N(H2) to vary as free

parameters. For pixels where the fit did not converge or the error exceeded 10%,

the values were replaced with the median of the eight neighboring pixels. This

method is adopted to derive the N(H2) and Td in Chapter 3.

2.3.3.2 Using hires and PPMAP methods

Considering the Herschel images at 160–500 µm wavelengths, it is possible to

estimate three sets of N(H2) and Td maps as described in the previous section.

However, it should be noted that the high-resolution maps, obtained through the

fitting of two images (e.g., ∼18′′; estimated using Herschel 160 µm and 250 µm

images), are less accurate. On the other hand, the lowest-resolution maps, which

incorporate all four Herschel images, are more accurate.

The previously proposed hires method (Palmeirim et al., 2013) aimed to com-

bine the higher accuracy of lower-resolution N(H2) and Td maps with the high-

resolution but less accurate maps using the unsharp masking technique. Unsharp

masking involves measuring the difference between two maps at different spa-

tial resolutions. However, this method was limited to generating maps at the

resolution of the Herschel 160 µm image (∼18′′). Recently, Men’Shchikov (2021)

introduced a different approach that allows for the creation of N(H2) and Td maps

at the resolution of the highest-resolution Herschel image (∼6′′). From now on,

in the following chapters, this method will be referred to as hires, as named by

Men’Shchikov (2021).

In this case, the extended version of aforementioned algorithm allows for the
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derivation of N(H2) and Td using observed images (70–500 µm) with any arbi-

trarily high angular resolution (6′′–37′′). The three independent derived Td maps

(18′′, 24′′, and 37′′) and five observed Herschel images with their native resolutions

Oλ of 6′′–37′′ can be used to estimate 15 N(H2) maps using gray-body equation

for the optically thin case and neglecting Ibg(ν) in Equation 2.8. Combining

Equations 2.8 and 2.9, we can obtain for N(H2) as follows:

N(H2)Oλ(2|3|4) =
Iν

Bν(Td(2|3|4))κνµmH

, (2.10)

where, (2|3|4) indicates the respective number of images used in the gray-body

fitting procedure. Later using these N(H2) maps at different resolutions, a

high resolution N(H2) map is computed by adding the higher-resolution infor-

mation on the 37′′ resolution map using unsharp masking technique (see more

details in Men’Shchikov, 2021). The getsf utilities (e.g., modfits and resample;

Men’Shchikov, 2021) were used in the analysis. The utility modfits was used to

convert the Herschel flux densities at 70 and 160 µm from units of Jy pixel−1 to

MJy sr−1, while the utility resample was utilized to regrid all the Herschel images

at 70–500 µm to the pixel scale of the image at 70 µm (i.e., 3′′). Thereafter,

images with different possible resolutions (i.e., 8.′′4, 13.′′5, 18.′′2, 24.′′9, and 36.′′3)

were generated, and the final spectral fitting was performed (excluding the image

at 70 µm) to generate high-resolution column density and temperature maps. In

this thesis, the hires method is utilized in Chapter 6.

Apart from the hires, we have utilized the PPMAP based high-resolution N(H2)

and Td maps at ∼12′′. The PPMAP refers to the point-process mapping, which is

based on a Bayesian approach known as the point process formalism, where the

structure of interest, such as a filament or pre-stellar core, is represented as a col-

lection of points in a defined state space. These maps were generated using the

Herschel images at 70, 160, 250, 350, and 500 µm for the EU-funded ViaLactea

project (Molinari et al., 2010b; Marsh et al., 2017). The PPMAP algorithm is de-

signed to create image cubes that depict the differential N(H2) as a function of

angular position and Td for dusty structures associated with star formation. It

takes a set of observational images at different wavelengths and their correspond-
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ing point spread functions (PSFs) as input data. The algorithm operates on the

observational images at their native resolution without requiring any smoothing

or resampling (see more details in Marsh et al., 2015). These maps were obtained

from a publicly accessed website2 and are used in Chapters 4 and 8.

2.3.3.3 Using 12CO/13CO molecular line data

Considering local thermodynamical equilibrium (LTE), one can estimate the

13CO(1–0) column density (N(13CO)) using the following equation (e.g., Garden

et al., 1991; Bourke et al., 1997; Mangum & Shirley, 2015)

N(13CO) = 2.42× 1014 Tex + 0.88

1− exp(−5.29/Tex)

∫
τ13dv, (2.11)

where τ13 is the optial depth of 13CO(1–0), Tex is the mean excitation tem-

perature, and v is the local standard of rest (LSR) velocity measured in km s−1.

Since the 12CO(1–0) emission is optically thick, one can calculate the Tex using

12CO(1–0) as follows (Garden et al., 1991; Xu et al., 2018)

Tex =
5.53

ln
[
1 + 5.53

Tmb(12CO)+0.82

] , (2.12)

where Tmb is the main-beam brightness temperature. Here, one can assume that

the excitation temperatures of 12CO(1–0) and 13CO(1–0) are the same for the

entire cloud. We can then derive optical depth (τ) using the equation (Garden

et al., 1991; Xu et al., 2018)

τ(13CO) = −ln

[
1− Tmb(13CO)

5.29
exp(5.29/Tex)−1

− 0.89

]
(2.13)

Once N(13CO) is known, we can use the the column density conversion fac-

tor N(H2)/N(13CO) ' 7×105 from Frerking et al. (1982) to estimate the N(H2)

distribution.

2http://www.astro.cardiff.ac.uk/research/ViaLactea/
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2.3.4 Mass Estimates

Once we estimate the spatial distribution of N(H2), we can calculate the mass of

emitting dust structure as:

Mc = µ mH apixel ΣN(H2) (2.14)

where, µ is the mean molecular weight (assumed to be 2.8), apixel is the area

subtended by one pixel, mH is the mass of hydrogen atom, and ΣN(H2)) is the

integrated column density over the area of the dusty structure.

Apart from this, one can estimate the mass of clouds/clumps by knowing

the fluxes of dust emission at frequency ν as follows (e.g., Hildebrand, 1983;

Dewangan et al., 2016a):

Mc =
D2 Sν Rt

Bν(Td)κν
, (2.15)

where Sν is the total flux at frequency ν, D is the distance of source (kpc), Rt is

the gas-to-dust mass ratio (assumed to be 100 Weingartner & Draine, 2001), Bν

is the Planck function for a dust temperature Td, and κν is the dust absorption

coefficient.

2.4 Detection of Filaments

In order to analyze filamentary structures and extract meaningful information, it

is necessary to accurately identify the ridges and extent of the filaments. How-

ever, this can be challenging due to observational data noise. While structure

identification by eye can sometimes be effective, the use of automated filament

detection algorithms provides a bias-free choice. In general, for the past few

years, the widely used algorithms to detect filament skeletons in an astronomi-

cal image are DisPerSE (Sousbie, 2011), and filfinder (Koch & Rosolowsky,

2015). The operation of DisPerSE involves the connection of critical points, such

as maxima and minima, through integral lines following the gradients present in

a given map. These critical points are characterized by a zero gradient within the

map. A crucial parameter required for the algorithm is the “persistence level,”
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which quantifies the absolute difference between the values of the critical points.

In another scenario, filfinder adopts adaptive thresholding on flattened and

smoothed data to detect filaments. It creates a mask of filamentary structures

and removes background noise by applying a globally thresholded mask. The

filamentary structures are then represented by their skeletal form using a Medial

Axis Transform.

In this thesis, we used a recently developed filament finding tool getsf

by Men’Shchikov (2021) which is an updated version of getfilaments

(Men’Shchikov, 2013) algorithm. This takes a different approach by decomposing

the original image into different spatial scales and identifying filament skeletons

along with the sources that are nearly circular in geometry. The popularity of

getsf among other available filament detection tool is that it does not require

user intervention. The only user-definable parameter to extract the structures

(i.e., sources and filament skeletons) using getsf is the maximum width/size

(FWHM, in arcsec) of the structure of interest. This parameter can be roughly

estimated using ds9 by placing a circular region encompassing the width of the

larger structure. Chapters 3, 5, and 6 present the application of getsf to identify

subfilaments in the parent molecular cloud.

The major steps involved in the getsf are: 1) image preparation for structure

extraction, 2) separating the structural elements of sources and filaments from

their backgrounds, (3) reducing noise and background fluctuations in the source

and filament images, (4) combining the flattened source and filament components,

(5) identifying sources and filaments in the combined component images, and (6)

measuring the properties of the identified sources and filaments.

2.5 Identification of clumps/sources

In this section, we discuss a few methods utilized in the thesis to identify density

structures within molecular clouds.
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2.5.1 Dendrogram Method

The extraction of hierarchical structures in astronomical data can be achieved

using a Python-based tool called “astrodendro.” A dendrogram analysis is per-

formed on the map of star-forming molecular clouds, where the dendrogram rep-

resents a tree-like structure with branches and leaves. Branches can further split

into sub-structures, while leaves do not have any sub-structures. Figure 2.2 il-

lustrates a schematic dendrogram representation of a 2D map of hierarchical

structures.

The “astrodendro” tool is capable of identifying dendrogram structures in

both 2D (PP) and 3D (PPV) astronomical datasets. It provides physical proper-

ties such as size, position angle, velocity, etc., of these structures. Before running

the “astrodendro” tool, three key input parameters need to be set: “min˙value,”

“min˙delta,” and “min˙npix.” The “min˙value” represents the minimum emis-

sion value required for dendrogram consideration, typically taken as 3-5 times

the standard deviation (i.e., 3–5σ) of the data. The “min˙delta” determines the

significance of a leaf to be considered an independent entity. The “min˙npix”

specifies the minimum number of pixels required for a leaf to be regarded as an

independent entity. Chapter 7 utilizes the dendrogram method to extract the

substructures withing a hub region.

2.6 Identification of YSOs

The presence of infrared excess sources or YSOs in a star-forming region is a

strong indicator of ongoing star formation activity. The excess infrared emis-

sion originates from the thick circumstellar material, such as envelopes and disks,

which reprocesses the starlight. To identify the YSOs in our study, we utilized

photometric data at NIR-MIR wavelengths ranging from 1 to 24 µm. These data

were obtained from various infrared surveys, including UKIDSS-GPS, 2MASS,

GLIMPSE, and MIPSGAL. The identification of YSOs in the target region

was based on color-color diagram (CCD) and color-magnitude diagrams (CMD),
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Figure 2.2: A 2D map of hierarchical structure (e.g., molecular cloud) and its equivalent dendrogram represen-

tation is shown (credit: https://dendrograms.readthedocs.io/en/stable/).

which provide valuable information for distinguishing these young objects from

other sources. The color represents the ratio of intensities in two spectral bands,

while the magnitude represents the flux in a standard band. CMD and CCD can

provide information on relative ages (or YSO class) of star clusters.

Although, the description on the CCD and CMDs are given in Chapters 4

and 5, here we briefly discuss the importance of NIR/MIR CCD and CMD in

identification of YSOs. In this thesis, we examined the CCD [4.5]–[5.8] vs. [3.6]–

[4.5] and the dereddened CCD (i.e., [[3.6] − [4.5]]0 vs [K − [3.6]]0) of point-like

objects. We also explored the [3.6]–[24] vs. [3.6] and H−K vs. K CMDs to infer

the candidate YSOs. We primarily followed the color criteria of Gutermuth et al.

(2009); Getman et al. (2007); Hartmann et al. (2005). The respective Chapters 4

and 5 present the conditions followed.

2.6.1 YSO surface density estimate

To investigate the spatial distribution of YSOs in the target star-forming region,

we conducted a nearest neighbor (NN) surface density analysis of the selected

YSOs (e.g., Casertano & Hut, 1985; Gutermuth et al., 2009; Bressert et al., 2010;

https://dendrograms.readthedocs.io/en/stable/
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Dewangan et al., 2016b).

To construct a YSO surface density map, we adjusted the radial distance in a

manner that includes the sixth nearest YSO from each grid position (i.e., include

5 YSOs within a circular region). For our analysis, we chose a grid size of 15′′,

which is a conservative approach to deal with a large number of YSOs in a field

(Dewangan et al., 2016b). The local stellar surface density Σ at each grid position

[i, j] is then calculated using the following equation:

Σ(i, j) =
N

πR2
N(i, j)

(2.16)

In this equation, N denotes the number of stars within circular region of

projected radius RN(i, j). Thus, RN(i, j) represents the projected radial distance

to the N + 1th nearest star.



Chapter 3

Star-forming site RAFGL 5085:

Is a perfect candidate

hub-filament system?†

3.1 Introduction

The impact of massive OB stars (& 8 M�) through their radiative and mechanical

feedback on the surrounding environment of galaxies is well-documented in the

literature (e.g., Zinnecker & Yorke, 2007; Rodŕıguez, 2006; Motte et al., 2018).

However, despite significant advancements in recent years, our understanding of

the formation of such massive stars remains incomplete (e.g., Rosen et al., 2020).

With recent observations, our understanding of star formation processes has ex-

panded from molecular cloud to core scales (e.g., Bonnell et al., 2001, 2004; Bon-

nell & Bate, 2006; Vzquez-Semadeni et al., 2009; Vázquez-Semadeni et al., 2017,

2019; Padoan et al., 2020, see Section 1.1.3). In order to observationally study

the formation of massive stars, one needs to explore the embedded morphology

and the gas motion around a newly formed massive star that may hold clues to

its origin. Despite the ubiquity of filaments in the ISM and their association with

†Dewangan, L. K., Bhadari, N. K., Maity, A. K., Pandey, Rakesh, Sharma, Saurabh,

Baug, T., Eswaraiah, C., 2023, JApA, 44, 23D, “Star-forming site RAFGL 5085: Is a perfect

candidate of hub-filament system?”
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star-forming regions, their role in star formation including massive stars remains

an ongoing topic of intense debate (see Hacar et al., 2022, and references therein,

see also Section 1.3).

The focus of this study is the star-forming region RAFGL 5085/IRAS

02461+6147/G136.3833+02.2666, located at a distance of 3.3 kpc (Lumsden

et al., 2013). RAFGL 5085 is known to host a MYSO with Lbol of 6580 L�

(Lumsden et al., 2013). It is associated with weak centimeter continuum emis-

sion (i.e., total flux = 1.7 mJy; Condon et al., 1998) and a NIR cluster (e.g.,

Carpenter et al., 2000; Bica et al., 2003). The NIR cluster was identified using

the K′ stellar surface density map (see Figure 3 related to IRAS 02461+6147 in

Carpenter et al., 2000), which is embedded in a molecular 12CO(1–0)/13CO(1–0)

condensation/clump (at VLSR ∼−44 km s−1; Carpenter et al., 2000) traced by

the FCRAO Outer Galaxy 12CO(1–0) Survey (Heyer et al., 1998). Dense cores

and compact millimeter continuum sources (MCSs) have also been reported in

the direction of the 12CO/13CO clump using C18O(1–0) line data and continuum

maps at 98 GHz and 110 GHz (Saito et al., 2006, 2007). Water maser emis-

sion and ammonia emission have been detected toward the NIR cluster (Ouyang

et al., 2019). Previous studies have investigated a bipolar molecular outflow to-

ward RAFGL 5085 (e.g., Wu et al., 2004; Li et al., 2019), indicating ongoing star

formation activities, including the presence of a MYSO. However, the detailed

structure and morphology of the emission at different wavelengths, from NIR to

sub-mm, in RAFGL 5085 have not been extensively explored. Additionally, no

study has examined the gas motion in the previously reported molecular clump

hosting RAFGL 5085. This work aims to fill these gaps by investigating the phys-

ical processes underlying star formation in RAFGL 5085 using a multi-wavelength

approach. In particular, we utilize the Herschel sub-mm images at 250, 350, and

500 µm (e.g., Elia et al., 2010; Griffin et al., 2010) to derive the dust column

density and temperature maps of RAFGL 5085, which have not been studied be-

fore. Furthermore, we analyze the 12CO (1–0) and 13CO (3–2) line data to gain

insights into the gas dynamics in the region.

The work is organized in the following. §3.2 deals with the observational data
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sets used in this work. We present the outcomes extracted from the analysis of

multi-wavelength data sets in §3.3. We discuss our findings in §3.4. In §3.5, we

present the summary of the work.

3.2 Data and analysis

Observational data sets were obtained for a region spanning approximately 0.22

× 0.22 deg2 (central coordinates: l = 136◦.38 ; b = 2◦.26) around RAFGL 5085

(see Table 5.1). Photometric magnitudes of point-like sources in the H and

Ks bands were extracted from the 2MASS Point Source Catalog. However, it

should be noted that the Hi-GAL observations at 70 and 160 µm and the Spitzer-

GLIMPSE360 map at 3.6 µm do not cover the specific target site of RAFGL

5085 and thus are not available for analysis. Additionally, this study incorpo-

rates photogeometric distances (“rpgeo”) of point-like sources obtained from the

Gaia early data release 3 (EDR3; Brown et al., 2021; Fabricius et al., 2021).

The bolocam source catalog at 1.1 mm (v2.1; Ginsburg et al., 2013) was also

utilized for RAFGL 5085. We retrieved the processed James Clerk Maxwell Tele-

scope (JCMT) 13CO (3–2) spectral data cube (rest frequency = 330.587960 GHz)

and the C18O (3–2) line data cube (rest frequency = 329.3305453 GHz) for the

specific object “G136.3833+02.2666/RAFGL5085” (proposal id: M08BU18) from

the JCMT Science Archive/Canadian Astronomy Data Centre (CADC). These

data cubes are calibrated in terms of antenna temperature. The observations were

carried out using the Heterodyne Array Receiver Programme/Auto-Correlation

Spectral Imaging System (HARP/ACSIS; Buckle et al., 2009) spectral imaging

system, with an integration time of 59.358 s for 13CO and 59.290 s for C18O.

The pixel scale and the resolution of the JCMT line cube are ∼7.′′3 and ∼14′′,

respectively.
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Survey/data source Wavelength/Frequency/line(s) Resolution (′′) Reference

NRAO VLA Sky Survey (NVSS) 1.4 GHz ∼45 Condon et al. (1998)

Milky Way Imaging Scroll Painting (MWISP) 12CO(1–0) ∼50 Su et al. (2019)

James Clerk Maxwell Telescope (JCMT) 13CO(3–2), C18O (3–2) ∼14 Buckle et al. (2009)

Bolocam Galactic Plane Survey (BGPS) 1.1 mm ∼33 Aguirre et al. (2011)

Herschel Infrared Galactic Plane Survey (Hi-GAL) 250, 350, 500 µm ∼ 18, 25, 37 Molinari et al. (2010a)

Wide Field Infrared Survey Explorer (WISE) 12, 22 µm ∼6.5, ∼12 Wright et al. (2010)

Spitzer Galactic Legacy Infrared Mid-Plane Survey Extraordinaire 360 (GLIMPSE360) 4.5 µm ∼2 Whitney et al. (2011)

Two Micron All Sky Survey (2MASS) 1.65, 2.2 µm ∼2.5 Skrutskie et al. (2006)

3.3 Result

Below we discuss the results derived from the analysis of multi-wavelength data

sets.

3.3.1 Physical environments around RAFGL 5085

The region of interest exhibits bright extended emission or diffuse nebulosity in

the Spitzer 4.5 µm image which is shown by Figure 3.1a. Within this central

region, where RAFGL 5085 is located (inset in Figure 3.1a), several point-like

sources and an elongated feature are identified. IR-excess sources (or candidate

YSOs; see Section 1.1.1) and outflow activities are often indicative of ongoing star

formation. IR-excess sources are typically identified by their distinctive emission

patterns across different IR bands. However, since the Spitzer 3.6 µm image is not

available for RAFGL 5085, the usual color criteria based on the 3.6 and 4.5 µm

bands cannot be applied in this case (e.g., Gutermuth et al., 2009). Instead, we

rely on the 2MASS NIR data to identify potential sources with IR-excess within

our target region. Figure 3.1a shows the positions of 2MASS point-like sources

with H−Ks > 0.65 (represented by open circles) overlaid on the Spitzer 4.5 µm

image. This specific color criterion is determined based on the analysis of sources

in a nearby control field. Consequently, 2MASS sources with H−Ks > 0.65 are

considered as potential candidates for IR-excess sources.

Figure 3.1b displays the WISE 12 µm image, revealing at least five filamentary

features (length > 1 pc) directed toward the central region hosting RAFGL 5085.

In the WISE image, a bright source is also seen toward the central region, which

does not appear as a point-like source. The dust continuum emission at 1.1 mm
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Figure 3.1: Multi-wavelength view of RAFGL 5085. The images are shown at different wavelengths, which are

highlighted in the panels. a) Overlay of IR-excess source candidates with H−Ks > 0.65 (see red circles) on the

Spitzer 4.5 µm image. Using the Spitzer 4.5 µm image, a zoomed-in view of the central region is shown using

the inset on the bottom right (see a solid box in Figure 3.1a). IR-excess source candidates are also indicated

by circles. b) Overlay of the bolocam 1.1 mm continuum emission contours on the WISE 12 µm image, and the

levels of the contours are 0.697 Jy beam−1 × (0.25, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 0.98). The inset on the bottom

right shows the distance distribution of Gaia point-like sources toward our selected target area. c) Overlay of

the MWISP 12CO (1–0) emission contours at [−46.5, −38.1] km s−1 on the WISE 12 µm image, and the levels

of the contours are 63.1 K km s−1 × (0.07, 0.12, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 0.98). d) Overlay of the

NVSS 1.4 GHz radio continuum emission contours on the WISE 12 µm image, and the levels of the contours

are 2.467 mJy beam−1 × (0.35, 0.4, 0.45, 0.5, 0.6, 0.7, 0.8, 0.9, 0.98). e) The panel shows the Herschel 250 µm

image. f) The panel displays the Herschel 350 µm image. A solid box highlights the area shown in Figures 3.2a

and 3.2b. In all panels, a scale bar (at a distance of 3.3 kpc) is presented.
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is distributed toward the WISE bright source (Figure 3.1b). We find a clump in

the bolocam 1.1 mm map (see Figure 3.1b), and its total flux at 1.1 mm has been

reported to be 1.824 Jy (Ginsburg et al., 2013). We have also computed the total

mass of the clump using the formula given by Equation 2.15. The analysis uses

Sν = 1.824 Jy at λ = 1.1 mm (Ginsburg et al., 2013), κν = 1.14 cm2 g−1 (Enoch

et al., 2008; Bally et al., 2010), D = 3.3 kpc, and Td = 22 K (see Figure 3.4b).

Using these values, we have computed the mass of the bolocam clump (Mc) to

be ∼225 M�. This Mc value is estimated to be ∼255 M� at D = 3.5 kpc. We

assume an uncertainty on the estimate of the clump mass to be typically ∼20%

and at most ∼50%, which could be contributed from the error on the adopted

dust temperature, opacity, measured flux, and the distance of the source.

We have also examined the distance distribution of Gaia point-like sources in

the direction of our selected target area. We find a peak of distance distribution

around 3.5±0.36 kpc (see an inset in Figure 3.1b), which is in agreement with

our adopted distance to the target source.

In Figure 3.1c, a molecular condensation is traced towards the bolocam clump

using the MWISP 12CO(1–0) line data. This condensation is depicted in a VLSR

range of [−46.5, −38.1] km s−1. Additionally, the NVSS 1.4 GHz continuum

emission is observed towards the WISE bright source, as shown in Figure 3.1d.

The filamentary features become more prominent in the Herschel images at 250

and 350 µm, as seen in Figures 3.1e and 3.1f. Overall, the multi-wavelength

images suggest the presence of a HFS (refer to Section 1.3.3 for more details).

It is interesting to note that ionized emission and potential IR-excess source

candidates are observed towards the central hub of the HFS (i.e., RAFGL 5085

HFS).

Here we note that the MWISP 12CO(1–0) line data do not resolve the HFS

as observed in the WISE and Herschel images due to a coarse beam size. To

overcome this limitation, we analyzed the high-resolution JCMT 13CO(3–2) and

C18O(3–2) line data (resolution ∼14′′). However, it is important to mention

that the JCMT line observations do not cover the entire area shown in Fig-

ure 3.1a but are limited to a specific region indicated by a solid box in Fig-
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Figure 3.2: a) The panel shows the JCMT 13CO(3–2) integrated intensity (moment-0) map (at [−45.35, −39.48]

km s−1) of an area hosting the target site (see a box in Figure 3.1f). b) Overlay of the 13CO(3–2) emission

contours on the Spitzer 4.5 µm image. The 13CO(3–2) contours (in cyan) are 34.13 K km s−1 × (0.03, 0.05,

0.07, 0.09, 0.12, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 0.98). Solid blue contours of the JCMT C18O(3–2) integrated

intensity map (at [−45.35, −39.48] km s−1) are also presented with the levels of 1, 1.5, 2.1, 2.6, and 2.9 K km

s−1. Five arrows “t1–t5” are marked in the panel, where the PV diagrams are generated (see Figures 3.5a–3.5e).

c) The panel shows the line-of-sight velocity map (moment-1 map) of the JCMT 13CO(3–2) emission. d) JCMT

13CO(3–2) intensity-weighted FWHM line width map (moment-2 map). A scale bar corresponding to 3 pc (at

a distance of 3.3 kpc) is shown in each panel.

ure 3.1f. We have further studied the moment maps of JCMT 13CO/C18O(3–2)

emission (see Section 2.3.1 for details on how the moment maps are estimated).

In Figure 3.2a, we display the JCMT 13CO(3–2) integrated intensity (moment-

0) map (at VLSR ∼[−45.35, −39.48] km s−1), which reveals a central molecular

condensation surrounded by parsec-scale molecular filaments. Figure 3.2b shows

the Spitzer 4.5 µm image overlaid with the JCMT 13CO emission contours. The

central molecular condensation, surrounded by molecular filaments, is associ-
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ated with a bright diffuse nebulosity observed in the Spitzer 4.5 µm image. The

molecular filaments are highlighted by five arrows labeled as “t1–t5”. Addition-

ally, the contours of JCMT C18O(3–2) emission are overlaid on the Spitzer 4.5

µm image and are primarily distributed around the central hub of the HFS. No

C18O emission is detected along the molecular filaments, which contrasts with

the distribution observed in the 13CO map. Collectively, the JCMT 13CO(3–2)

moment-0 map also supports the existence of the HFS.

In Figures 3.2c and 3.2d, the moment-1 and moment-2 (FWHM line width)

maps are presented, respectively. Some velocity variations may be inferred toward

the HFS. Higher line widths are evident toward the central hub compared to the

filaments (see Section 3.3.4).

3.3.2 Identification of filament skeletons and their config-

uration

In order to reveal the structures of filaments or filamentary skeletons, we employed

the getsf (Men’Shchikov, 2021, see Section 2.4 for an overview) algorithm on

the Herschel 250 µm image. This particular image has better spatial resolution

compared to other Herschel images at 350 and 500 µm. The filament skeletons,

depicted in Figure 3.3a, represent structures identified on a scale of 51′′. For the

getsf analysis, we defined a maximum filament width size of 60′′. Figure 3.3b

displays the same filament skeletons as in Figure 3.3a, along with the contours

of 13CO(3–2) emission (see Figure 3.2b). These figures clearly demonstrate the

presence of HFS and its association with the molecular gas.

3.3.3 Herschel column density and temperature maps

Figures 3.4a and 3.4b display the column density and temperature maps obtained

from the Herschel observations, respectively. These maps were created using

the Hi-GAL continuum images at 250, 350, and 500 µm, following the methods

described in (e.g., Mallick et al., 2015, see also Section 2.3.3). It should be

noted that the analysis does not include the Herschel 160 µm image due to its
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Figure 3.3: a) The panel shows the emission skeletons (on the scale of 51′′) identified from the Herschel 250µm

image (resolution ∼18′′) using the algorithm getsf. b) Same as Figure 3.3a, but it is overlaid with the 13CO(3–2)

contours (see Figure 3.2b). Six arrows “p1–p6” are indicated in the panel, where the PV diagrams are generated

(see Figures 3.6a–3.6f). A scale bar corresponding to 3 pc (at a distance of 3.3 kpc) is shown in each panel.

unavailability.

The column density and temperature maps were generated by fitting a modi-

fied blackbody model to the sub-mm emission at 250–500 µm for each pixel. The

background flux level was estimated for each wavelength, resulting in values of

0.18, 0.13, and 0.06 Jy/pixel for the 250, 350, and 500 µm images, respectively.
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These estimates were obtained from a selected featureless dark region with a size

of approximately 9′ × 9′ centered at coordinates (l = 135◦.412, b = 2◦.092). In the

analysis, we considered a mean molecular weight per hydrogen molecule (µH2) of

2.8 (Kauffmann et al., 2008), an absorption coefficient (κν) of 0.1 (ν/1000GHz)β

cm2 g−1, where the dust spectral index (β) was assumed to be 2 (see Hildebrand,

1983). Additionally, a gas-to-dust ratio of 100 was taken into account.

The Herschel column density map does not exhibit a prominent HFS, but the

central hub is associated with warm dust emission, with temperatures ranging

from approximately 19 to 22.5 K. It is worth mentioning that there may be

uncertainties of around 10-20% in the estimation of column densities and dust

temperatures (e.g., Launhardt et al., 2013).

Figure 3.4c presents filaments identified by getsf on the Herschel 250 µm image

(see Figure 3.3a), which are utilized to mask the column density map as shown

in Figure 3.4a. Figure 3.4c exhibits filaments with high aspect ratios and lower

column densities (∼0.1–2.4 ×1021 cm−2), while the central hub is found with a

low aspect ratio and high column density (∼3.5–7.0 ×1021 cm−2). Figure 3.4d is

the same as Figure 3.4c, but it also displays the 13CO(3–2) emission contours (see

Figure 3.2b). We find the spatial connection of molecular gas with the structures

seen in the column density map (see Figure 3.4d).

3.3.4 JCMT PV diagrams and σNT map

As previously mentioned, the JCMT molecular line data only cover the central

area of the HFS as observed in the Herschel maps. To investigate the gas motion

within the HFS, we generated PV diagrams along specific paths that traverse the

molecular filaments and the central hub. These paths are indicated by arrows

t1–t5 in Figure 3.2b, which correspond to the outermost edge of each filament

towards the central hub. Additionally, horizontal arrows p1–p6 in Figure 3.3b

represent paths passing through both the central hub and some molecular fil-

aments. Therefore, the t1–t5 and p1–p6 paths may intersect common regions

within the HFS.

The PV diagrams along arrows t1–t5 are presented in Figures 3.5a–3.5e. These
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1.1 5.9 10.7 15.6 20.4 25.2 30.0 15.5 16.7 17.9 19.1 20.2 21.4 22.6

0.1 1.3 2.4 3.6 4.7 5.9 7.0 0.1 1.3 2.4 3.6 4.7 5.9 7.0

Figure 3.4: a) The panel displays the Herschel column density map (resolution ∼37′′) of an area presented

in Figure 3.1a. b) The panel shows the Herschel temperature map (resolution ∼37′′). c) The panel displays

filaments identified on the Herschel 250 µm by the algorithm getsf, which are utilized to mask the column

density map as shown in Figure 3.4a. d) Same as Figure 3.4c, but it is overlaid with the 13CO(3–2) contours

(see Figure 3.2b). A scale bar corresponding to 3 pc (at a distance of 3.3 kpc) is shown in each panel.

diagrams hint at the presence of a noticeable velocity gradient along the molecular

filaments (see Figures 3.5b, 3.5d, and 3.5e). In the direction of the filament “t2”, a

velocity gradient is determined to be about 1.6 km s−1 pc−1. In Figures 3.6a–3.6f,

we also display the PV diagrams along arrows p1–p6. Arrows p2–p4 intersect the

central hub of the HFS, as indicated by the arrow “t2” in Figure 3.2b. The PV

maps along these paths reveal the presence of outflow activity associated with the

central hub, where IR-excess source candidates are also observed (Figures 3.6b–

3.6d). Arrows p4 and p5 pass through the molecular filaments of the HFS, and

noticeable velocity gradients along these filaments toward the HFS are evident in
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Figure 3.5: Position-velocity diagrams of the 13CO(3–2) emission along arrows a) “t1”; b) “t2”; c) “t3”; d)

“t4”; e) “t5” (see arrows in Figure 3.2b). In panel “b”, a reference bar at 1.6 km s−1 pc−1 is marked to show

a velocity gradient.

the PV maps (Figures 3.6d, 3.6e, and Figure 3.5b). These observations hint at

the presence of a velocity gradient towards the HFS. To further investigate this

aspect, high-resolution molecular line observations covering a wider area around

RAFGL 5085 will be necessary. We have also utilized the JCMT 13CO(3–2)

line data to infer the non-thermal velocity dispersion (σNT), sound speed, Mach

number (M), ratio of thermal to non-thermal pressure toward the molecular

features traced in the JCMT moment-0 map. We followed the Equation 2.6

to derive the σNT map. For 13CO, thermal velocity dispersion is expressed as

σT = (kTkin/29mH)1/2 indicating thermal broadening for 13CO at gas kinetic

temperature (Tkin).

The value ofM can be determined by taking the ratio of σNT to sound speed

(as). An expression of the sound speed is as = (kTkin/µmH)1/2, where µ is the

mean molecular weight (µ=2.37; approximately 70% H and 28% He by mass).

Such estimates also allow us to compute the ratio of thermal to non-thermal (or

turbulent) pressure (Lada et al., 2003), and its expression is Rp = a2
s/σ

2
NT . Note

that we do not have the knowledge of Tkin. Hence, dust temperature is used in the

calculation, and is taken from the Herschel temperature map (see Figure 3.4b).

Figure 3.7a presents the moment-2 map of 13CO(3–2) emission overlaid

with contours representing dust temperature ranging from 18.5 to 22.5 K. Fig-
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Figure 3.6: Position-velocity diagrams of the 13CO(3–2) emission along arrows a) “p1”; b) “p2”; c) “p3”; d)

“p4”; e) “p5”; f) “p6”) (see arrows in Figure 3.3b).

ures 3.7b, 3.7c, and 3.7d show the σNT map, M map, and Rp map of JCMT

13CO(3–2) emission, respectively. The central hub exhibits larger values of ∆V ,

σNT, andM compared to other molecular features. Additionally, the Rp value is

smaller than 1 towards the central hub, indicating a higher non-thermal pressure
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c)     Mach number map

a)                    
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Figure 3.7: a) JCMT 13CO(3–2) moment-2 map (see also Figure 3.2d). The contours of dust temperature at

[18.5, 19.0, 19.5, 20.0, 20.5, 21.0, 21.5, 22.0, 22.5] K are also overlaid on the moment-2 map (see also Figure 3.4b).

b) JCMT 13CO(3–2) σNT map. c) JCMT 13CO(3–2) M map. d) JCMT 13CO(3–2) ratio map of thermal to

non-thermal (or turbulent) pressure.

relative to the thermal pressure in the hub.

3.4 Discussion

To examine a wider scale environment of our selected target area containing

the site RAFGL 5085, in Figure 3.8, we present a color-composite map created

using the 250 µm (in red), 22 µm (in green), and 12 µm (in blue) images. The

map is overlaid with the NVSS 1.4 radio continuum emission. Notably, the Hii

regions associated with the sites S192 and S196 are visible, and their sky-projected

separations from our target site RAFGL 5085 are indicated. The extended MIR
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13.6 pc

18 pc

Figure 3.8: Large-scale view of an area containing the site RAFGL 5085. The panel displays a 3-color composite

map made using the Herschel 250 µm (in red), WISE 22 µm (in green), and WISE 12 µm (in blue) images. The

NVSS 1.4 GHz radio continuum emission contour at 1.35 mJy beam−1 is also overlaid on the color composite

map. The target area of this work is indicated by a dotted-dashed box.

emission is observed towards the sites S192 and S196, while the compact MIR

emission is detected towards RAFGL 5085. From Figure 3.8, we observe that

RAFGL 5085 is positioned between the two evolved Hii regions, S192 and S196.

Previously, the NIR cluster – associated with the outflow signature, MSF and

water maser – has been reported toward the molecular and dust clump hosting

the location of RAFGL 5085 (Carpenter et al., 2000; Wu et al., 2004; Saito et al.,

2006, 2007; Lumsden et al., 2013; Li et al., 2019; Ouyang et al., 2019), where

dense molecular cores have been identified (e.g., Saito et al., 2006). Due to the

detection of weak radio continuum emission (i.e., total flux = 1.7 mJy; Condon
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et al., 1998), we do not favour the presence of any evolved Hii region in RAFGL

5085. Hence, the site RAFGL 5085 seems to be associated with an early stage

of MSF (see also Lumsden et al., 2013). In this work, using the Herschel sub-

mm images and the WISE image at 12 µm, our findings reveal a new picture in

RAFGL 5085, which is the existence of a HFS. In this connection, the algorithm

getsf identified at least five filaments (having N(H2) ∼0.1–2.4 ×1021 cm−2), which

appear to direct to the central hub (having N(H2) ∼3.5–7.0 ×1021 cm−2). This

finding is also supported by the JCMT 13CO(3–2) line data. All the signatures of

star formation (including radio continuum emission) are found toward the central

hub of the HFS (see Section 3.3.1), where higher values of M and non-thermal

pressure are depicted (see Section 3.3.4).

In hub-filament configurations, it is thought that filaments are instrumental

in channelling interstellar gas and dust to the central hub, where massive stars

are assembled by the inflow material (André et al., 2010; Schneider et al., 2012;

Motte et al., 2018; Treviño-Morales et al., 2019a; Rosen et al., 2020). In this

context, velocity gradients (e.g., 0.5–2.5 km s−1 pc−1) along molecular filaments

have been observed in HFSs, and are suggested as a signature of gas accretion

along the filaments (Kirk et al., 2013; Nakamura et al., 2014; Olmi et al., 2016;

Hacar et al., 2017; Baug et al., 2018; Treviño-Morales et al., 2019a; Chen et al.,

2020b; Dewangan et al., 2020a). Such material/gas flow is thought to feed star-

forming cores and proto-clusters in the hub (e.g., Treviño-Morales et al., 2019a).

The previously observed velocity gradients in the filaments were found to ex-

ceed the sound speed of ∼0.2 km s−1 at T = 10 K, indicating the presence of

turbulent gas flow (e.g., Baug et al., 2018). Our findings also suggest the existence

of a velocity gradient towards the HFS, as depicted in Figures 3.5 and 3.6, indi-

cating a potential gas flow along the filaments towards the central hub. However,

due to limited molecular line data coverage of the entire HFS, further investi-

gation of the velocity gradients is warranted (e.g., Hacar & Tafalla, 2011; Hacar

et al., 2013). Therefore, it is necessary to acquire new high-resolution and high-

sensitivity molecular line data for a broader region surrounding the RAFGL 5085

HFS to validate our proposed hypothesis.
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The presence of a hub-filament configuration aligns with the clump-fed sce-

nario discussed in Section 1.1.3. According to this scenario, the birth of massive

stars is attributed to inflow material originating from large scales of 1–10 pc.

These inflow materials can be driven by gravity or generated by supersonic tur-

bulence (e.g., Motte et al., 2018; Padoan et al., 2020; Liu et al., 2022a). However,

conducting a detailed study on this aspect extends beyond the scope of the cur-

rent work, considering the available data sets mentioned in Table 5.1.

The HFSs are very common structures in the massive star-forming sites, but a

perfect hub-filament configuration is not often seen in most cases. This is because

of the stellar feedback from Hii regions (or proto clusters) which gradually de-

stroys the HFS as the proto cluster evolves (see Baug et al., 2015, 2018; Dewangan

et al., 2017b, 2020a; Dewangan, 2022; Treviño-Morales et al., 2019a; Dewangan,

2021, 2022). The evolutionary scheme of MSF in HFS suggests this as a last stage

(e.g., Tigé et al., 2017; Motte et al., 2018, See Section 1.3.3 for more details). It

seems that the observed RAFGL 5085 HFS is not yet influenced by UV radia-

tion from the Hii region. Hence, our target source RAFGL 5085 appears to be

one of the perfect HFS candidates where the young sources (including massive

protostar) are found to be formed in the hub region.

3.5 Conclusion and Summary

In this study, we have investigated the physical environment of RAFGL 5085, a

massive star-forming site, using a multi-wavelength approach. Our visual inspec-

tion of the continuum images at different wavelengths, including 12, 250, 350, and

500 µm, has revealed a hub-filament configuration of RAFGL 5085. This config-

uration consists of a central region with a clump mass of ∼225 M�, surrounded

by five parsec-scale filaments. We have also utilized the getsf tool in the Herschel

sub-mm images, and the extracted filament skeletons support the presence of the

HFS in RAFGL 5085.

In the Herschel column density map, filaments are identified with higher as-

pect ratios (length/width) and lower N(H2) values (∼0.1–2.4 ×1021 cm−2), while
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the central hub is found with a lower aspect ratio and higher N(H2) values (∼3.5–

7.0 ×1021 cm−2). The central hub of the RAFGL 5085 HFS is associated with

warmer dust emission, with temperatures ranging from ∼19 to 22.5 K. The signs

of ongoing star formation, including radio continuum emission, are concentrated

towards the central hub. Our analysis of the JCMT 13CO(3–2) line data fur-

ther confirms the presence of the RAFGL 5085 HFS. It should be noted that

the JCMT molecular line data cover mainly the central area of the HFS and do

not extend to the entire region as observed in the Herschel maps. The central

hub exhibits supersonic and non-thermal motions, characterized by higher Mach

numbers and a lower thermal to non-thermal pressure ratio. The 13CO(3–2) PV

diagrams show velocity gradients along the filaments towards the HFS, indicat-

ing gas flow within the RAFGL 5085 HFS and supporting the applicability of

the clump-fed scenario. Our findings suggest that RAFGL 5085 is in the early

phase of MSF and is unlikely to be affected by an evolved Hii region. Therefore,

our selected target site appears to be a perfect HFS candidate, which is not yet

affected by UV photons from the Hii region.



Chapter 4

Star-forming sites IC 446 and IC

447: an outcome of

end-dominated collapse of

Monoceros R1 filament†

4.1 Introduction

In previous Chapter (Chapter 3), we discussed the role of multiple filamen-

tary structures forming HFSs in MSF processes. However, as discussed in Sec-

tion 1.3.2, the isolated and single filamentary cloud may support the mass ac-

cumulation in MSF. In this regard, analytical investigations and numerical sim-

ulations have demonstrated that infinitely long cylindrical clouds exhibit gravi-

tational instability, leading to fragmentation at equal spacing (e.g., Inutsuka &

Miyama, 1992, 1997; Nakamura et al., 1995). For finite-sized filaments, collapse

occurs faster at the ends than in the central region (i.e., end-dominated col-

lapse or EDC scenario; Bastien, 1983; Burkert & Hartmann, 2004; Pon et al.,

2011, 2012; Clarke & Whitworth, 2015; Hoemann et al., 2022). Despite some

†Bhadari, N. K., Dewangan, L. K., Pirogov, L. E., Ojha, D. K., 2020, ApJ, 899, 167,

“Star-forming sites IC 446 and IC 447: an outcome of end-dominated collapse of Monoceros

R1 filament”
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observational and numerical evidence, research focusing specifically on EDC sce-

nario remains limited (e.g., Zernickel et al., 2013; Beuther et al., 2015; Hacar

et al., 2016; Kainulainen et al., 2016; Dewangan et al., 2017b, 2019a; Yu et al.,

2019). In order to evaluate the validity of numerical simulations related to star-

forming filaments, we have chosen a star-forming region within the Monoceros

R1 (hereafter Mon R1) complex. Our approach involves the use of multi-scale

and multi-wavelength observations to examine this nearby site.

Mon R1 is a grouping of reflection nebulae (i.e., R-association), situated near

the Galactic plane and associated with the well-studied OB association Mon OB1

(van den Bergh, 1966). It is located approximately 2◦ away from the center of

Mon OB1 (i.e., Cone Nebula NGC 2264; see an inverted C-like structure of Mon

R1 association at coordinates ∼RA: 6h 31m 0s, Dec: +10◦ 00′ 00′′ in Figure 1

of Montillaud et al., 2019). The distance to Mon R1 has been reported with

varying values in the literature, such as 715 pc (van den Bergh, 1966), 800 pc

(Stahler & Palla, 2005), 900 pc (Oliver et al., 1996), and 1000 pc (Kutner et al.,

1979). In this study, we adopt a heliocentric distance of ∼760 pc for Mon R1

(e.g., Montillaud et al., 2019).

The Mon R1 association includes reflection nebulae NGC 2245, NGC 2247, IC

446, IC 447, as well as several early-type (B3-B7) stars, including VdB 76, VdB

77, VdB 78 (Kutner et al., 1979). Figure 4.1a shows a Planck sub-millimeter

image at 550 µm of the R-association, indicating the positions of NGC 2245,

NGC 2247, IC 446, and IC 447. The image is presented in Galactic coordinates.

Figure 4.1b displays a false-color optical image from the Digitized Sky Survey II

(DSS2) at 0.47 µm, covering a size of approximately 1◦.04 × 0◦.89 (equivalent to

a physical extent of ∼13.8 pc × 11.8 pc at a distance of ∼760 pc). The optical

image highlights the locations of the reflection nebulae and previously known

bright OB-type stars, as listed in Table 4.1. Notably, two sites, IC 446 and IC

447, are connected by a curved section of dark nebulosity, indicated by arrows

in Figure 4.1b. This dark nebulosity appears bright in the Planck image at 550

µm, forming an elongated filamentary structure. In other words, IC 446 (or IC

2167) and IC 447 (or IC 2169) are located at opposite ends of this filamentary
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structure. Additionally, a MYSO named VY Mon is reported to be present near

IC 446 (e.g., Casey & Harper, 1990).

Table 4.1: List of bright stars known toward Mon R1 complex (see Figure 4.1b). The positions and spectral

type of stars are given in the table.

ID Name l b Spectral-type Association References

(degree) (degree)

1 TYC 737-255-1 201.32 +00.30 B2.5V D IC 446 –

2 VY Mon 201.34 +00.29 A5 Vep IC 446 Mora et al. (2001)

3 V727 Mon 201.79 +00.07 B8V D IC 447 –

4 VdB 76 201.63 +00.05 B7IIIp IC 447 Racine (1968)

5 VdB 77 201.88 −00.03 B5III D IC 447 Racine (1968)

6 VdB 78 201.93 +00.02 B3 E IC 447 Cannon & Pickering (1993)

7 BD+09 1264 201.82 −00.09 OB E IC 447 Nassau et al. (1965)

8 V699 Mon 201.77 +00.51 B7IIne C NGC 2245 Herbst et al. (1982)

9 VdB 82 201.67 +00.67 B6ep D NGC 2247 Herbst et al. (1982)

Using the molecular CO line observations (resolution ∼1′.1–2′.6), Kutner et al.

(1979) studied the molecular gas toward R-association and Mon OB1. The

Mon R1 molecular cloud, traced in a radial velocity (VLSR) range of [−1, 5] km

s−1, was found to be kinematically distinct from the Mon OB1 molecular com-

plex at [5, 10] km s−1. A partial ring structure of the Mon R1 molecular cloud

was observed in the molecular map at [−1, 5] km s−1, which hosts the above

mentioned reflection nebulae in its periphery. The Planck continuum image at

550 µm also shows a semi-ring structure in Figure 4.1a. However, Kutner et al.

(1979) found at least two velocity components toward Mon R1 at [−1, 1] and

[3, 5] km s−1 (see Figure 2 in Kutner et al., 1979). The cloud at [3, 5] km s−1

was associated with NGC 2245 and NGC 2247, while a semi-circular arc of cloud

hosting the sites IC 446 and IC 447 was reported in a velocity range of [−1, 1]

km s−1 (see Figure 2 in Kutner et al., 1979). The elongated morphology of the

cloud component at [−1, 1] km s−1 is also observed in other wavelengths; thus we

prefer to categorize it as a filament and named it Mon R1 filament. Kutner et al.

(1979) proposed that a previous energetic event, such as expanding Hii regions,

stellar winds, or supernova (SN) blast waves, was responsible for the existence

of the partial ring structure in the Mon R1 molecular cloud at [−1, 5] km s−1.
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Figure 4.1: The R-association in Mon R1 complex. a) Planck dust continuum image at 550 µm. A filamentary

structure seen in the image is marked by an arrow. A dashed box (in blue) shows the area presented in

Figure 4.1b. A dotted-dashed box (in cyan) and a rectangular box (in yellow) represent the areas shown in

Figures 4.2 and 4.5, respectively. b) A zoomed-in optical image at DSS2 0.47 µm of Mon R1 (see a dashed blue

box in Figure 4.1a). The extent of known reflection nebulae IC 446 and IC 447 are shown by dashed circles.

A dark-filament connecting these nebulae is highlighted by yellow arrows. The positions of previously known

B-type stars and reflection nebulae (i.e., NGC 2245 and NGC 2247) are indicated and labeled by black and

yellow color cross symbols, respectively (see Table 4.1). A scale bar representing 5 pc (at d ∼760 pc) is shown

in each panel.

They also pointed out that the physical process, which governs the formation of

observed OB-stars toward the region, might be different. In this connection, we
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observationally try to resolve the ambiguity of physical process governing the star

formation activity toward the filamentary cloud at [−1, 1] km s−1. To understand

the physical mechanism(s) of star formation in Mon R1 cloud, we have examined

the distribution of molecular gas, ionized emission, dust (i.e., warm and cold)

emission, and YSOs.

Based on the previous studies, we find that Mon R1 is a relatively nearby star-

forming complex hosting the elongated filamentary structure as well as massive B-

type stars, making Mon R1 as an important target site for probing star formation

processes. The Herschel temperature and column density maps (resolution ∼12′′)

are utilized to study the distribution of dust temperature and column density,

while high resolution FOREST Unbiased Galactic plane Imaging survey with the

Nobeyama 45-m telescope (FUGIN; Umemoto et al., 2017) molecular line data

(resolution ∼20′′) are employed to examine the gas flow toward the Mon R1

molecular cloud. Furthermore, the observational findings derived in this work

have been used to assess the existing theoretical models related to star-forming

filaments.

Following the introduction in this section, we present the adopted data sets in

§4.2. The observational outcomes are presented in §4.3. In §4.4, we discuss our

observational results against the existing theoretical models. Finally, §4.5 gives

the main conclusions of this work.

4.2 Data and analysis

Figure 4.1a depicts the target area of the study, with central coordinates at l =

201◦.5 and b = 0◦.5. The selected target area covers an angular extent of ∼1◦.5 ×
1◦.4, corresponding to a physical scale of about 20.3 pc × 18.1 pc (at a distance

of ∼760 pc).

To conduct the analysis, we utilized various publicly available multi-

wavelength and multi-scale datasets, as listed in Table 4.2. In the direction of

our target area, we retrieved 12CO(J = 1–0) and 13CO(J = 1–0) line data from

the FUGIN survey, calibrated in main beam temperature (Tmb) (see Umemoto
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et al., 2017). The typical root mean square (RMS) noise levels for 12CO and

13CO lines are ∼1.5 K and 0.7 K, respectively (Umemoto et al., 2017). The FU-

GIN survey provides data with a velocity resolution of 1.3 km s−1. To enhance

sensitivities, we applied a smoothing process to each FUGIN molecular line data

cube using a Gaussian function with a half-power beamwidth of 3 pixels. The

temperature and column density (N(H2)) maps from the Herschel telescope were

obtained from the publicly accessed website of the EU-funded ViaLactea project

(Molinari et al., 2010b). These maps, with a resolution of ∼12′′, were generated

using the Bayesian algorithm PPMAP method (e.g., Marsh et al., 2015, 2017, see

Section 2.3.3.2 also). The Herschel images at 70, 160, 250, 350, and 500 µm were

used as input for the PPMAP algorithm to derive the temperature and column

density maps.

Table 4.2: List of multi-wavelength surveys used in this work.

Survey band(s) Resolution Reference

NRAO VLA Sky Survey (NVSS) 21 cm ∼45′′ Condon et al. (1998)

FUGIN survey 12CO(J = 1–0),13CO(J = 1–0) ∼20′′, ∼21′′ Umemoto et al. (2017)

Planck Survey 550 µm 4′.8 Ade et al. (2014)

Herschel Infrared Galactic Plane Survey (Hi-GAL) 70, 160, 250, 350, 500 µm 5′′.8, 12′′, 18′′, 25′′, 37′′ Molinari et al. (2010a)

Wide Field Infrared Survey Explorer (WISE) 22 µm ∼12′′ Wright et al. (2010)

Warm-Spitzer GLIMPSE360 Survey 3.6, 4.5 µm ∼2′′ Benjamin et al. (2003)

UKIRT near-infrared Galactic Plane Survey (GPS) 1.25–2.2 µm ∼0′′.8 Lawrence et al. (2007)

Two Micron All Sky Survey (2MASS) 1.25–2.2 µm ∼2′′.5 Skrutskie et al. (2006)

Digitized Sky Survey II (DSS2) 0.47 µm ∼2′′ McLean et al. (2000)

4.3 Results

4.3.1 Herschel column density and temperature maps

Figures 4.1a and 4.1b provide evidence for the presence of an elongated filamen-

tary structure. To further investigate this filament, we present the Herschel tem-

perature and column density (N(H2)) maps of the target region in Figures 4.2a

and 4.2b, respectively. These maps correspond to the area outlined by a dashed

cyan box in Figure 4.1a. The Herschel temperature map reveals the extended

emission of warm dust, with temperatures ranging from ∼15 to 21 K, towards

the sites IC 446, IC 447, and NGC 2245. This suggests the presence of heated
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material or warm dust emission in these regions.

NGC 2245

STRUCTURE

FILAMENTARY 

Figure 4.2: a) Herschel temperature map of the region containing the filament (see a dotted-dashed cyan box in

Figure 4.1a). b) Herschel column density map. The identification of Herschel dust clumps is carried out in the

area shown by a dashed yellow box (see Figure 4.3). In each panel, broken circles indicate the extent of IC 446

and IC 447. A scale bar corresponding to 5 pc is shown in both panels.

The Herschel column density map clearly reveals the presence of the elongated

filament as the most prominent feature. This filament, with a curved geometry, is

traced using a contour level of N(H2) = 3.2×1021 cm−2. The map also shows the

existence of several regions with high column densities (i.e., 6–9 × 1021 cm−2)
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toward the filament. To identify the boundary of the elongated filament, we

employed the IDL clumpfind algorithm (Williams et al., 1994). This algorithm

decomposes the 2D or 3D data into separate clumps of emission by finding po-

sitions of peak intensity that correspond to the clumps. It requires contouring

of the data using a multiple of the RMS noise level, and the input parameters

include the lowest contour level that defines the rejection criteria for data, as well

as the interval between contours (Williams et al., 1994). Figure 4.3a shows the

clumpfind decomposition of column density map tracing the filamentary cloud (in

blue).

Based on the morphology of the elongated filament, it can be divided into

three distinct parts: eastern, central, and western. The eastern part, located

towards the site IC 447, appears more diffuse and exhibits a single peak in column

density. In contrast, the central part (with a length of ∼5 pc) and the western

part (with a length of ∼2-4 pc) of the filament are denser and contain multiple

peaks in column density. Figure 4.3b displays the boundaries of sub-filaments,

which were identified using a contour level of N(H2) = 4.1× 1021 cm−2 as input

for the clumpfind algorithm. These sub-filaments are primarily observed in the

central and western parts of the elongated filament, as indicated in Figure 4.3a.

Although these sub-filaments appear linear, they are not aligned with each other.

To calculate the total mass of the elongated filament (length ∼14 pc) and

sub-filaments, we have used the Equation 2.14 and computed the total mass

of the elongated filament (Mfilament) to be ∼1465 M�. The total mass of the

central and western parts of the filament is determined to be ∼319 and ∼365

M�, respectively. The importance of these results is discussed in Section 4.4.2.

The observed line mass Mline,obs of a filament is calculated as the ratio of the

filament mass (Mfilament) to its length. In this study, with Mfilament estimated to be

∼1465 M� and a filament length of ∼14 pc, Mline,obs is determined to be around

105 M� pc−1. The length of the filament is measured along its major axis using

the DS9 software‡. The line mass of a filament is influenced by the inclination

angle (denoted as “i”) and depends on the “cos i” factor (e.g., Kainulainen et al.,

‡http://hea-www.harvard.edu/RD/ds9/
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Gal E

Gal N

Figure 4.3: a) An elongated filament is depicted in the column density map with the N(H2) contour level of 3.2

× 1021 cm−2. b) Two sub-filaments (central in blue, and western in gray) are identified in the direction of the

elongated filament using the N(H2) contour level of 4.1 × 1021 cm−2. The projected length of each sub-filament

is indicated by a scale bar. The N(H2) contour (in red) is also overplotted to show the elongated filament as

shown in Figure 4.3a.

2016). The angle “i” is the angle between the filament’s major axis and the

sky plane. In this work, since the inclination angle is unknown, we assume that

the filament lies in the same plane as the sky plane, i.e., i = 0. Consequently,

the value of cos i becomes 1, and the observed line mass per unit length can be

considered as an upper limit. It is important to note that the total mass of the

filament (∼1465 M�) may be underestimated due to the unavailability of a small

portion of the filament (Field of View (FoV) approximately 8′–14′) in the Herschel
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column density map at higher latitudes. A comparison between Figures 4.3a and

4.5c highlights this missing portion. It is clear from Eq. 2.14, the uncertainty in

the mass of filament varies linearly with the N(H2) uncertainties.

4.3.2 Infrared and Radio view of R-association

Figure 4.4a displays the WISE 22 µm MIR image of the R-association, which

captures the emission from warm dust in our selected target area. The WISE

image is overlaid with contours of NVSS 1.4 GHz continuum emission (with a

beam size of∼45′′ and a 1σ sensitivity of∼0.45 mJy beam−1; Condon et al., 1998).

Within our selected target area, no extended Hii region is detected. However, it

is worth noting that several massive stars have been reported in the vicinity of

the IC 447 and IC 446 sites (refer to Figure 4.1b and Table 4.1), where extended

warm dust emission is observed.

Figure 4.4b showcases the Spitzer ratio map of 4.5 µm/3.6 µm continuum

emission, derived from the Spitzer 3.6 and 4.5 µm continuum images. The ratio

map reveals regions of both bright and dark features, representing areas where

the flux at 4.5 µm dominates over the flux at 3.6 µm and vice versa. Notably,

the 3.6 µm band includes emission from PAHs at 3.3 µm, while the 4.5 µm band

encompasses the molecular hydrogen line (ν = 0–0 S(9); 4.693 µm) and the Br-

α emission (at 4.05 µm). The bright emission in the ratio map corresponds to

the IC 446 region, where no NVSS continuum emission (or ionized emission) is

detected. This suggests that the area with bright emission near IC 446 may be

associated with outflow activity (see also Section 4.3.4). Conversely, the dark or

grey regions observed towards IC 447 indicate the dominance of the 3.3 µm PAH

feature, indicating the presence of PDRs (see Tielens, 2008). This supports the

idea of the influence of massive stars in the vicinity of IC 447.

4.3.3 Gas kinematics from spectral line data

In this section, we present the results derived using the analysis of the FUGIN

12CO(J =1−0) and 13CO(J =1−0) line data.
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IC 447

IC 446

Figure 4.4: a) Overlay of the NVSS radio 1.4 GHz continuum emission contours on the MIR image at WISE 22

µm toward the filament. The NVSS contours are shown with the levels (3, 5, 10, 20) × 1σ, where 1σ = 0.45

mJy beam−1. A dashed box (in magenta) encompasses the area shown in Figure 4.4b. b) Spitzer ratio map of

4.5 µm/3.6 µm emission. Broken circles show the extent of IC 446 and IC 447 in each panel. The ratio map is

smoothened using a Gaussian function with radius of three pixels. A scale bar corresponding to 5 pc is displayed

in both panels.

4.3.3.1 Integrated molecular maps

In this section, using the FUGIN 12CO(J = 1–0) and 13CO(J= 1–0) line data,

we present kinematic properties of the molecular cloud(s) associated with our

selected target area (see a broken yellow box in Figure 4.1a). Figures 4.5a–

4.5f display the CO maps of intensity (moment-0) in the direction of Mon R1. In

Figures 4.5a and 4.5b, the 12CO and 13CO emissions are integrated over a velocity

range of [−7.8, 10.4] km s−1, respectively.
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Figure 4.5: Left column: “a)”, “c)”, “e)” FUGIN 12CO(1–0) map of intensity (moment-0) in the direction of

Mon R1. Right column: “b)”, “d)”, “f)” FUGIN 13CO(1–0) map of intensity (moment-0) in the direction of

Mon R1. In panels “a” and “b”, the molecular emission is integrated over a velocity range of [−7.8, 10.4] km

s−1. In panels “c” and “d”, the molecular emission is integrated over a velocity range of [−7.8, 1.3] km s−1. In

panels “e” and “f”, the molecular emission is integrated over a velocity range of [1.95, 10.4] km s−1. A scale bar

corresponding to 5 pc is shown in each panel. In panels “c” and “d”, the molecular emission is observed mainly

toward the filament, which is highlighted by a broken box (in magenta).

The molecular maps at velocities ranging from [−7.8, 10.4] km s−1 provide

insights into the gas distribution towards NGC 2245, NGC 2247, and the filament

containing IC 446 and IC 447. Figures 4.5c and 4.5d display the integrated
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12CO and 13CO maps, respectively, over the velocity range of [−7.8, 1.3] km s−1.

These maps reveal that the molecular emission is primarily concentrated within

the filament containing IC 446 and IC 447. On the other hand, Figures 4.5e

and 4.5f show the integrated 12CO and 13CO emissions, respectively, over the

velocity range of [1.95, 10.4] km s−1, highlighting the molecular emission towards

NGC 2245 and NGC 2247. The previous study by Kutner et al. (1979) on the

Mon R1 clouds proposed the presence of two distinct clouds within the velocity

ranges of [−1, 1] and [3, 5] km s−1. Our analysis, leveraging the availability of

high-resolution molecular line data, supports the existence of these two distinct

molecular clouds in the direction of Mon R1, in agreement with the findings of

Kutner et al. (1979).

To investigate the gas flow within the filament, we have focused on a specific

area within the target region, as indicated by the broken box in Figure 4.5. This

area has an angular extent of ∼0◦.99 × 0◦.71, corresponding to a physical scale of

about 13.14 pc × 9.42 pc at a distance of ∼760 pc. Figures 4.6a and 4.6b display

the channel maps of 12CO and 13CO emission, respectively, covering a velocity

range of [−7.8, 1.95] km s−1. The Herschel 160 µm continuum emission contour

is overlaid on these maps to outline the extent of the filament. The molecular

emission is particularly prominent in the velocity range of [−2.6, −0.65] km s−1,

which allows us to trace the boundary of the filament. However, the gas flow

towards the filament is observed in a broader velocity range of [−5, +1] km s−1

as evident in the channel maps of 12CO and 13CO.

4.3.3.2 PV diagrams

To further investigate the presence of two distinct clouds in Mon R1, we have

analyzed the PV diagrams of the molecular gas. Figures 4.7a and 4.7c display the

latitude-velocity (b–v) diagrams of 12CO and 13CO emission, respectively, covering

the field of view shown in Figure 4.5. The molecular emission is integrated over

the longitude range from 201◦ to 202◦ to extract these b–v diagrams.

Similarly, Figures 4.7b and 4.7d show the longitude-velocity (l–v) diagrams

of 12CO and 13CO, respectively. In these diagrams, the molecular emission is
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(a)

(b)

Figure 4.6: a) Velocity channel maps of 12CO(1–0) toward the region marked by a dashed magenta box in

Figures 4.5c and 4.5d. The contour levels are 1.5, 3, 5, 7, 10, 13, 15, 16, 20, and 23 K km s−1. b) Velocity

channel maps of 13CO(1–0). The contour values are 0.1, 0.5, 1, 1.5, 2, 3, 4, 5, 6, and 7 K km s−1. The Herschel

160 µm continuum emission contour (in blue with a level of 0.02 Jy pixel−1 is overplotted in each panel. In

each panel, the velocity information (in km s−1) and a scale bar representing 3 pc are shown.
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integrated over the latitude range from −0◦.16 to 0◦.45. All the PV diagrams

clearly exhibit two distinct velocity components towards Mon R1, which do not

appear to be connected in velocity space. This indicates the presence of two

separate clouds. Furthermore, we find that the molecular gas associated with

the filament is predominantly traced in a velocity range of [−5, +1] km s−1, as

indicated by the dashed rectangular box in Figure 4.7. These analyses provide

valuable insights into the exact boundary of the filamentary cloud and support the

existence of a single and isolated filament in Mon R1, as observed in Figure 4.6.

Figure 4.7: a) Latitude-velocity diagram of 12CO. b) Longitude-velocity diagram of 12CO. c) Latitude-velocity

diagram of 13CO. d) Longitude-velocity diagram of 12CO. In the latitude-velocity diagrams (see panels “a”

and “c”), the molecular emission is integrated over the longitude range from 201◦ to 202◦ (see a broken box

in Figures 4.5c and 4.5d). In the longitude-velocity diagrams (see panels “b” and “d”), the molecular emission

is integrated over the latitude range from −0◦.16 to 0◦.45. In each panel, a dashed rectangular box (in blue)

depicts the CO emission toward the filament (see text for more details).

4.3.3.3 Velocity field of the gas

In Figure 4.8a, the integrated intensity (or moment-0) map of 13CO emission

is shown, with 31 distinct positions along the filament marked by filled blue
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circles (each with a radius of ∼10′′). These positions were selected based on

locally maximum 13CO integrated intensities compared to their surroundings. To

investigate the velocity variation of the gas along the filament, averaged spectra

were extracted toward each marked circle in Figure 4.8a. These observed spectra

were then fitted with Gaussian profiles to derive spectral parameters such as the

radial velocity (VLSR) and linewidth (∆V ).

The velocity profile, which represents the variation of velocity along the major

axis of the filament, is displayed in Figure 4.8b. It indicates a maximum velocity

variation of approximately 3 km s−1 within the filament. The profile also exhibits

an oscillatory pattern with a periodicity of approximately 3-4 pc, which becomes

more pronounced when the linear gradient is removed from the profile. Two

prominent velocity peaks separated by approximately 8–9 pc are observed in

Figures 4.8b and 4.8c, corresponding to the central and western parts of the

filament. The negative and positive velocity gradients between these peaks may

be attributed to different inclinations of different parts of the filament.

The velocity profile after removing the linear gradient is presented in Fig-

ure 4.8c. It shows a clear linear velocity gradient along the central part of the

filament (∼0.4 km s−1 pc−1) and velocity gradients (∼0.6 km s−1 pc−1) at the

ends, which are likely associated with star-forming regions. The linewidth (∆V )

profile is depicted in Figure 4.8d, revealing an average linewidth of approximately

1.5 km s−1. The significance of these results regarding filamentary fragmentation

is discussed in Section 4.4.

4.3.4 Distribution of young stellar objects

In order to trace the star formation activity within the R-association, we ex-

amined the population of YSOs using color-color and color-magnitude diagrams

(see also Section 2.6). Figure 4.9a displays the dereddened color-color diagram

([[3.6] − [4.5]]0 vs [K − [3.6]]0) of point-like objects extracted from the Warm-

Spitzer Glimpse360§ survey (Whitney et al., 2011). In this diagram, triangles

represent Class I YSOs, while circles represent Class II YSOs. Following the cri-

§http://www.astro.wisc.edu/sirtf/glimpse360/
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Figure 4.8: a) FUGIN 13CO(1–0) map of intensity (moment-0) in the direction of Mon R1. The molecular

emission is integrated over a velocity range of [−5, 10] km s−1. Blue dots are marked toward the filamentary

structure, where spectra are extracted. b) Velocity profile along the filament obtained from distinct positions

(see blue dots in panel “a”). c) Velocity profile after removing the linear gradient from profile shown in panel

“b”. d) Linewidth profile (average linewidth ∼1.5 km s−1). In panels “b”, “c”, and “d”, the x-axis represents

the physical length.

teria outlined in Gutermuth et al. (2009), a total of 201 YSOs were identified in

our selected target area, consisting of 8 Class I and 193 Class II YSOs.

In addition to the YSOs identified in the dereddened color-color diagram, we

further examined the NIR color-magnitude (H − K vs K) diagram to identify

additional sources with color-excess emission. The photometric data for this

analysis were obtained from the 2MASS and UKIDSS-GPS surveys. To ensure the

reliability of the photometric magnitudes, we selected sources with photometric

uncertainties of σ < 0.1 mag in the H and K bands. This selection criterion

ensures more accurate and reliable measurements (see Dewangan et al., 2016b,

for more details). Applying the color condition of H−K > 1 mag, we identified a

total of 182 YSO candidates in our selected area (represented by blue squares in

Figure 4.9b). This color condition was determined based on the color-magnitude
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analysis of a nearby control field. These additional YSO candidates with color-

excess emission provide further evidence of ongoing star formation activity in the

R-association.

b)

a) c)

IC446

IC447

IC447

IC446

Figure 4.9: a) Dereddened color-color ([[3.6] − [4.5]]0 vs [K − [3.6]]0) diagram of point-like objects toward

Mon R1. Red triangles represent Class I YSOs, while green circles indicate Class II YSOs (see text for more

details). Following the extinction law given in Flaherty et al. (2007), an extinction vector (AK= 2 mag) is

drawn in the figure. b) Color-magnitude (H −K vs K) diagram of point-like sources. The color excess sources

are highlighted by blue squares. c) Overlay of the selected YSOs (from panels “a” and “b”) on the Herschel 160

µm gray-scale filled contour map. The contour values are 0.8%, 1.5%, 2%, 2.5%, 3%, 4%, 5%, 7%, 9%, 15%,

30%, 50%, 70%, 90%, 95% of the peak value (i.e., 1.68 Jy pixel−1). A contour (in sky-blue color) with a level

of 0.02 Jy pixel−1 is also displayed in the figure. d) Overlay of the surface density contours (in cyan) of YSOs

on the Herschel continuum map at 160 µm. The surface density contours are presented with the levels of 4, 5,

8, 10, 20, 35, 55, and 125 YSOs pc−2. In panels “c” and “d”, a scale bar corresponding to 5 pc is shown, and

big dotted circles represent the extent of IC 446 and IC 447. In panels “a” and “b”, sources with photospheric

emission are shown by dots (in grey). Due to a large number of these sources, a small fraction is randomly

displayed in panels “a” and “b”.

After considering the YSO candidates identified in both dereddened color-

color and NIR color-magnitude diagrams (Figures 4.9a and 4.9b), a total of 370

YSO candidates have been selected. To examine the spatial distribution of these

YSO candidates, Figure 4.9c presents their positions overlaid on the Herschel 160
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µm continuum image of Mon R1. The contour of the Herschel 160 µm continuum

emission is also shown to indicate the location of the filament. In order to quantify

the concentration of YSOs in our selected area, we performed a nearest neighbor

(NN) surface density analysis (see Section 2.6.1 for an overview). This analysis

is commonly used to study the clustering of YSOs (e.g., Casertano & Hut, 1985;

Gutermuth et al., 2009; Bressert et al., 2010; Dewangan et al., 2016b). Following

similar procedures as described in Dewangan et al. (2016b), we generated a surface

density map of YSOs using a 15′′ grid and considering 6 nearest neighbors at a

distance of 760 pc. In Figure 4.9d, the surface density contours (shown in cyan)

of YSOs are overlaid on the Herschel 160 µm image. These contours represent

different levels of surface density, ranging from 4 to 125 YSOs per square parsec.

The contours trace the regions of active star formation in our selected site. The

YSOs are primarily clustered towards the ends of the filament, specifically IC 446

and IC 447. In the direction of IC 446, we observe higher surface density values of

YSOs, ranging from 4 to 125 YSOs pc−2. On the other hand, the surface density

values towards IC 447 range from 4 to 12 YSOs pc−2. This analysis suggests that

the star formation activity is more intense towards IC 446 compared to IC 447

within the filament. It is worth noting that IC 447 is associated with several

evolved massive B-type stars.

The recent narrow-band Hα and [Sii] imaging observations conducted by

Movsessian et al. (2020) in the Mon R1 region, including sites NGC 2245, NGC

2247, and IC 446, have revealed the presence of at least four Herbig-Haro (HH)

objects along the filament. Specifically, three HH objects (HH 1202A, HH 1202B,

and HH 1202C) are observed towards the site IC 446, while the fourth HH object

(HH 1203) is located near the junction of the central and western parts of the fil-

ament. The detection of these HH objects provides further evidence for the high

level of star formation activity within the filament. These objects are associated

with the outflow phenomena driven by young stellar objects and indicate ongoing

star formation processes in the region.
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4.4 Discussion

The presence of a filament itself represents first step toward the formation of

embedded cores and stars. However, second and major step is gravitational frag-

mentation which leads to the fabrication of self-gravitating cores (André et al.,

2010, 2014). In this context, our observational results can be compared with the

existing theoretical models of filamentary fragmentation and collapse.

4.4.1 Mon R1 filament: a supercritical filament

The critical line mass parameter defines the gravitational instability of a filament

(e.g., Ostriker, 1964, see Section 1.2 for details). Following Equation 1.7 and

considering Tk = 10 K and the mean molecular weight of µ = 2.33, the value

of isothermal sound speed (cs) comes out to be ∼0.19 km s−1. Thus, Mline,cri is

estimated to be ∼24–32 M� pc−1 for a temperature range of 15–20 K. In this

work, the value of Mline,obs is determined to be ∼105 M� pc−1 (see Section 4.3.1),

which greatly exceeds the value of Mline,cri.

According to the findings of Inutsuka & Miyama (1992), isothermal filaments

with Mline,obs greater than Mline,cri are prone to axisymmetric perturbations and

exhibit radial collapse towards their axis. These filaments are classified as ther-

mally supercritical and are known to facilitate the formation of prestellar cores

and embedded YSOs (e.g., André et al., 2010; Dewangan et al., 2017b). Con-

versely, isothermal filaments that satisfy the condition Mline,obs < Mline,cri are

referred to as “subcritical” filaments, which generally exhibit a lack of significant

star formation activity (e.g., André et al., 2010; Dewangan et al., 2017b). Apply-

ing this framework to the Mon R1 filament, we find that it falls into the thermally

supercritical category. The presence of Herschel clumps/sub-filaments and groups

of YSOs along the thermally supercritical filament in Mon R1 suggests its suscep-

tibility to fragmentation and subsequent collapse into cores due to gravitational

instability (André et al., 2010).

There is a possibility that the non-thermal microturbulent gas motions can

provide extra support to the filament against gravitational collapse as these mo-
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tions are associated with the gas turbulence (e.g., Hacar & Tafalla, 2011). This

additional support increases the Mline,cri of the filament. The new line mass is

termed as virial line mass (Mline,vir) and can be estimated by replacing cs with the

effective sound speed i.e., cs,eff =
√
c2

s + σ2
NT in Equation 1.7 (e.g., Kainulainen

et al., 2016; Dewangan et al., 2019a).

In this work, the linewidth of 13CO spectra is observed to be ∼1.5 km s−1

(see Figure 4.8d), which leads the value of Mline,vir ∼211–219 M� pc−1 for a

temperature range of ∼15–20 K. The values of Mline,vir and Mline,obs are close to

each other within a factor of ∼2. Mach number, defined as the ratio of σNT/cs, is

determined in a range of 2.4–2.7 for the filament, which suggests the supersonic

nature of the filament.

4.4.2 Age Estimates

The fragmentation of the Mon R1 filament is evident from the presence of sev-

eral high column density regions or fragments observed in the Herschel column

density map, as noted by Kainulainen et al. (2016). The curved morphology of

the filament leads to its division into three distinct parts, as discussed in Sec-

tion 4.3.1. This division is also apparent in the molecular maps of CO, as shown

in Figures 4.5c and 4.5d. The eastern part of the filament, which includes the site

IC 447, exhibits a separate filamentary branch in the CO maps. On the other

hand, the central and western parts of the filament appear as linear structures.

By considering the lengths of the central and western sub-filaments, estimated

to be approximately 5 pc and 4 pc, respectively (see Section 4.3.1), the observed

line mass (Mline,obs) is calculated to be around 64 M� pc−1 and 91 M� pc−1.

One can estimate the critical timescale (τcri) at which a filament grows via ac-

cretion and reaches its critical line mass Mline,cri. The critical timescale represents

the lower age limit of the filament and is influenced by the fragmentation length

scale (i.e., fragment/core separation, λcore), which can be expressed as follows
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(Williams et al., 2018):

τage ≥ τcri '
λcore

2cs

(4.1)

We have estimated λcore along the central and western parts of Mon R1 fil-

ament, which is ∼0.5 pc and ∼0.2 pc, respectively (see Figures 4.2b and 4.8c).

For cs ∼0.23 km s−1 (at Tk = 15 K), these core separation values lead τcri to

be ∼1.1 Myr and ∼0.4 Myr for the central and western parts, respectively. The

corresponding average accretion rate during the assembly of filament can also be

calculated using Ṁ =
Mline,cri

τcri
(e.g., Clarke et al., 2016; Williams et al., 2018).

Thus, considering Mline,cri ∼24 M� pc−1 (at Tk = 15 K) for both the central and

western parts of the filament, the average accretion rate experienced during the

growth of these parts of filament is ∼22 and ∼60 M� pc−1 Myr−1, respectively.

If we assume that the accretion rate remained constant over the filament’s

lifetime, then the age of the filament can be estimated using τage =
Mline,obs

Ṁ
(e.g.,

Williams et al., 2018). This exercise yields the values of τage to be ∼3 and ∼1.5

Myr for the central and western parts of the filament, respectively. Therefore, the

elapsed time since the central and western parts of the filament become critical,

is ∼1.9 and ∼1.1 Myr, respectively. However, considering the turbulence into

account cs can be replaced by cs,eff in Eq. 4.1. Adopting Tk = 15 K and ∆V∼
1.5 km s−1 (i.e., FWHM(13CO)), the corresponding critical age for the central

and western parts becomes ∼0.4 and ∼0.2 Myr, respectively. The projection

effects are not taken into account in the estimations of λcore. Therefore, all these

calculations give lower limits on the derived values of ages.

We utilize the 13CO line data to investigate the velocity profile of the fila-

ment in Mon R1. The velocity profiles shown in Figures 4.8b and 4.8c exhibit an

ordered oscillatory pattern along the major axis of the filament, with a character-

istic period of approximately 3–4 pc. This behavior is reminiscent of the velocity

profiles observed in previous studies, such as the investigation of the L1517 dark

cloud by Hacar & Tafalla (2011). In their study, they found a similar trend in the

velocity profile and demonstrated that the velocity centroids peak at the loca-

tions of fragments, indicating gas motion associated with the fragments. Similar
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velocity patterns have been observed in other studies as well, including those by

Hacar et al. (2016), Kainulainen et al. (2016), Lu et al. (2018), and Dewangan

et al. (2019a). These observational signatures of fragmentation in filaments are

also consistent with the observations in the Mon R1 filament. However, a detailed

modeling of the filament is required to study the nature of the fragments, which

necessitates information about properties such as the orientation, geometry, and

strength of the magnetic field, which are currently unknown. Additionally, the

availability of dense gas tracers in the filaments (e.g., HNC (1–0); Jackson et al.

(2010), HCO+ (3–2); Zernickel et al. (2013), N2H+ (1–0); Beuther et al. (2015),

NH3 (1–1, 2–2); Lu et al. (2018), CS (2–1); Dewangan et al. (2019a)) can further

constrain the velocity field which is the observational limitation of our current

work.

4.4.3 Star Formation Scenario

In their study, Pon et al. (2012) discuss two different collapse modes of a filament.

They propose that the interior of the filament collapses homologously, meaning

that the density remains uniform and all regions have a similar collapse timescale.

On the other hand, the ends of the filament are preferentially given more mo-

mentum, causing them to collapse faster. Analytical studies of elongated but

finite-sized filaments suggest that the collapse timescale depends on the relative

position along the filament, with faster collapse observed at the edges compared

to the central regions (Bastien, 1983; Pon et al., 2011; Clarke & Whitworth,

2015). The collapse timescale at the edges of a filament with an initial aspect

ratio (A) of 5 is found to be 2-3 times shorter compared to the central regions,

while filaments with higher aspect ratios collapse even faster at the ends (Pon

et al., 2011). The faster collapse at the edges of the filament is supported by the

high preferential acceleration of the gas, leading to density enhancements in those

regions (see Section 2.2 in Pon et al., 2012). Interestingly, in the Mon R1 fila-

ment, the western part exhibits a higher accretion rate of approximately 60 M�

pc−1 Myr−1 compared to the central part, which has an accretion rate of around

22 M� pc−1 Myr−1 (see Section 4.4.2). This suggests that the faster collapse at
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the ends of the filament, known as the end-dominated collapse (or EDC), may

be dominant in the western part of the filament. The occurrence of homologous

collapse is typically observed for A < 5 filaments, while the EDC is dominant

for filaments with A ≥ 5 (Pon et al., 2011, 2012). By using the 13CO moment-0

map (Figure 4.5d), the aspect ratio of the Mon R1 filament is estimated to be

approximately 11.5, considering a length of ∼14 pc and a diameter of ∼1.2 pc.

This value is larger than 5, suggesting that the filament is more likely to undergo

faster collapse at its ends rather than homologous collapse.

Our observational findings support the ongoing fragmentation and formation

of gravitationally bound cores within the Mon R1 filament. We observe embedded

high column density regions/fragments and detect oscillations in the velocity

profile, indicating the presence of fragmentation and the formation of potential

star-forming cores. Moreover, we observe clusters of YSOs, as well as the presence

of sites IC 446 and IC 447 hosting massive B-type stars at the ends of the filament.

This suggests that star formation activity is more intense at the filament ends

compared to the central part, indicating that local collapse may have occurred

faster at the ends of the filament.

These observational results are consistent with the EDC model of star for-

mation in the Mon R1 filament. Here we note that the filaments showing EDC

process are rare and a few are reported in the literature (see Section 1.3.2).

Among these examples, the filament in S242 shows the evolved phase of filamen-

tary fragmentation, with one end hosting the S242 Hii region, which may have

formed through the process of EDC. The rest of the mentioned filaments are in

their very early phases of fragmentation, as they exhibit dense clumps along their

major axis. It is worth noting that some of these filaments also display higher ve-

locity gradients at one or both ends, indicating the influence of the EDC process.

For example, the southern end of the Musca cloud exhibits a velocity gradient of

0.5 km s−1 pc−1 (Hacar et al., 2016; Kainulainen et al., 2016), both ends of S242

show a velocity gradient of 1 km s−1 pc−1 (Dewangan et al., 2017b, 2019a), and

one end of G341.244−00.265 shows a velocity gradient of 0.6–0.8 km s−1 pc−1 (Yu

et al., 2019). However, there are also cases where the velocity gradient within
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the filament is observed from the ends toward the center, such as in the NGC

6334 filament (Zernickel et al., 2013), or where a transverse velocity gradient is

observed at one end instead of a velocity gradient along the major axis, as seen

in the IRDC 18223 filament.

In comparison to the listed filaments, Mon R1 filament can be treated as

the best example of a more evolved stage of the filamentary fragmentation, which

reveals end dominated collapse thus forming the known massive star-forming sites

at the ends. Our observational analysis shows the clear linear velocity gradient

along the central part of the filament (∼0.4 km s−1 pc−1), and relatively higher

velocity gradients (∼0.6 km s−1 pc−1) at the ends, which are probably associated

with star-forming regions.

4.5 Summary and Conclusions

This work aims to understand the physical processes governing the star formation

activities in Mon R1 filament. In this context, a multi-wavelength observational

approach has been employed in Mon R1 complex. The optical and infrared images

show the existence of a filament (length ∼14 pc, mass ∼1465 M�) in Mon R1,

which is the most prominent feature in the Herschel column density map. We

named it Mon R1 filament. The 12CO and 13CO line data have allowed us to

identify two molecular clouds within our selected target area, identified at veloc-

ities of [−5, 1] km s−1 and [2, 10] km s−1. The molecular gas associated with

the Mon R1 filament is studied in a velocity range of [−5, 1] km s−1, which is

found to be isolated from another diffuse cloud at [2, 10] km s−1. The filament

is found to contain two previously known sites IC 446 and IC 447 at its opposite

ends. Several massive B-type stars are identified toward the site IC 447, while a

massive YSO (i.e., VY Mon) is observed toward the site IC 446. The presence

of extended temperature features, PDRs, and outflow activity toward both ends

of the filament indicates ongoing star formation activity. The clustering of YSOs

is observed prominently at the filament edges, with a higher surface density of

YSOs observed toward IC 446 compared to IC 447. The surface density ranges
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from 4 to 125 YSOs pc−2 toward IC 446, while it is found to be 4 to 12 YSOs pc−2

in the direction of IC 447. This disparity suggests more intense star formation

activity toward IC 446. The estimated mass and length of filament are ∼1465

M� and ∼14 pc, respectively. This corresponds to Mline,obs of ∼105 M� pc−1.

The Mline,obs is found to be ∼3 to 4 times higher than Mline,cri. This suggests

that the Mon R1 filament is thermally supercritical, indicating that it is prone to

gravitational fragmentation and the formation of self-gravitating cores.

The western part of the filament takes about 0.4 Myr to grow its line mass by

its critical value with an average accretion rate of ∼60 M� pc−1 Myr−1. In the

case of the central part of the filament, this critical timescale and the accretion

rate are estimated to be ∼1.1 Myr and ∼22 M� pc−1 Myr−1, respectively. The

velocity and linewidth profiles of the filament show an oscillatory pattern with a

periodicity of 3–4 pc along the direction of its major axis. The velocity gradient

along the central part of the filament is found to be ∼0.4 km s−1 pc−1, however the

relatively higher velocity gradients (∼0.6 km s−1 pc−1) are observed at both ends

of the filament. The aspect ratio (A) of the filament is found to be greater than 5,

suggesting the end dominated collapse mode is dominated over the homologous

collapse mode.

Taken together, all the observational outcomes, the fragments distributed to-

ward both ends of the filament are found to undergo a faster collapse compared

to its central part, showing the presence of massive star-forming regions at its

opposite ends. Overall, the elongated filament in Mon R1 is a promising candi-

date favouring the EDC model of star formation as discussed by Pon et al. (2011,

2012).



Chapter 5

Simultaneous evidence of edge

collapse and hub-filament

configurations: A rare case study

of a Giant Molecular Filament

G45.3+0.1†

5.1 Introduction

Chapters 3 and 4 have provided evidence for the potential of MSF through the

complex HFSs and EDC scenario in isolated filaments. While HFSs associated

with MSF activities are commonly observed in our Galaxy (e.g., André et al.,

2010; Schneider et al., 2012; Motte et al., 2018; Anderson et al., 2021), the obser-

vational signatures of the EDC scenario in star-forming filaments hosting massive

stars (including Hii regions powered by massive stars) are rare (Dewangan et al.,

2017b, 2019b; Bhadari et al., 2020, and references therein). Molecular line obser-

vations unveil that the filaments in HFSs act as a channel of material flows to feed

†Bhadari, N. K., Dewangan, L. K., Ojha, D. K., Pirogov, L. E., Maity, A. K., 2022, ApJ,

930, 169, “Simultaneous evidence of edge collapse and hub-filament configurations: A rare case

study of a Giant Molecular Filament G45.3+0.1”
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the dense clumps/cores (e.g., Kirk et al., 2013; Peretto et al., 2013; Dewangan

et al., 2017c; Hacar et al., 2018; Treviño-Morales et al., 2019b; Chen et al., 2020b;

Dewangan et al., 2020a; Dewangan, 2021, 2022), where massive stars and young

stellar clusters are observed (Liu et al., 2012; Treviño-Morales et al., 2019b, and

references therein). In this regard, the HFSs can be considered as an intermediate

step in MSF within a molecular cloud. It is important to note that the configura-

tions of filaments involved in HFSs and the EDC scenario are scale-independent.

HFSs are typically observed at sizes ranging from 2 to 20 pc (Kumar et al., 2020),

while the filaments that exhibit EDC signatures, although fewer in number, are

observed at physical scales ranging from ∼1–75 pc (Dewangan et al., 2023, and

references therein).

It is crucial to note that the EDC model is based on simplistic and idealized

assumptions (Clarke & Whitworth, 2015; Hoemann et al., 2022). However, it

is considered one of the major collapse modes in filaments. Recently, attempts

have been made to analytically address the question of whether two neighbor-

ing filaments will first interact to each other or independently collapse via the

EDC process, providing insights into real cases of interstellar medium dynam-

ics (see Hoemann et al., 2021). However, there is still a gap in our theoretical

understanding regarding the connection between observed HFSs and the EDC

process in filaments. By studying the link between HFSs and the EDC scenario

in filaments, we aim to gain insights into the mass accumulation processes from

cloud to core scales that drive the formation of massive stars. The investigation

of mass accumulation in different scales helps us understand how material flows

and accumulates within a filament, leading to the formation of dense cores and

ultimately the birth of massive stars. This knowledge is essential for developing

comprehensive models of MSF and advancing our understanding of the physical

processes involved.

While the theoretical insights are currently lacking, the observational results

from this work contribute to the understanding of the interplay between HFSs and

the EDC process in filaments. In this context, the present work deals with two

major star-forming complexes (i.e., G045.49+00.04 and G045.14+00.14) located



5.1. INTRODUCTION 95

in the Aquila constellation (l=45o, b=0o). These sites were primarily identified

and catalogued as extended clouds with the prefix name of Galactic Ring Survey

Molecular Cloud (GRSMC; see more details in Rathborne et al., 2009).

The two complexes, G045.49+00.04 (hereafter, G45E) and G045.14+00.14

(hereafter, G45W), are well-known for hosting massive star-forming regions, nu-

merous ultracompact (UC) Hii regions, maser emission, and outflow activities

from young stars, including massive star(s) (e.g., Wood & Churchwell, 1989; Blum

& McGregor, 2008; Paron et al., 2009; Rivera-Ingraham et al., 2010). The east-

ern complex, G45E, contains the sources IRAS 19120+1103 (or G45.45+0.06)

and IRAS 19117+1107 (or G45.48+0.13), while the western complex, G45W, is

home to two active massive star-forming regions, IRAS 19110+1045 and IRAS

19111+1048. Extensive exploration of both complexes has been conducted using

IR, sub-mm, and radio data sets (e.g., Vig et al., 2006; Rivera-Ingraham et al.,

2010). Notably, the eastern complex exhibits significant extended sub-mm emis-

sion, as shown in Figure 2 of Rivera-Ingraham et al. (2010). In the direction

of the western complex, the distribution of dust and ionized gas around IRAS

19110+1045 is less extensive compared to that of IRAS 19111+1048 (Vig et al.,

2006), and it is observed to be much younger than the latter source (Hunter

et al., 1997; Vig et al., 2006). Figure 5.1 presents a MIR view of an area contain-

ing G45E and G45W, represented as a 3-color composite map created using the

Spitzer 24 µm (red), WISE 12 µm (green), and Spitzer 8 µm (blue) images.

Figure 5.1 also includes the positions of dust continuum clumps at 870 µm

identified by Urquhart et al. (2018) from the APEX Telescope Large Area Survey

of the Galaxy (ATLASGAL). These clumps, marked by red and blue diamonds,

are traced in a velocity range of [55.5, 62.2] km s−1. Each ATLASGAL clump has

radial velocity and distance information available (see Urquhart et al., 2018, for

more details). The red diamonds correspond to clumps located at a kinematic

distance of 8.4 kpc, while the blue diamonds represent clumps at a kinematic

distance of 8 kpc. However, based on the spatial distribution of the ATLASGAL

clumps and the morphology of the parent molecular cloud toward G45E and

G45W, we adopt a distance of 8 kpc for both sites in this study (see Section 5.3.1).
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IRAS 19111+1048

IRAS 19110+1045
IRAS 19117+1107

IRAS 19120+1103

Figure 5.1: Three-color composite image (Red: Spitzer 24 µm, Green: WISE 12 µm, Blue: Spitzer 8 µm)

of a field containing star-forming complexes G045.49+00.04 (G45E) and G045.14+00.14 (G45W). Two dashed

rectangular boxes (in magenta) enclose the areas of G45E and G45W (from GRSMC; Rathborne et al., 2009),

and are presented in Figures 5.2b and 5.2c. The red and blue diamonds represent the positions of ATLASGAL

dust clumps at distances of 8.4 kpc and 8.0 kpc, respectively, from Urquhart et al. (2018). The positions of the

IRAS sources are shown by arrows. A scale bar of 20 pc (at d = 8 kpc) is also displayed.

Previous studies considered distances to these sites in the range of approximately

6-8 kpc (see Rivera-Ingraham et al., 2010, and references therein). A detailed

investigation of the molecular gas encompassing both complexes is yet to be

conducted, which is crucial for understanding the ongoing physical processes and

exploring the HFSs and EDC scenarios. The sub-mm continuum maps are also

employed to carefully analyze the observed spatial structures.

We organize this work into five major sections. §5.2 describes data sets used

in this work. In §5.3, we present the results obtained using the continuum and

line data. In §5.4, we discuss the implications of our derived results for explaining

the star formation processes. A summary of this work is given in §5.5.
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Table 5.1: List of multi-wavelength and multi-scale data/surveys used in this work.

Survey Wavelength/line(s) Angular Resolution (′′ ) Reference

Multi-Array Galactic Plane Imaging Survey (MAGPIS) 20 cm ∼6 Helfand et al. (2006)

FUGIN 12CO, 13CO, C18O (J=1–0) ∼20 Umemoto et al. (2017)

CHIMPS 13CO, C18O (J=3–2) ∼15 Rigby et al. (2016)

APEX Telescope Large Area Survey of the Galaxy (ATLASGAL) 870 µm ∼19.2 Schuller et al. (2009)

Herschel Infrared Galactic Plane Survey (Hi-GAL) 70, 160, 250, 350, 500 µm ∼6, 12, 18, 25, 37 Molinari et al. (2010a)

Spitzer MIPS Inner Galactic Plane Survey (MIPSGAL) 24 µm ∼6 Carey et al. (2009)

Wide Field Infrared Survey Explorer (WISE) 12 µm ∼6.5 Wright et al. (2010)

Spitzer Galactic Legacy Infrared Mid-Plane Survey Extraordinaire (GLIMPSE) 3.6, 4.5, 5.8, 8.0 µm ∼2 Benjamin et al. (2003)

UKIRT near-infrared Galactic Plane Survey (GPS) 1.25–2.2 µm ∼0.8 Lawrence et al. (2007)

Two Micron All Sky Survey (2MASS) 1.25–2.2 µm ∼2.5 Skrutskie et al. (2006)

5.2 Data Sets

In this work, we analyzed the publically available multiscale and multiwave-

length data sets toward our target region, primarily in the area of 0◦.67×0◦.50 or

93.5×70.4 pc2 (centred at l = 45◦.30; b = 0◦.05). The overview of data sets used in

this work is presented in Table 5.1. We utilized the 12CO(J=1−0), 13CO(J=1−0),

and C18O(J=1−0) line data obtained from the FUGIN survey. The FUGIN data

are calibrated in main beam temperature (Tmb), and the typical rms is ∼1.5 K for

12CO and ∼0.7 K for 13CO and C18O lines. The survey data provide a velocity

resolution of 1.3 km s−1 (see more details in Umemoto et al., 2017). We also used

13CO(J=3−2), and C18O(J=3−2) line data downloaded from the 13CO/C18O

(J = 3→2) Heterodyne Inner Milky Way Plane Survey (CHIMPS). The high-

resolution (θspatial=15′′, θvelocity=0.5 km s−1) CHIMPS survey covers the Galactic

plane within |b| ≤ 0◦.5 and 28◦ . l . 46◦. The survey data have a median rms of

∼0.6 K, and are calibrated in antenna temperature (T ∗A) scale. We converted the

intensity scales from T ∗A to Tmb by using the relation Tmb =
T ∗A
ηmb

, where the mean

detector efficiency is ηmb= 0.72 (Rigby et al., 2016). In order to improve the sen-

sitivity, the molecular line data from the FUGIN and CHIMPS were smoothed

with a Gaussian function having 3 pixels half-power beamwidth. This exercise

yields the final spatial resolutions of the FUGIN and CHIMPS molecular line

data to be 21.′′73 and 16.′′82, respectively.
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5.3 Results

5.3.1 Kinematics of molecular gas

In this section, we study the spatial-kinematic structures of the molecular gas in

the direction of our target sites.

5.3.1.1 Morphology of the molecular cloud

In Figure 5.2a, we present a three-color composite map at sub-mm wavelengths

(Red: ATLASGAL 870 µm, Green: Herschel 350 µm, Blue: Herschel 160 µm)

of the target area depicted in Figure 5.1. The map reveals the presence of elon-

gated structures, or filaments, in both the star-forming complexes, G45E and

G45W. To further investigate these complexes, Figures 5.2b and 5.2c display the

ATLASGAL 870 µm continuum images overlaid with the MAGPIS 20 cm ra-

dio contours for the sites G45E and G45W, respectively. The MAGPIS radio

contours highlight the zones of ionized emission or the Hii regions in the target

sites.

To investigate the kinematics of the parent molecular cloud, we analyzed the

averaged molecular spectra obtained from a rectangular strip that passes through

both major star-forming complexes (as indicated by the dotted dashed rectangle

in Figure 5.2a). Figure 5.3a presents the averaged spectra of different molecular

species, including FUGIN 12CO/13CO/C18O (1–0) and CHIMPS 13CO/C18O (3–

2). The line profiles of the different molecular species suggest that the molecular

cloud can be effectively studied in a velocity range of [50, 70] km s−1. The

12CO(1–0) profile appears broader compared to the other line profiles, which can

be attributed to its high optical depth and lower critical density. It is well-known

that 12CO(1–0) primarily traces the outer diffuse cloud. Therefore, we utilized

the relatively optically thin 13CO(1–0) line data to delineate the boundary of the

molecular cloud.

For fitting the 13CO(1–0) spectra, we employed the curve fit function from

the SciPy library (Virtanen et al., 2020) using double Gaussian profiles. The
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Figure 5.2: (a) Three-color composite image (Red: ATLASGAL 870 µm, Green: Herschel 350 µm, Blue:

Herschel 160 µm) of a field shown in Figure 5.1. A dotted dashed rectangular strip (in spring green) indicates

an area where the averaged gas spectra are extracted (see Figure 5.3). A dashed box in yellow highlights an area

studied in this work. Panels (b) and (c) display the ATLASGAL dust continuum contour maps (in grey scale) of

G045.49+00.04 and G045.14+00.14 regions at 870 µm, respectively (see dashed boxes in Figure 5.1). In panels

(b) and (c), the ATLASGAL contour levels range from 5% to 95% in steps of 9%, of the map peak value (i.e.,

5.49(7.56) Jy beam−1 for panel “b”(“c”)). The maps are overlaid with the MAGPIS 20 cm continuum emission

contours with the levels of 0.96, 1.36, 2.73, 8.19, 13.64, 27.29, 40.93, 54.57, 109.15, 163.72, 218.30, 259.23, 267.41

mJy beam−1. The star symbols in panels (b) and (c) represent the positions of ATLASGAL dust clumps (see

also Figure 5.1), and the cyan triangles indicate the positions of IRAS sources.

fitted Gaussian profiles, along with the original 13CO(1–0) profile, are presented

in Figure 5.3b. The main Gaussian component, traced in a velocity range of [53,

63] km s−1, yields a mean (µ) of 58.30±0.03 km s−1 and a standard deviation

(σ) of 2.34±0.03 km s−1. The other Gaussian component is associated with µ=

65.01±0.20 km s−1 and σ= 2.43±0.19 km s−1, and contributes to the redder tail

of the observed 13CO(1–0) profile.

Figure 5.4 illustrates the spatial distribution of the molecular cloud at [53,

63] km s−1, corresponding to the major Gaussian component of the 13CO(1–0)

spectra. Figure 5.4a presents the moment-0 map of 13CO(1–0) emission, with

overlaid contours of C18O (1–0) emission. The 13CO(1–0) moment-0 map reveals
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a)

b)

Figure 5.3: (a) Averaged spectral profiles of different molecular species along the dotted-dashed strip shown in

Figure 5.2a. (b) 13CO(1–0) line profile (dashed (red) curve) fitted with the two Gaussian components (dotted-

dashed (green) curves). The best fit profile is shown in a thick blue curve. The two vertical dashed lines are

marked at the velocity of 53 and 63 km s−1.

an elongated molecular cloud hosting the two previously identified star-forming

complexes, G45E and G45W, located at the ends of the cloud. Additionally,

the C18O (1–0) emission highlights dense substructures along the direction of the

major massive star-forming sites, namely IRAS 19120+1103, IRAS 19117+1107,

IRAS 19110+1045, and IRAS 19111+1048.

The moment-1 map of the 13CO(1–0) emission is shown in Figure 5.4b. A

continuous velocity structure around 58 km s−1 further supports the idea of an

elongated molecular cloud. We can also notice a relatively redshifted emission

around 63 km s−1, which belongs to the minor Gaussian component (Figure 5.3).

However, the moment maps related to the minor Gaussian component are not

studied in this work. The moment-2 map is shown in Figure 5.4c. The linewidth

value is about ∼2–5 km s−1 throughout the cloud structure. There are clear
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Figure 5.4: Left column of panels shows the FUGIN 13CO(1–0) moment maps; (a) moment-0 map, (b) moment-1

map, and (c) moment-2 map in the direction of our selected target area (see a dashed box in Figure 5.2a). Right

column of panels shows the similar maps for CHIMPS 13CO(3–2) emission. The moment-0 maps are obtained in

the velocity range of [53, 63] km s−1. In panel (a), C18O(1–0) emission contours are overlaid on the 13CO(1–0)

moment-0 map. The contour levels range from 3 to 8.7 K km s−1 in steps of 1.3 K km s−1. In panel (d), the

C18O(3–2) emission contours are overlaid with the levels ranging from 3.2 to 20 K km s−1 in steps of 3.36 K km

s−1. Two dashed boxes in panel (d) show the area presented in Figure 5.12. In panel (a), a dashed (red) curve

is indicative of filament’s length, where the PV diagram is also studied (see Figure 5.6c). In all the panels, the

respective color bars are shown to the right of each panel.

velocity dispersion enhancements at the edges of the cloud, which are of the order

of ∼4.5 km s−1. We have also displayed the moment maps of 13CO(3–2) emission

in Figures 5.4d, 5.4e, and 5.4f. The 13CO(3–2) emission traces the dense gas

compared to the 13CO(1–0) emission, thus allowing us to study the structures

and kinematics of dense molecular clumps. From Figures 5.4a and 5.4d, the

dense gas/clumps are primarily identified towards the ends of elongated cloud,
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and the entire cloud structure is traced in the 13CO(1–0) emission only. Overall,

Figure 5.4 collectively displays the spatial-kinematic distribution of molecular

cloud associated with the target sites G45E and G45W.

To examine the velocity distribution of the gas toward the elongated cloud

observed in a velocity range of [53, 63] km s−1, we have shown the velocity channel

maps in Figure 5.5. Additionally, the C18O(3–2) integrated emission contour (in

red) is shown in Figure 5.5 at a level of 3.2 K km s−1 to visualize the gas motion

in the direction of the cloud. The elongated morphology of the cloud becomes

apparent starting from a velocity of 55.67 km s−1 and takes a complete shape

between 57.62 km s−1 and 59.58 km s−1. Notably, the dense substructures are

predominantly observed at the edges of the elongated cloud.

Figure 5.5: Velocity channel maps of 13CO(1–0) emission (in grayscale). The contour levels range from 1.2 to

14 K in steps of 1.28 K. The overlaid red contours represent the integrated emission of C18O(3–2) at a level of

3.2 K km s−1 (see also Figure 5.4b). The velocities are labeled in each panel.
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5.3.1.2 Position-velocity diagrams

We have also examined the PV diagrams to analyze the kinematics of the molec-

ular gas. PV diagrams provide valuable insights into the gas motion along spe-

cific spatial axes. Figures 5.6a and 5.6b display the longitude-velocity (l–v) and

latitude-velocity (b–v) diagrams, respectively. The positions of the ATLASGAL

dust clumps are overlaid on these diagrams, illustrating their spatial and velocity

associations with the cloud. Figure 5.6c presents a PV diagram along a selected

path with a physical length of ∼75 pc. This path is indicated by a dashed (red)

curve in Figure 5.4a. Along this path, several small circular regions with radii

of ∼15′′ are selected. The average 13CO(1–0) profile is obtained for each circular

region, and the peak velocity is determined by fitting a Gaussian function to each

average profile.

In Figure 5.6c, to study the pattern of velocity, we have also overlaid the peak

velocity of each observed 13CO(1–0) profile. In the PV diagram, the velocity

distribution along the path shows an oscillatory pattern, and has a maximum

velocity variation of∼4 km s−1. In addition to the oscillatory pattern, the velocity

profile shows the linear gradient at both ends of the filament. In the direction of

G45E, the velocity gradient is observed to have a value of −0.064 km s−1 pc−1,

while it is +0.032 km s−1 pc−1 toward G45W.

Figure 5.7a highlights two straight lines, indicating the presence of different

velocity gradients in the PV plot (also seen in Figure 5.6c). Notably, the largest

velocity gradient of approximately 0.5 km s−1 pc−1 is associated with the western

border of G45E, suggesting accelerated gas motions in that region. Figure 5.7b

displays the residual velocity profile, which is obtained by subtracting the ve-

locity gradients from the data. This profile is generated using a “data−model”

approach, where the model represents the best fit straight lines corresponding to

the two different velocity gradient regimes. It has been suggested that the large-

scale velocity oscillations in the PV diagram along the filaments may be related

to the kinematics of core formation and to the physical oscillations present in the

filaments (e.g., Liu et al., 2019, see Figure 7 therein).
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Figure 5.6: Position-velocity (PV) diagrams of 13CO(1–0) emission: (a) Longitude-velocity diagram, (b)

Latitude-velocity diagram, toward an area displayed in Figure 5.5. The diamond symbols represent the po-

sitions of ATLASGAL clumps from Urquhart et al. (2018) (see also Figure 5.1). (c) The PV diagram along a

dashed curve marked in Figure 5.4a, where zero point in the x-axis corresponds to the eastern end of the curve.

The data points with error bars are the velocity averaged points at their respective position (see text for more

details).

In order to compare the velocity oscillations with the column density en-

hancements in the observed molecular cloud, we have generated a column density

profile along a path indicated by a dashed (red) curve in Figure 5.4a. The result-

ing column density profile is shown in Figure 5.7c, where the x-axis zero point

corresponds to the eastern end of the path. To obtain the column density map,
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we utilized Herschel multiwavelength images at 160–500 µm and applied a pro-

cedure described in Section 2.3.3. Both the 13CO(1–0) molecular line data and

the Herschel column density map were convolved to a common spatial resolu-

tion of 38′′ using the imsmooth task in CASA. In Figure 5.7, vertical dashed lines

are marked across all the plots, indicating the positions of local column density

peaks. Upon comparing the velocity and column density plots (Figures 5.7a and

5.7c), it is observed that the velocity peaks are shifted relative to the column den-

sity peaks in the direction of G45E. However, this shift is not apparent in other

parts of the filaments. The implications of these findings are further discussed in

Section 5.4.1.

5.3.2 Physical properties of the cloud associated with

G45E and G45W

To derive the mass of the filamentary cloud at [53, 63] km s−1, we have employed

the 13CO(1–0) line emission. We have used the Equations given in Section 2.3.3.3

to estimate the 13CO(1–0) column density (N(13CO)). Figure 5.8a presents the

excitation temperature (Tex) map of 12CO(1–0) emission. The estimated mean

excitation temperature is about 8.7 K.

The optical depth map of 13CO(1–0) is shown in Figure 5.8b. We found that

the optical depth ranges from ∼0.1 to 1, suggesting the optically thin nature

of the 13CO emission toward the entire filamentary cloud. By applying Equa-

tions 2.11, 2.12, and 2.13, we have obtained an average value of N(13CO) around

2.04×1016 cm−2. This corresponds to a mean H2 column density (N(H2)) of ap-

proximately 1.43×1022 cm−2, considering a column density conversion factor of

N(H2)/N(13CO) ' 7×105 as determined by Frerking et al. (1982). To derive the

N(H2) map shown in Figure 5.8c, we incorporated the minimum N(13CO) emis-

sion value of 8×1015 cm−2 and considered the emission within the filamentary

cloud. Here, we also note that the N(H2) maps derived from the Herschel con-

tinuum images and the molecular line data are consistent with each other. The

mass of the filamentary cloud is calculated using Equation 2.14, considering a
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Figure 5.7: (a) Position-velocity profile of 13CO(1–0) emission, similar to that shown in Figure 5.6c. The green

and red lines indicate the velocity gradient of −0.064 km s−1 pc−1 and +0.032 km s−1 pc−1, respectively. (b)

Residual velocity profile after removing the velocity gradients shown in panel (a). (c) Column density profile.

The inset shows a similar column density profile in the length range of 20 to 60 pc.

mean molecular weight of 2.8 and a distance of 8 kpc. The total estimated mass

of the cloud is ∼1.1×106 M�.

It is important to acknowledge that there are uncertainties associated with
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Figure 5.8: (a) The excitation temperature map derived from 12CO(1–0) emission in the velocity range of [53,

63] km s−1. (b) 13CO(1–0) optical depth map. (c) H2 column density map. In all the panels, the contours

represent 13CO(1–0) integrated emission ranging from 8 to 60 K km s−1 in steps of 10.4 K km s−1.

the column density and mass calculations. These uncertainties primarily arise

from factors such as the choice of the N(H2)/N(13CO) conversion factor, distance
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estimation, and observational random errors, which can contribute to a 30-50%

uncertainty range. The length of the filamentary cloud is estimated to be ∼75

pc, measured along its major axis (as indicated by the dashed (red) curve in

Figure 5.4a). Based on this measurement, the observed line mass of the cloud is

calculated to be ∼1.5×104 M�/pc. It is important to consider the “cos i” factor

in the calculation of the line mass, where “i” represents the angle between the

sky plane and the major axis of the filament. In our calculations, we assume

i=0, indicating that the filament is in the sky plane. Therefore, the derived line

mass represents an upper limit. In addition to the uncertainty in “i”, the line

mass is mainly influenced by the uncertainty in distance estimation, which is

approximately 20-30% (as discussed in Section 8.1).

To assess the gravitational instability of the filamentary cloud, one can com-

pare the observed line mass with the virial line mass. The virial line mass contains

the effect of gas turbulence helping the filament to resist the collapse due to grav-

ity. Following the Equation 2 of Dewangan et al. (2019b), the virial line mass of

the entire cloud is found to be ∼4.5×103 M�/pc. In the virial line mass calcu-

lation, we considered the expression of non-thermal velocity dispersion (σNT) as

defined in the Equation 3 of Bhadari et al. (2020), where the observed linewidth

(∆V) of 13CO(1–0) spectra is used as 6.8 km s−1, and the gas kinetic temperature

(TK) of 18 K. The ∆V and TK values are obtained from the Gaussian fitting of

averaged 13CO(1–0) spectra and the dust temperature map for the entire cloud

region, respectively. We have also calculated the line mass parameters of the

central region (size ∼0◦.29 × 0◦.056; position angle = 13◦; l = 45◦.29, b = 0◦.109)

of the cloud. Concerning to the central region, the observed line mass and the

virial line mass are estimated to be 3.24 × 104 M�
40 pc

'800 M�/pc and ∼3.5×103

M�/pc, respectively. Here, the calcuation uses TK = 18 K and ∆V = 6 km s−1.

We note that the uncertainties in these analyses may be relatively high (≥50%)

due to distance uncertainty, an unknown inclination of the filament, and the

derived ∆V and TK values. The non-thermal velocity dispersion derived from

∆V could be overestimated due to the optical depth effect and multicomponent

structure of the 13CO(1–0) line. The implications of these results are discussed
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in Section 5.4.1.

5.3.3 Identification and Distribution of YSOs

We obtained the photometric magnitudes of point-like objects at 3.6, 4.5, and 5.8

µm wavelengths from the Spitzer GLIMPSE-I Spring’ 07 highly reliable catalog.

In this selection, we considered only objects with a photometric error of less than

0.2 mag in the selected Spitzer bands.

Figure 5.9a shows the color-color plot ([4.5]–[5.8] vs. [3.6]–[4.5]) of point-like

objects toward our line of sight. We followed the IR color conditions of [4.5]–[5.8]

≥ 0.7 mag and [3.6]–[4.5] ≥ 0.7 mag from previous works of Hartmann et al.

(2005) and Getman et al. (2007), and this selection provided us a sample of

Class I YSOs in the extended physical system. A total of 55 Class I YSOs are

identified using this scheme, which are shown by open red circles in Figure 5.9a.

In our analysis, we have also made use of photometric data from Spitzer at 3.6

and 24 µm to classify the YSOs into different categories. Following the method-

ology introduced by Guieu et al. (2010), we have employed a color-magnitude

plot of [3.6] versus [3.6]–[24] to distinguish between various classes of YSOs and

identify potential contaminant sources such as galaxies and diskless stars. Based

on this classification scheme, we have identified a total of 87 YSOs, which include

29 Class I sources, 25 Flat spectrum sources, and 33 Class II sources. These YSOs

are represented by red circles for Class I, green diamonds for Flat spectrum, and

blue triangles for Class II in the color-magnitude plot shown in Figure 5.9b.

Additional color excess sources are also obtained from the color-magnitude

diagram of K vs. H −K (see Figure 5.9c). A large number of 1486 color excess

sources (marked by green dots) are identified following the color cutoff condition

of H−K > 1.65. This condition is decided based upon the upper limit of H−K
detection of main sequence stars in the nearby control field. Altogether, after

taking account of the common sources identified from different schemes, a total

of 1628 YSO candidate sources are identified toward our selected target area. The

positions of all the YSOs are presented in Figure 5.10a.

We have also performed the surface density analysis of all the selected YSO
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b)

c)

a)

Figure 5.9: (a) Color-color plot ([3.6]–[4.5] vs. [4.5]–[5.8]) of point-like sources in the direction of G045.49+00.04

and G045.14+00.14. (b) Color–magnitude plot ([3.6] vs. [3.6]–[24]) of the sources. The plot enables to identify

YSOs belonging to different evolutionary stages (see dashed lines). The boundary of YSOs against contaminated

candidates (galaxies and disk-less stars) is shown by dotted-dashed lines (in magenta). (c) Color–magnitude (K

vs. H–K) diagram of point-like sources. The YSO candidate sources are shown by green dots. In panels “(a)”

and “(b)”, the Class I sources are marked by red circles. In all the panels, sources with photospheric emission

are shown by dots (in gray), which are randomly drawn from a large sample of our survey catalog.

candidates using the nearest neighbour (NN) method (e.g., Gutermuth et al.,

2009, see Section 2.6.1 for an overview). To generate the surface density map, we
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Figure 5.10: (a) The spatial distribution of YSOs (from Figure 5.9) overlaid on the 13CO(1–0) moment-0 map

(see Figure 5.4a). The symbols are same as discussed in Figure 5.9. (b) Overlay of the YSO surface density

contours (in red) on the 13CO(1–0) emission map. The contour values are 0.6, 1.1, 2, 3 YSOs pc−2.

considered a grid size of 15′′ and the 6 NN YSOs at the distance of 8 kpc (see

formalism in Casertano & Hut, 1985). Figure 5.10b presents the overlay of surface

density contours (in red) on the 13CO(1–0) moment-0 map. The surface density

distribution is primarily concentrated at the positions of G45E and G45W.

5.3.4 Structure of the dense gas and hub-filament systems

We have utilized the 13CO(3–2) line data to investigate the morphology and kine-

matics of dense gas in the G45W region. The velocity channel maps of 13CO(3–2)

emission are displayed in Figure 5.11. Overlaid on the maps are the contours rep-

resenting the velocity-averaged emission at each 1 km interval, which are derived

from the 13CO(1–0) moment-0 map. Through this analysis, we are able to iden-

tify elongated and filamentary structures in the dense gas, particularly in the

velocity range from 55.59 km s−1 to 61.59 km s−1. These elongated gas struc-

tures extend towards the positions of the two IRAS sources, IRAS 19110+1045

and IRAS 19111+1048. The last two panels of the channel maps present the

moment-0 and moment-1 maps of the 13CO(3–2) emission, respectively, which

are obtained for the velocity range specified in the channel maps ([52.59, 64.59]

km s−1). The moment maps provide further evidence of the elongated structures

and reveal the presence of a velocity gradient along them, indicating coherent

motion in the gas.

Based on the visual inspection of Figure 5.2a, we have identified possible fil-
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Figure 5.11: Velocity channel maps of 13CO(3–2) emission (green contours) in the direction of G045.14+00.14

(i.e., G45W) region. The contour levels range from 1.2 to 26 K km s−1 in steps of 2.48 K km s−1. The

background image is 13CO(1–0) moment-0 map obtained in the velocity range of [53, 63] km s−1, and the color

bar is shown at the top left corner. The last two panels display the moment-0 and moment-1 maps of 13CO(3–2)

emission with their respective color bars. The velocities are labeled in each panel.
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amentary structures (subfilaments) in our target site. To further analyze and

extract these structures, we have employed getsf, which is designed for the ex-

traction of sources and filaments in astronomical images (Men’Shchikov, 2021,

see also Section 2.4).

IRAS 19117+1107

IRAS 19111+1048

IRAS 19110+1045

IRAS 19120+1103

Figure 5.12: Overlay of the getsf identified filament skeletons on the Herschel continuum images at (a) 160 µm

and (b) 250 µm, and on the (c) CHIMPS 13CO(3–2) moment-0 map (see text for more details). The positions

of the IRAS sources are marked by arrows in panel (a).

Figure 5.12 presents the getsf identified filament skeletons in our target site.

We have used the Herschel continuum images at 160 µm and 250 µm to identify

the subfilaments. Figure 5.12a shows the Herschel 160 µm filament skeletons

identified on the image scales of 12′′-543′′. Figure 5.12b displays the Herschel 250

µm filament skeletons identified on the scales of 18′′-576′′. In order to trace the

genuine subfilaments in a star-forming site, one should also look for filaments in

molecular line emission apart from the continuum maps. The getsf procedure is

also applied to the CHIMPS 13CO(3–2) moment-0 map (VLSR ∼53–66 km s−1,

θspatial=15′′). In Figure 5.12c, the getsf identified filaments on the scales of 15′′-

679′′ are highlighted on the CHIMPS 13CO(3–2) moment-0 map. In the whole
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exercise, the input parameter of maximum width (FWHM, in arcsec) of filaments

to be extracted was used as 260′′, 420′′, and 400′′ for the Herschel 160 µm, the

Herschel 250 µm, and the CHIMPS 13CO(3–2) emission maps, respectively.

From the comparison of the maps displayed in Figure 5.12, we observe that

the filamentary structures in the direction of dense regions (i.e., high intensity

regions), are consistent with the structures seen in the continuum and molecular

emission maps. This consistency confirms the presence of potential subfilaments

in our target sites. An intriguing observation is that the structures of the subfila-

ments in sites G45E and G45W exhibit similarities to the characteristics of HFSs,

as discussed in Section 1.3.3. The hub-filament configurations are clearly evident

in both complexes (i.e., toward G45E and G45W), which are primarily associ-

ated with the previously known massive star-forming sites (i.e., IRAS sources;

see Figure 5.12a). These findings provide valuable insights into the presence and

nature of HFSs in our target sites, and their implications are further discussed in

Section 5.4.2.

5.4 Discussion

5.4.1 End dominated collapse in a giant molecular fila-

ment GMF G45.3+0.1

In Section 5.3.1, we have investigated that the sites G45E and G45W are part

of a filamentary cloud (see also Section 8.1), and are located at the ends of it.

Based on the physical length of 75 pc and the derived mass of ∼1.1×106 M� (see

Section 5.3.2), the cloud can be considered as a giant molecular cloud (GMC;

Solomon et al., 1987). Hence, considering the position in the Galactic system,

we named this filamentary cloud as a giant molecular filament, GMF G45.3+0.1.

However, previously the eastern part of GMF G45.3+0.1 (i.e., G45E) was itself

considered to be a large filament and cataloged as “F39” by Wang et al. (2016, see

Figure 6 therein). Zhang et al. (2019) further included the western part of GMF

G45.3+0.1 (i.e., G45W) and cataloged the entire filament as “GMF 37”. The
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clear definition of a GMF is not available in the literature. However, according

to Zhang et al. (2019), one must see a clear elongation in the cloud over some

column-density regime, and the cloud should show coherence in the PPV space.

The GMFs have lengths of the order of ∼100 pc and masses of ∼103-106 M� (e.g.,

Li et al., 2013b; Ragan et al., 2014; Su et al., 2015; Abreu-Vicente et al., 2016b;

Zhang et al., 2019). Adopting a typical cloud width range of ∼8–10 pc, which

can vary along the major axis of the cloud because of its evolution in terms of

structure, shaped by the feedback from embedded stars (e.g., McKee & Ostriker,

2007), the GMF G45.3+0.1, always have a high aspect ratio (A∼7–10). Such

high aspect ratio (A>5) filaments are considered to collapse at the edges due to

the gravitational instability induced by the high gas acceleration (Bastien, 1983;

Pon et al., 2012; Clarke & Whitworth, 2015; Hoemann et al., 2022).

Till now, very few observational examples of filaments showing end-dominated

collapse are available in the literature, which include NGC 6334 (Zernickel et al.,

2013), IRDC 18223 (Beuther et al., 2015), Musca cloud (Kainulainen et al., 2016),

S242 (Dewangan et al., 2017b, 2019b), G341.244−00.265 (Yu et al., 2019), and

Monoceros R1 (Bhadari et al., 2020). The key features of such physical process

include at least one of the following possibilities i.e., the existence of high column

density clumps, star clusters, and Hii regions at one or both the filament ends.

Such filaments should ideally be observed as isolated clouds in 3D or PPP space.

However, these filaments are generally identified as coherent velocity clouds in

the PPV space. Theoretically, there is no restriction on the filament’s parameter

(i.e., length or radius) for it to collapse by the end-dominated process; instead,

the global collapse of filament (specifically, the collapse timescale) is dependent

on the aspect ratio (e.g., Toalá et al., 2012; Pon et al., 2012; Clarke & Whitworth,

2015). In Section 5.3.2, we found that the observed line mass of GMF G45.3+0.1

is larger than the virial line mass, suggesting that it is gravitationally unstable

and prone to collapse. However, the central region of GMF G45.3+0.1, where the

star formation activity is not dominated, shows the opposite nature. Previously,

Dewangan et al. (2019b) also found that the central region of S242 filament shows

higher virial mass compared to the observed line mass. This suggests that the
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cloud is self-gravitating and gravitational unstable at the edges compared to the

central areas.

Based on our observational outcomes, we argue that the global collapse of

GMF G45.3+0.1 is predominately end-dominated in nature. This argument is

supported by the fact that the sites G45E and G45W are observed at the ends

of GMF G45.3+0.1, where a large number of YSO clusterings and the presence

of Hii regions are also observed. The major column density peaks are also seen

at the ends of GMF G45.3+0.1 (Figure 5.7c). We also note that the complex

G45E is more extended than the G45W. It is probably possible because of the

rapid structural evolution of G45E from the feedback of embedded stars. The

fragmentation of GMF G45.3+0.1 appears to proceed in a hierarchy (i.e., into

subfilaments) as seen in the dense gas site G45W. In the direction of complex

G45W, the ATLASGAL map at 870 µm shows the presence of a filamentary struc-

ture (length ∼12 pc; see Figure 5.2c) connecting the two massive star-forming

sites, IRAS 19110+1045 and IRAS 19111+1048. This subfilament is found to be

denser than the parent filament, as it is traced in the relatively dense gas tracers

of 13CO/C18O(3–2) emission (see Figures 5.4b, 5.11), thus indicating the hier-

archical fragmentation of GMF G45.3+0.1. Some previous observational (e.g.,

Hacar et al., 2013; Tafalla & Hacar, 2015; Hacar et al., 2018) and theoretical

(e.g., Smith et al., 2016; Clarke et al., 2017, 2020) works also favor the hierarchi-

cal fragmentation of filaments. These results significantly deviate from previous

models of filament fragmentation which favour the formation of quasi-periodically

spaced cores along filaments (e.g., Inutsuka & Miyama, 1992, 1997; Fischera &

Martin, 2012). Clarke et al. (2020) argue that the hierarchical fragmentation

of filaments diminishes the signature of characteristic fragmentation length-scale

(related to the quasi-periodically spaced cores), and the cores are formed by the

fragmentation of subfilaments rather than the main filament itself. We observed

oscillations in the mean velocity profile along the long axis of GMF G45.3+0.1 (see

Figures 5.6c and 5.7), which hints the signature of core formation (e.g., Beuther

et al., 2015; Kainulainen et al., 2016) together with the possibility of large scale

physical oscillations in the filament (Liu et al., 2019). However, based on the
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comparison of velocity and column density plots (Figure 5.7), we observed that

the column density and velocity peaks toward G45E are shifted with respect to

each other. This could be an indication of the presence of gravitationally bound

cores (e.g., Hacar & Tafalla, 2011, see Figure 12 therein). Some of the other

column density peaks along filament do not significantly correlate to the velocity

oscillations, suggesting that the cores are not gravitationally bound.

We have observed linear gradients in the velocity profile along the long axis of

GMF G45.3+0.1. At the eastern end of the filament (toward G45E), the linear

gradient is negative and twice in magnitude to that of the positive gradient toward

the western end. The origin of these adverse gradients at the filament’s edges can

probably be explained by the presence of sites G45E and G45W itself, where the

feedback from massive stars in these sites appears to shape the cloud in terms of

structure and kinematics.

5.4.2 Hub-filament systems and star formation scenario

The current understanding of star formation suggests that complex filaments

initially form within molecular clouds, and subsequently undergo fragmentation

processes leading to the formation of dense clumps/cores and eventually stellar

clusters. This process is well-documented in the literature (e.g., Chen et al.,

2020a; Abe et al., 2021; Hacar et al., 2013, and references therein). However, the

formation of massive stars remains a challenging and enigmatic topic of research

(e.g., Motte et al., 2018, and references therein). The mechanisms and conditions

necessary for the formation of these massive stars are still not fully understood.

In this context, the presence of a sufficient mass reservoir becomes crucial for

the formation of massive stars. Filaments provide an ideal physical environment

that can serve as such mass reservoirs, facilitating the accumulation of material

necessary for the formation of massive stars. In this context, the necessity of the

mass reservoir becomes vital for the formation of massive stars, which can be

fulfilled in the physical environment of filaments.

In Section 5.4.2, we observed that the star-forming complexes G45E and

G45W exhibit the characteristic morphology of parsec-scale HFSs. These HFSs



118

CHAPTER 5. SIMULTANEOUS EVIDENCE OF EDGE COLLAPSE AND
HUB-FILAMENT CONFIGURATIONS: A RARE CASE STUDY OF A

GIANT MOLECULAR FILAMENT G45.3+0.1

are primarily observed in the vicinity of massive star-forming regions, such as

the IRAS sources (i.e., IRAS sources; see Figures 5.2 and 5.12). The filaments

associated with these complexes have lengths on the order of 5–10 pc. Notably,

these filaments display a converging network pattern towards the hubs, where

they either directly connect to the hubs or merge with other longer spines that

approach the hubs. This configuration suggests the presence of a hierarchical

structure in the filamentary network. The occurrence of edge-collapse processes

and the presence of HFSs in the GMF G45.3+0.1 raise intriguing questions and

offer new possibilities for understanding MSF and the formation of HFSs. These

findings contribute to the ongoing MSF research (e.g., Motte et al., 2018; Wang

et al., 2019a, and references therein). Further investigations into these phenom-

ena will shed light on the underlying physical processes driving MSF and the

formation of HFSs.

The EDC process can well explain the formation of star-forming sites G45E

and G45W. However, the presence of HFSs in these sites itself hints the onset of

global nonisotropic collapse (GNIC; Tigé et al., 2017; Motte et al., 2018; Treviño-

Morales et al., 2019b). GNIC scenario supports the mass accretion onto the

dense core from the large scale structures. In this paradigm, a density-enhanced

hub hosts MDCs (size∼0.1 pc), which in their starless phase harbor low-mass

prestellar cores. Later, MDCs become protostellar, hosting only low-mass stel-

lar embryos, which grow into high-mass protostars from gravitationally-driven

inflows (see more details in Motte et al., 2018). Observational studies of HFSs re-

port that the longitudinal flow rate along filaments is around 10−4–10−3 M� yr−1

(e.g., Kirk et al., 2013; Chen et al., 2019; Treviño-Morales et al., 2019b) which is a

close value to the sufficient inflow rate for MSF (e.g., Haemmerlé et al., 2016, and

references therein). Hence, it is now believed that all massive stars favour forming

in the density-enhanced hubs of HFSs (e.g., Motte et al., 2018; Anderson et al.,

2021, and references therein). It has also been thought that the onset of collision

process (see the review article by Fukui et al., 2021a, and references therein) can

produce hubs with large networks of filaments. The filamentary structures, rem-

iniscent of the HFSs are quite evident in the smoothed particle hydrodynamics
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simulations of two colliding clouds (Balfour et al., 2015). In this case, the shock-

compressed layer is found to fragment into filaments. Furthermore, the pattern

of filaments appears to have the morphology of HFSs, spider’s web, and spokes

system (Balfour et al., 2015).

Recent research by Clarke et al. (2020) has indicated that filaments have a

tendency to fragment into subfilaments, which in turn contribute to the formation

of hubs through their merging process. Additionally, cores formed at the edges of

filaments tend to be more massive compared to those in the interior (Clarke et al.,

2020). Based on these theoretical findings and the observational results from our

study of GMF G45.3+0.1, we propose that the star formation activity in G45E

and G45W is predominantly driven by the combined effects of EDC and HFSs.

It is possible that the HFSs observed in the giant molecular filament are formed

through the collision and merging of subfilaments, as well as the fragmentation of

shock-compressed layers at the collision sites. It is noteworthy that the HFSs are

preferentially located at the edges of GMF G45.3+0.1, where the EDC process

is expected to generate massive end clumps. However, it is important to note

that our observations are limited by the resolution of the available data, which

becomes more challenging due to the large distance to our target site (8 kpc

for GMF G45.3+0.1). The interpretation and understanding of these processes

would benefit from higher-resolution observations in the future.

Thus, our observational outcomes reveal GMF G45.3+0.1 as an observational

sample of filament, identified so far in the interstellar medium, where the edge

collapse and the hub-filament configurations are simultaneously seen. Our obser-

vational results are more or less consistent with the outcomes from the numerical

fragmentation study on filaments by Clarke et al. (2020). Such a study also helps

us to understand the formation of HFSs and MSF.

5.5 Summary and Conclusions

This work is aimed to get new insights into the physical processes operating in

the sites G45E and G45W, which are part of a large cloud complex in the Aquila
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constellation (l=45o, b=0o). We have performed the analysis of multiwavelength

and multiscale data-sets toward an area (0◦.67×0◦.50) enclosing our target sites.

The major outcomes from our observational study can be summarized as follows:

1. The analysis of 13CO(1–0) line data reveals the presence of a filamentary

cloud (length ∼75 pc) in the velocity range of ∼53–63 km s−1 having the

mean velocity and standard deviation of 58.30±0.03 km s−1 and 2.34±0.03

km s−1, respectively.

2. Using 13CO(1–0) emission maps, the cloud mass is derived to be ∼1.1×106

M�, which further results in the line mass of ∼1.5×104 M�/pc. Our

study thus uncovers a new giant molecular filament, which we named GMF

G45.3+0.1.

3. The sites G45E and G45W are observed at the opposite ends of GMF

G45.3+0.1. The clustering of YSOs is primarily focused at both ends of the

filament, where the presence of Hii regions and previously known massive

star-forming sites are also observed.

4. The PV diagram along the major axis of GMF G45.3+0.1 shows the veloc-

ity oscillations, which could be originated by the combined effect of frag-

ment/core formation and the physical oscillation in the filament. The veloc-

ity gradient at both ends of the filament is found to be opposite in sign, i.e.,

−0.064 km s−1 pc−1 toward G45E and +0.032 km s−1 pc−1 in the direction

of G45W.

5. The sites IRAS 19110+1045 and IRAS 19111+1048, located in G45W, are

primarily observed to be a part of ∼12 pc long dense subfilament. This

presents strong evidence of hierarchical fragmentation of GMF G45.3+0.1.

6. The analysis of the dust continuum and molecular line data suggests that

both the complexes (G45E and G45W) are associated with the HFSs, where

several parsec scale filaments (∼5–10 pc) appear to converge toward dense

regions (i.e., hubs). These hubs are identified in the direction of mas-
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sive star-forming sites (i.e., IRAS 19120+1103, IRAS 19117+1107, IRAS

19110+1045, and IRAS 19111+1048).

Overall, our observational results suggest that the star-forming complexes in

the GMF G45.3+0.1 are formed through the edge collapse scenario and the mass

accumulation is evident in each hub through the gas flows along filaments.





Chapter 6

IC 5146 dark Streamer: is a first

reliable candidate of edge

collapse, hub-filament systems,

and intertwined sub-filaments?†

6.1 Introduction

Studies of star-forming regions (SFRs) have consistently shown that dust and

molecular filaments play a crucial role in various star formation processes. In the

previous chapter (Chapter 5), we highlighted the simultaneous occurrence of the

EDC process and mass accretion through subfilaments in the hub of a HFS hosting

massive star-forming regions. It is exclusively found that the HFSs are favourable

at the edges of a filament. While such sites are rare, a few potential locations

where these signatures may be observed include NGC 6334 and IC 5146 dark

Streamer. NGC 6334 has been extensively studied (e.g., Zernickel et al., 2013;

Tigé et al., 2017; Shimajiri et al., 2019a; Li et al., 2020; Arzoumanian et al., 2021;

Li et al., 2022a) and appears to be in an evolved state of EDC. On the other hand,

†Dewangan, L. K., Bhadari, N. K., Men’shchikov, A., Chung, E. J., Devaraj, R., Lee, C.

W., Maity, A. K., Baug, T., 2023, ApJ, 946, 22D, “IC 5146 Dark Streamer: The First Reliable

Candidate of Edge Collapse, Hub-filament Systems, and Intertwined Sub-filaments”
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IC 5146 dark Streamer, which is a nearby site (d ∼600 pc), offers potential insights

into other physical processes due to its proximity. It is important to consider that

filaments hosting massive star-forming regions are often on the scale of &10 pc.

In addition to the longitudinal gas motion assumed in the EDC process, there

may also be radial gas motion. However, theoretical insights on the cloud-scale

dynamics involving both radial and longitudinal collapse are currently lacking in

the literature and require further investigation. Therefore, it is strongly suggested

that a range of star formation processes occurs within a single filamentary cloud,

and understanding their connection is crucial. Further research is needed to

explore and unravel the complexities of these processes within filaments hosting

massive star-forming regions.

In addition to these two highlighted configurations (i.e., EDC and HFSs),

observational evidences for the twisting/coupling of filaments (or intertwined fil-

aments) have also been reported in only a couple of star-forming regions (e.g.,

NGC 6334 filament (Shimajiri et al., 2019a), Lynds Bright Nebulae (Dewan-

gan et al., 2021)). However, the simultaneous signature of the HFSs, EDC, and

twisted/intertwined filaments in a single SFR is not yet observed. At present,

we do not know if there exists any connection/association between these three

observational configurations of filaments (i.e., HFSs, EDC, and twisted nature),

which is essential to understand the formation of YSOs and massive stars. In this

context, the target of this work is the IC 5146 dark Streamer, which is a nearby

promising site (d ∼600 pc) to search for different observational configurations of

filaments.

This work focuses on the IC 5146 dark Streamer/Northern

Streamer/filamentary structure, which is one of the densest molecular clouds in

IC 5146 (Herbig & Reipurth, 2008; Roy et al., 2011; Arzoumanian et al., 2013;

Chung et al., 2021). The Cocoon Nebula and the Northern Streamer have been

reported as the two main components of IC 5146 in the constellation Cygnus.

Using the near-infrared (NIR) data, an extinction map of IC 5146 was produced

by Lada et al. (1994). Embedded dust clumps, filaments, and signposts of star

formation activities (i.e., YSOs and outflows) have been reported toward the
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Cocoon Nebula and the Northern Streamer (Herbig & Reipurth, 2008; Harvey

et al., 2008; Arzoumanian et al., 2011, 2019; Johnstone et al., 2017; Zhang

et al., 2020). Chung et al. (2021) explored several molecular lines (i.e., 13CO,

C18O, N2H+, HCO+, CS, SO, NH2D, and H13CO+) toward IC 5146 using the

Taeduk Radio Astronomy Observatory (TRAO) 14-m telescope, and examined

filaments and dense cores in IC 5146 (see also Dobashi et al., 1993; Lada et al.,

1994). The clouds associated with the Cocoon Nebula and the Streamer were

traced in velocity ranges of [6, 9] and [1, 7] km s−1, respectively (Chung et al.,

2021). Using the Gaia measurements, Wang et al. (2019a) reported distance

estimations of 800±100 pc and 600±100 pc for the Cocoon and the Streamer,

respectively. Based on the earlier reported works, the Cocoon Nebula and the

Northern Streamer can be treated as two distinct sources (e.g., Chung et al.,

2021).

Dust continuum maps revealed a long filamentary morphology of the IC 5146

dark Streamer (Kramer et al., 2003), and two prominent HFSs were investi-

gated toward the eastern and the western parts (i.e., E-HFS and W-HFS) of

the Streamer (e.g., Arzoumanian et al., 2011, 2019; Roy et al., 2011; Johnstone

et al., 2017; Wang et al., 2017, 2019b,a; Chung et al., 2021, 2022). Several po-

larimetry studies were conducted toward the IC 5146 dark Streamer (Wang et al.,

2017, 2019b,a; Chung et al., 2022), which allowed them to explore magnetic field

structures. These earlier works showed the presence of uniform magnetic field

vectors perpendicular to the dark Streamer. In general, recent Planck obser-

vations (Ade et al., 2016a) showed that the low column density filaments (stri-

ations; NH < 1021.7 cm−2) are parallel to the Galactic magnetic field whereas

the magnetic field is perpendicular to the filaments with higher column density

(NH > 1021.7 cm−2). These observations are consistent with the theoretical out-

comes saying that the magnetic field supports the filaments against collapsing

into its longer axis and guides the gravity-driven gas contraction (e.g., Nakamura

& Li, 2008; Inutsuka et al., 2015). A curved magnetic field morphology was inves-

tigated toward both ends of IC 5146 (Wang et al., 2019b; Chung et al., 2022), and

was proposed as an indication of the EDC process in long filaments. However,
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such signature is not yet assessed in potential and nearby EDC filaments.

Chung et al. (2021) found the supersonic nature of the E-HFS and W-HFS

in IC 5146, and suggested a collision process of turbulent converging flows to

explain the observed HFSs. Based on the positions of the observed HFSs at

the long filament, the scenarios – EDC and accretion flows – were proposed

in the Streamer (see Figure 9 in Chung et al., 2022). However, a careful and

thorough investigation of the collision process is yet to be done. Furthermore,

despite its proximity, the structures in the target site IC 5146 streamer have

not been fully investigated. Several other nearby sites unveil the presence of

multiple sub-filaments, cores as well (e.g., Hacar et al., 2013, 2018). In order to

probe various physical processes operational in the Streamer, we have carefully

examined the dust continuum maps from the HGBS project (e.g., André et al.,

2010; Arzoumanian et al., 2011, 2019), and the velocity structures using the

published TRAO 13CO and C18O line data. We have also employed the hires

algorithm (Men’Shchikov, 2021) to produce high-resolution column density and

temperature maps (resolution ∼13.′′5).

Various observational data sets used in this work are presented in §6.2. The

derived observational findings are reported in §6.3. §6.4 deals with a discussion

of our observed outcomes. Finally, §6.5 presents a summary of the major findings

of this study.

6.2 Data Sets and Analysis

In this work, we selected an area of ∼0◦.746 × 0◦.464 (central coordinates: l

= 93◦.659; b = −4◦.419) around the IC 5146 dark Streamer. The positions of

YSOs (i.e., Class I, Flat-spectrum, and Class II) were collected from Harvey et al.

(2008). The published TRAO 13CO (1–0) and C18O (1–0) line data (resolution

∼49′′; Chung et al., 2021) were utilized in this work. This work also uses an inte-

grated C18O (3–2) map obtained from James Clerk Maxwell Telescope (JCMT;

proposal id: M06BGT02; rest frequency = 329.3305453 GHz). The C18O (3–2)

map is downloaded from the JCMT Science Archive/Canadian Astronomy Data
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Centre (CADC), which is a pipeline product (with pixel scale ∼7.′′3 and resolution

∼14′′) and was observed in the scan (raster) mode using the Heterodyne Array

Receiver Programme/Auto-Correlation Spectral Imaging System (HARP/ACSIS;

Buckle et al., 2009) spectral imaging system to cover a larger area of the Streamer.

The HGBS images at 70–500 µm and the filament skeletons (e.g., Arzouma-

nian et al., 2011, 2019) were downloaded from the HGBS archive. The NRAO

VLA Sky Survey (NVSS; resolution ∼45′′; 1σ ∼0.45 mJy/beam; Condon et al.,

1998) 1.4 GHz radio continuum map and the Planck sub-millimeter map at 353

GHz or 850 µm (resolution ∼294′′; Ade et al., 2014) were also utilized.

We produced the Herschel H2 column density and dust temperature maps

at different resolutions (i.e., 13.′′5, 18.′′2, 24.′′9, and 36.′′3) using the hires method

described in (Men’Shchikov, 2021, see also Section 2.3.3.2). Although, even ex-

cluding the 70 µm continuum image in the spectral fitting, the hires can still

produce the images with a resolution of 8.′′4 (i.e., the resolution of image at 70

µm; see Men’Shchikov, 2021, for more details). Our derived high-resolution col-

umn density and temperature maps at the resolution of 70 µm continuum image

are noisy, possibly because of insignificant features present in the image at 70

µm. Therefore, in this work, we have utilized the column density and tempera-

ture maps at resolutions of ∼13.′′5, 18.′′2, 24.′′9, and 36.′′3.

6.3 Results

In this section, we present the results derived using a careful analysis of the

Herschel data and the molecular line data, which have enabled us to uncover new

insights into physical processes operating in the IC 5146 dark Streamer.

6.3.1 Signatures of two intertwined sub-filaments in the

IC 5146 dark Streamer

Figures 6.1a and 6.1b display the Herschel column density (N(H2)) and temper-

ature (Td) maps (resolution ∼13.′′5) of our selected target area around the IC

5146 dark Streamer. For the first time, we present these high resolution maps
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of our target site, which have been produced using the hires method as dis-

cussed in Chapter 2. Visual inspection of the column density map shows several

extended structures. Previously reported two HFSs (i.e., E-HFS and W-HFS)

and filament skeletons are also shown in the Herschel column density map (see

Figure 6.1c), which were identified using the HGBS column density map at the

resolution of ∼18.′′2 (e.g., Arzoumanian et al., 2019). In earlier works, a single

long filament, designated as fl, hosting E-HFS and W-HFS at its opposite ends

was mainly discussed. We have also marked several small circular regions (radii

= 25′′) along this long filament (see magenta circles in Figure 6.1c), where some

physical parameters (such as column density, temperature etc.) are determined

(see Section 6.3.3). In this work, the Herschel column density map at the reso-

lution of ∼13.′′5 reveals the presence of two intertwined sub-filaments (i.e., fl-A

and fl-B; Td ∼11–15 K), which are indicated by arrows in Figure 6.1a. We have

considered the long filament fl as the main filament, which seems to be com-

posed of two intertwined sub-structures. This is a new result in the IC 5146 dark

Streamer. The implication of this outcome is discussed in Section 6.4.2.

Figure 6.2a shows the boundaries of different structures traced in the column

density map. In order to identify these structures, we used the N(H2) contour at

5.22 × 1021 cm−2 and the IDL based clumpfind algorithm (Williams et al., 1994).

The clumpfind algorithm divides two- and three-dimensional data into distinct

emission clumps by contouring of data with a multiple of the rms noise (see

more information in Williams et al., 1994). The identified structures primarily

trace the eastern filament and the western HFS. We have also identified several

clumps toward the structures as presented in Figure 6.2a. We used the N(H2)

contours at [5.22, 9.3, and 12] × 1021 cm−2 to trace these clumps. In N(H2)

map, we define the clumps as non-filamentary arbitrarily shaped structures (size

∼0.5 pc), while the cores are rather circularly shaped structures (size ≤0.1 pc; see

Section 6.3.2). In standard terminology, clumps have a lower density (∼104 cm−3)

than the embedded cores (>105 cm−3; Onishi et al., 2002; Saito et al., 2006).

The locations and boundaries of the clumps are displayed in Figure 6.2b. Filled

upside-down triangles show the clumps distributed toward the long filament fl,
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E−HFS

W−HFS

Figure 6.1: a) The panel shows the Herschel column density map (resolution ∼13.′′5) of an area containing

the IC 5146 dark Streamer (size ∼0◦.746 × 0◦.464). Different sub-filaments are indicated by arrows. b) The

panel presents the Herschel temperature map (resolution ∼13.′′5). c) Same as Figure 6.1a, but it shows the

Herschel filament skeletons (see white curves from Arzoumanian et al., 2019) and several small circular regions

(in magenta; radii = 25′′) along the filamentary structure. Two dotted-dashed boxes indicate the locations of

the HFSs, which are labeled as E-HFS and W-HFS. A scale bar corresponding to 5 pc (at a distance of 600 pc)

is shown in each panel.

while the clumps located away from this structure are highlighted by open upside-

down triangles. Figure 6.2c displays the distribution of the Herschel clumps, the

ionized emission traced by the NVSS 1.4 GHz continuum contour, and the Planck
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353 GHz or 850 µm continuum emission against the structures as presented in

Figure 6.2a. We do not find any noticeable radio continuum emission toward

the long filament fl, including both the HFSs. The elongated appearance is also

evident in the Planck 353 GHz or 850 µm continuum map, which does not show

any inner structures due to its coarse beam size.

Figure 6.2: a) Several structures are presented, and are depicted in the column density map at a contour level

of 5.22 × 1021 cm−2. b) Spatial distribution of clumps identified toward the structures shown in Figure 6.2a.

The positions of these clumps are indicated by filled and open upside down triangles. The boundary of each

Herschel clump is also shown. Clumps highlighted by filled symbols are selected toward the elongated structure

(see Figure 6.1c), while open symbols present clumps located away from the elongated structure. c) The panel

shows a filled N(H2) contour (in moccasin) at 5.22 ×1021 cm−2, a filled NVSS 1.4 GHz continuum contour

(in spring green), and the emission contours at [4.92, 5.70, 6.42] MJy/sr from the Planck 353 GHz or 850 µm

intensity map. Upside down triangles are the same as shown in Figure 6.2b. d) The panel shows a variation of

clump masses against their corresponding longitudes (see filled and open upside down triangles in Figure 6.2b).

A scale bar corresponding to 5 pc (at a distance of 600 pc) is shown in each panel.

We have also computed the mass of each Herschel clump using the Equa-

tion 2.14. Figure 6.2d presents the mass distribution against the position of all

the clumps, allowing us to examine the mass distribution of clumps. Filled sym-

bols show the clumps distributed toward the long filament fl, and massive ones

appear to be present at its opposite ends.

In order to highlight two sub-filaments, a false color map is produced using

the Herschel image at 250 µm (see Figure 6.3a). Previously reported positions of
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the Class I YSOs, flat-spectrum sources, and Class II YSOs (from Harvey et al.,

2008) are shown on the Herschel image. We also employed the “Edge-DoG”

algorithm on the Herschel image at 250 µm, and its outcome is presented in

Figure 6.3b. The IDL based “Edge-DoG” filter enhances the extended brightness

inhomogeneities (e.g., sharp edges) based on the Difference of Gaussians filters

technique (Assirati et al., 2014). The positions of HFSs (i.e., E-HFS and W-HFS)

and two possible sub-filaments are marked in Figure 6.3b. Figure 6.3c exhibits

a zoom-in view of the Herschel column density map toward the IC 5146 dark

Streamer, where the two sub-filaments fl-A and fl-B are indicated by arrows.

Based on the visual inspection of Herschel images, we have presented a cartoon

diagram displaying the possible configuration of fl-A and fl-B in Figure 6.3d. The

overlapping areas of the sub-filaments are shown by filled hexagons, where either

the YSOs or dense sources are identified. The implication of this configuration is

discussed in Section 6.4.2.

6.3.2 Identification of filament skeletons and the dust con-

tinuum sources/cores on N(H2) map at 13.′′5

To identify the dust continuum sources (or cores) and filament skeletons present in

our target site IC 5146 Streamer, we used the getsf tool presented in Men’Shchikov

(2021). The getsf method is capable of extracting the sources and filaments from

an astronomical image and requires only a single user input of the maximum

size of the structure to extract. We employed getsf utility on the N(H2) map

at 13.′′5. The maximum source and filament size were set to be 20′′ and 200′′,

respectively. Figure 6.4a presents the overlay of getsf extracted sources on the

N(H2) map. The size of sources indicates their footprint size, which is plotted by

their estimated major and minor axes. We have only selected the sources which

lie within the N(H2) contour value of 5.22×1021 cm−2. A total of 67 sources

were found and displayed in Figure 6.4. The overlay of filament skeletons on the

N(H2) map at the spatial scale of ∼14′′ is shown in Figure 6.4b. The presence of

at least two close filaments along the major axis of fl is marked by arrows. We
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a) 

b) 

beam size ~ 18.2 arcsec

E−HFS

W−HFS

c) 

beam size ~ 13.5 arcsecfl−B

fl−A

d)

Figure 6.3: a) Overlay of the positions of YSOs (Harvey et al., 2008) on the Herschel image at 250 µm.

Hexagons, filled pentagons, and multiplication signs represent Class I YSOs, flat-spectrum sources, and Class II

YSOs, respectively. (b) The panel shows the Herschel image at 250 µm, which has been exposed to the “Edge-

DoG” algorithm. Two sub-filaments and two HFSs (i.e., E-HFS and W-HFS) are indicated by arrows and

dashed circles, respectively. Blue stars and magenta stars represent the blueshifted and redshifted outflow lobes

(from Zhang et al., 2020), respectively. c) The panel presents a zoom-in view of the Herschel column density

map (resolution ∼13.′′5) toward the IC 5146 dark Streamer. A scale bar corresponding to 5 pc (at a distance

of 600 pc) is shown in panels “a” and “b”. d) A cartoon displaying the positions of E-HFS, W-HFS, and the

possible distribution of intertwined filaments fl-A and fl-B. Filled hexagons signify the overlapping areas of fl-A

and fl-B.
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have overlaid the getsf sources on the image. The size of dots is proportional to

the footprint area of getsf sources. The color scheme of sources infers their mass

distribution. The mass of the sources is estimated by the same method presented

in Section 6.3.1. This analysis suggests that the more massive cores are located

at the hub locations (i.e., E-HFS and W-HFS) compared to the other areas. We

cleaned the getsf identified filament skeletons by removing the spurious structures

and the structures outside of our target region.

6.3.3 Kinematics of molecular gas

6.3.3.1 Variation of radial velocity and Mach number along the fila-

ment fl

We have re-examined the published TRAO 13CO and C18O line data (effec-

tive beam size ∼ 49′′; Chung et al., 2021) toward the IC 5146 dark Streamer.

Figures 6.5a and 6.5b display the integrated intensity (i.e., moment-0) maps of

13CO(J =1−0) and C18O(J =1−0) emission over velocity ranges of [0.8, 6] and

[1.0, 5.5] km s−1, respectively. The distribution of both the molecular emissions

seems to closely follow the long filament fl, but the two sub-filaments (i.e., fl-A

and fl-B) are not spatially resolved in the molecular maps due to their coarse

beam sizes. Both molecular emissions are more intense towards the HFSs (i.e.,

E-HFS and W-HFS).

In Figure 6.6a, we show the distribution of Herschel clumps, YSOs (from Har-

vey et al., 2008), and outflow lobes (from Zhang et al., 2020) toward the IC 5146

dark Streamer. We also mark open circles to highlight the positions of several

circular regions along the long filament fl (see also Figure 6.1). Average column

density and average dust temperature are computed for each circular region using

the Herschel column density and temperature maps at different resolutions (i.e.,

13.′′5, 18.′′2, 24.′′9, and 36.′′3), respectively. With the help of these values, Fig-

ures 6.6b and 6.6c display the column density profile and the dust temperature

profile along the filamentary structure, respectively. We find the column density

peaks at the ends of the long filament fl, and the presence of cold dust emission
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Figure 6.4: a) H2 column density (N(H2)) map at 13.′′5 resolution. The getsf extracted sources are overlaid and

shown by their footprint size (see text for more details). b) Overlay of the getsf identified skeletons at 14′′ scale

on the 13.′′5 N(H2) map. The size of dots is proportional to the footprint area of getsf sources. The arrows mark

the sub-filaments fl-A and fl-B (see Figure 6.3).

(Td ∼11–15 K) toward the filament fl. These outcomes are consistent in all the

Herschel column density and temperature maps at different resolutions.

We also produced average spectra of 13CO and C18O toward each circular

region, enabling us to determine the mean velocity (Vlsr) and the Full-Width Half
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Figure 6.5: TRAO integrated intensity (or moment-0) maps of a) 13CO and b) C18O toward the IC 5146 dark

Streamer. The molecular emission is integrated over a velocity interval, which is given in each panel (in km s−1).

In panel ‘b’, four arrows (p1–p4) are indicated, and p-v diagrams along these paths are presented in Figure 6.7.

A scale bar corresponding to 5 pc (at a distance of 600 pc) is shown in each panel.

Maximum (FWHM) line width (∆V ) of each spectrum. The Vlsr and ∆V are

estimated by the Gaussian fitting of each averaged spectrum. In Figures 6.6d

and 6.6e, we present the 13CO and C18O velocity profiles and the 13CO and C18O

line width profiles along the filamentary structure, respectively. The variation of

Vlsr and ∆V along the filament is seen. In other words, there is a hint of velocity
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a) b)

c) d)

e)

g) h)

f)

Figure 6.6: a) The panel presents the distribution of Herschel clumps (filled upside down triangles), infrared

excess sources (i.e., Class I YSOs (hexagons), flat-spectrum sources (filled pentagons), Class II YSOs (multipli-

cation signs)) from Harvey et al. (2008), and outflow lobes (stars; from Zhang et al., 2020, see also Figures 6.2

and 6.3). Open circles (in magenta) represent the positions of several selected regions along the filamentary

structure (see also Figure 6.1c), where average molecular spectra, average column densities, and average dust

temperatures are computed. b–f) The panel displays a variation of the column density, dust temperature, radial

velocity, FWHM line width, σNT, Mach number, ratio of thermal to non-thermal gas pressure along the fila-

mentary structure highlighted in Figure 6.6a. In the direction of each circle marked in Figure 6.6a, the values of

dust temperature and column density are computed from the Herschel temperature and column density maps

having different resolutions, while other physical parameters are extracted using the 13CO and C18O line data.
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oscillation along the filament. The knowledge of the line width value is also used

to compute the σNT, Mach number, and ratio of thermal to non-thermal pressure

toward each circular region. Mach number is defined as the ratio of σNT to sound

speed (cs). The sound speed cs (= (kTkin/µmH)1/2) can be estimated using

the value of gas kinetic temperature (Tkin) and mean molecular weight (µ=2.37;

approximately 70% H and 28% He by mass). Here, we used the average dust

temperature instead of Tkin, which has been estimated to be ∼14.2 K from the

Herschel temperature map. Based on the recommendations of Lada et al. (2003),

we have computed the ratio of thermal to non-thermal (or turbulent) pressure

(i.e., Rp = c2
s/σ

2
NT ). Following Equation 2.6, we estimated the σNT. Here, σT

(= (kTkin/30mH)1/2 for C18O and = (kTkin/29mH)1/2 for 13CO) is the thermal

broadening at Tkin (or Td ∼14.2 K).

Figures 6.6f, 6.6g, and 6.6h display the variation of the σNT, Mach number,

and ratio of thermal to non-thermal gas pressure for 13CO and C18O along the

filamentary structure, respectively. Using the 13CO and C18O emissions, the

Mach number is found to be larger than 1, and the low ratios of thermal to non-

thermal pressure (< 1) is evident for all the selected circular regions. It implies

the presence of supersonic and non-thermal motion in the filamentary structure.

Furthermore, higher values of N(H2), Mach number, and lower values of Rp are

found toward the central hub of the E-HFS compared to the other HFS (i.e.,

W-HFS).

6.3.3.2 Signatures of two velocity components toward the filament fl

We have examined the position-velocity (p-v) diagrams of the 13CO and C18O

emissions along several lines passing through the shorter axis of fl. In this work,

we have only presented the p-v diagrams along four arrows p1–p4 (see Fig-

ure 6.5b). One can notice that the paths/arrows p1 and p4 pass through the

HFS-W and HFS-E, respectively. The p-v diagrams of 13CO along p1, p2, p3,

and p4 are presented in Figures 6.7a, 6.7c, 6.7e, and 6.7g, respectively. Fig-

ures 6.7b, 6.7d, 6.7f, and 6.7h present p-v diagrams of C18O along p1, p2, p3,

and p4, respectively. In the direction of both the HFSs, p-v diagrams hint at the
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presence of two velocity components around 2 and 4 km s−1, which are connected

in the velocity space. We have also studied the velocity channel maps of the

13CO emission (not shown in this work), supporting the existence of two velocity

components (i.e., [1, 2] and [3, 4] km s−1). In this context, we show the inten-

sity weighted mean velocity (i.e., moment-1) maps of 13CO and C18O emission in

Figures 6.8a and 6.8b, respectively.

0.08 0.51 0.95 1.38 1.82 2.25 2.69 0.08 0.19 0.30 0.42 0.53 0.64 0.75

0.08 0.50 0.91 1.33 1.75 2.17 2.58 0.08 0.22 0.36 0.50 0.64 0.78 0.91

0.08 0.44 0.80 1.16 1.52 1.88 2.24 0.08 0.15 0.22 0.28 0.35 0.42 0.49

0.08 0.53 0.98 1.43 1.88 2.33 2.77 0.08 0.28 0.48 0.68 0.88 1.08 1.28

Figure 6.7: Left column (a, c, e, g): p-v diagrams of 13CO along four arrows “p1–p4”. Right column (b, d, f,

h): p-v diagrams of C18O along four arrows “p1–p4”. These arrows “p1–p4” are indicated in Figure 6.5b.

Based on a careful examination of the molecular line data, we have pro-

duced integrated intensity maps for two different velocity ranges (see Figures 6.8c

and 6.8d). The 13CO emission maps at [0.8, 2.5] and [3, 6] km s−1, and the C18O

emission maps at [1, 2.5] and [3, 6] km s−1 have been generated (see Figures 6.8c
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and 6.8d). Figures 6.8e and 6.8f display the intensity weighted velocity dispersion

(i.e., moment-2) maps of 13CO and C18O emission, respectively. In Figure 6.8c,

we find the overlapping zones of the two cloud components, where both the HFSs

and the central part of the long filament fl are spatially depicted (see also the

C18O emission in Figure 6.8d). In these locations, higher velocity dispersions are

also found, inferring the presence of either multiple velocity components (see Fig-

ures 6.8c and 6.8e) or the presence of non-thermal gas motions (see Figures 6.8d

and 6.8f). Together, the molecular line data support the physical connection of

the two cloud components (around 2 and 4 km s−1) in both physical and velocity

space.

6.3.3.3 Existence of two intertwined molecular filaments toward the

filament fl?

The cloud component at [3, 6] km s−1 (or around 4 km s−1) traced using both the

molecular lines has an elongated appearance similar to the long filament fl, while

the second component around 2 km s−1 does not show any elongated morphology

like fl (see Figure 6.8d). The previously reported N-filament (see Figure 6.8d in

this work and Figure 2 in Chung et al., 2022) toward the western end of fl is

associated with the cloud around 2 km s−1. Concerning the cloud component

around 4 km s−1, Figure 6.9a shows the moment-1 map of the C18O emission,

revealing the presence of velocity variations along the filamentary feature. To

further infer velocity variations, using the moment-1 maps of 13CO and C18O, we

extracted the velocity profiles along an arrow highlighted in Figure 6.9a (see Fig-

ure 6.9b). A velocity variation/oscillation is traced in both molecular emissions.

In the direction of the eastern and central parts of the IC 5146 dark Streamer,

the Herschel image at 250 µm and the integrated JCMT C18O (3–2) map are

presented in Figures 6.9c and 6.9d, respectively. Due to the limited sensitivity,

the existing JCMT C18O (3–2) map could only hint at the existence of two in-

tertwined molecular filaments (see arrows in Figure 6.9d) as investigated in the

Herschel maps (i.e., fl-A and fl-B). For comparison purposes, we also mark arrows

over the Herschel image at 250 µm. To further study these molecular filaments,
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e) f)

d)c) N−filament

Figure 6.8: a) 13CO moment-1 map of our selected target area (Figure 6.1a). b) C18O moment-1 map. c)

Overlay of the 13CO integrated intensity emission contours at [0.8, 2.5] km s−1 on the 13CO integrated intensity

map at [3, 6] km s−1. The contour levels are 2.56 K (in Ta*) km s−1 × (0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9). d)

Overlay of the C18O integrated intensity emission contours at [1, 2.5] km s−1 on the C18O integrated intensity

map at [3, 6] km s−1. The contour levels are 0.45 K (in Ta*) km s−1 × (0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9). e)

13CO moment-2 map. f) C18O moment-2 map. A scale bar corresponding to 5 pc (at a distance of 600 pc) is

shown in each panel.

one will need new high-resolution and high-sensitivity molecular line data for a

larger area around the IC 5146 dark Streamer. We found that the high-resolution

C18O maps (resolution ∼15–20′′) at different transitions (i.e., J =1–0, J =2–1,

and J =3–2) of IC 5146 dark Streamer presented in Bell (2008) reveal the sim-

ilar morphology as seen in the Herschel maps. Thus, the continuum and the

molecular maps hint at the existence of two intertwined sub-filaments.
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Figure 6.9: a) The panel shows the TRAO C18O moment-1 map of our selected target area (Figure 6.1a), which

is generated for the molecular cloud at [2.9, 6] km s−1 (see Figure 6.8f). A scale bar corresponding to 5 pc (at a

distance of 600 pc) is presented. b) The panel displays a variation of radial velocities along an arrow marked in

Figure 6.9a, which are extracted using the 13CO and C18O moment-1 maps. c) The panel shows areas toward

the eastern and central parts of the IC 5146 dark Streamer using the Herschel 250 µm image. d) The panel

presents an integrated JCMT C18O (3–2) map. In panels “a”, “c”, and “d”, a solid box highlights the area

covered in the JCMT C18O (3–2) map.

6.4 Discussion

Based on several previously published works, the dark Streamer of IC 5146 has

been considered as a single and long filament fl having an aspect ratio larger than

5 (Arzoumanian et al., 2011, 2019; Johnstone et al., 2017; Wang et al., 2017,

2019b,a; Zhang et al., 2020; Chung et al., 2021, 2022), which is also indicated in

Figure 6.1c. One prominent HFS has been traced toward the east-end (E-HFS)

and the west-end (W-HFS) of the dark Streamer (see Figure 6.1c). Chung et al.

(2022) presented a cartoon showing the observed configuration of the Streamer

(see Figure 9 in their work). In our high resolution Herschel column density

map, both the HFSs are associated with the regions of high column densities

(see Figure 6.6b). Noticeable YSOs and outflow lobes (e.g., Harvey et al., 2008;

Zhang et al., 2020) have been reported toward both the ends of the dark Streamer

(i.e., E-HFS and W-HFS; see Figure 6.6a), supporting the ongoing star forma-

tion activities (e.g., Chung et al., 2021, 2022). The absence of radio continuum
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emission and high column density areas toward the E-HFS and W-HFS hints at

the potential sites of future massive star formation (see Figure 6.2). Earlier pub-

lished results together were interpreted in favour of the EDC and fragmentation

scenario in the dark Streamer (see Wang et al., 2019b; Chung et al., 2022, and ref-

erences therein). Additionally, in support of the proposed edge collapse scenario,

the curved B-field morphology in core-scale HFSs toward both ends was detected

(see Wang et al., 2019b; Chung et al., 2022, and references therein). Apart from

the IC 5146 Streamer, we have verified this signature in the other nearby EDC

filaments as well.

6.4.1 Magnetic Field orientations in nearby candidate

EDC filaments

In the introduction section, we have highlighted the candidate filaments expe-

riencing edge collapse. Apart from the IC 5146 dark Streamer (d ∼600 pc),

we find three other EDC filaments (i.e., Mon R1 (d ∼760 pc), S242 (d ∼2.1

kpc), and NGC 6334 (d ∼1.3 kpc)), which are nearby EDC filamentary sys-

tems (d . 2 kpc). The existing observations of dust polarised emission from

the Planck telescope have been employed to study the large-scale magnetic field

of the four EDC filaments. We used the Planck 353 GHz Stokes I, Q, and U

maps to estimate the linear polarization angles (PAs) of polarized dust emission

caused by the anisotropic dust grains in our target sites. The stokes I, Q, and

U maps were converted from the cosmic microwave background (CMB) temper-

ature (Kcmb) scale to MJy sr−1 using the unit conversion factor of 246.54 (e.g.,

Adam et al., 2016b). We also smoothed the stokes maps by astropy based Gaus-

sian 2D-kernel (input parameter x stddev=2) to increase the signal-to-noise ratio.

We estimated the PAs in Galactic coordinates using the conventional relation of

θGAL = 0.5× arctan2(−U,Q), where −U is used to follow the IAU convention (see

more details in Ade et al., 2015) and a two-argument function arctan2 is used to

avoid the π-ambiguity in the estimation of PAs. The magnetic field orientations

were then computed by adding 90◦ in the electric field polarization PAs (e.g.,
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Ade et al., 2016b,c). We term this angle as BGal throughout the work, which is

measured from galactic north to east along the counter-clockwise direction.
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Figure 6.10: Planck 353 GHz I-stoke images of EDC filaments IC 5146, Sh 2-242, Monoceros R1, and NGC

6334 overlaid by streamlines displaying POS magnetic field. The streamlines are displayed using streamplot in

matplotlib for a density parameter of 1.0. The red arrows indicate the B-field curvature at the filament edges.

The Stokes Q and U maps were used to calculate the POS magnetic field position angles (see text for more

details).

The distribution of the plane of sky (POS) magnetic field in the direction of

our selected EDC filaments IC 5146 dark Streamer, S242, Mon R1, and NGC 6334

is displayed by streamlines in Figure 6.10. We used streamplot in matplotlib to

display the magnetic field orientations toward our selected targets. The magnetic

field direction is nearly perpendicular to all the filaments, consistent with the

observations of other targets (e.g., Palmeirim et al., 2013; Ade et al., 2016a;

Cox et al., 2016). The 13CO emission at the velocity range of [0.8, 2.5] km

s−1 (see Figure 6.8c) appears to be parallel to the B-field orientation shown in

Figure 6.10a. It is reported that faint filaments (striations) are well aligned to the

magnetic fields, and the main filament can gain its mass from these striations (e.g.,
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Palmeirim et al., 2013; Zhang et al., 2020). Therefore, the 13CO emissions parallel

to the B-field show that IC 5146 dark Streamer is not isolated but interacts with

the natal clouds. However, interestingly the B-field direction is curved at the

edges of our target filaments. As discussed by Wang et al. (2019b) and Chung

et al. (2022), the B-field directions in the EDC filaments make a shape of “)”

and “(” at the filament edges (hereafter, the bending effect). This is because of

the material pile up at the edges, which itself moves toward the center of the

filament (e.g., Clarke & Whitworth, 2015). This longitudinal motion of gaseous

material from the ends to the center of the filament can have sufficient ram

pressure that pinches the magnetic field lines and forms the U-shaped magnetic

field morphology (or bending effect; see more details in Gómez et al., 2018; Wang

et al., 2019b,a). This effect is most prominently seen in the S242 and Mon R1

filament than in the other sources (e.g., IC 5146 dark Streamer and NGC 6334;

see arrows in Figure 6.10). We suspect that the bending effect at one of the edges

of the IC 5146 dark Streamer is not prominent because of the contamination

caused by the presence of the HFS. However, still, this effect is significant toward

the south-eastern clump of the IC 5146 dark Streamer (see also Figure 7 of Chung

et al., 2022). Similarly, the NGC 6334 also shows the signature of HFSs at its

edges (see Figure 2 of Tigé et al., 2017) and does not show the strong bending

effect in Figure 6.10. However, the high-resolution polarization map (beam ∼14′′)

of NGC 6334 by Arzoumanian et al. (2021) indeed shows the bending effect

at the dense eastern region (Figure 6.10) revealing the longitudinal gas motion

along the filament. The direction of the magnetic field at the other end of the

NGC 6334 is randomly oriented in the high-resolution map of Arzoumanian et al.

(2021). However, our Planck magnetic field map shows the signature of curvature

at this end, too (see Figure 6.10). It is discussed in the literature that the

magnetic field distortions can be caused by the outflow-driven shocks, feedback

from expanding ionized fronts, and gravity-driven gas flows (e.g., Arzoumanian

et al., 2021; Eswaraiah et al., 2021). Also, recent observations signify that the

curved magnetic field can be originated by the effect of gravity and the collision

of clouds (e.g., Wang et al., 2019a, 2022). Therefore, it is quite possible that the
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intense star formation activity and the presence of HFSs at the filament edges can

distort the initial bending effect in EDC filaments. Although our target filaments

are promising EDC candidates, their non-linearity can diminish the bending effect

at low-resolution Planck magnetic field maps. Thus, we confirm that the other

linear EDC filaments (if HFSs are not present) should show the bending effect.

Figure 6.11 displays the spatial distribution of magnetic field position angle

(BGal) toward selected EDC filaments. The derived BGal maps are masked out for

regions of low intensity and used to obtain the histograms of BGal (see column 2 of

Figure 6.11). The mean BGal is found to be 48.37, 87.96, 96.44, and 56.70 degrees

for the IC 5146 dark Streamer, S242, Mon R1, and NGC 6334, respectively. To

derive the BGal distribution in the IC 5146 dark Streamer, we have considered

only the region containing elongated filament. Hence we have masked out the

southern-west region seen in Figure 6.10. Interestingly, these two filaments are

nearly perpendicular to the Galactic plane. Mon R1, however, is a highly curved

filament having its ends nearly perpendicular and parallel to the Galactic plane.

A positive gradient in BGal can be seen from where the Mon R1 filament gets

perpendicular to the Galactic plane. The distribution of BGal along the long

axis of selected filaments is presented by blue curves in Figure 6.11. To quantify

the distribution of the magnetic field toward the target filaments, we estimated

the magnetic field position angle with respect to the filament’s major axis from

the direction of its head (BFilament). The distribution of BFilament vs filament’s

length (BFilament–L) is shown by red curves in Figure 6.11. Interestingly, for

all the filaments, the global trend follows a negative slope in a range of [−0.04,

−0.02] degree arcsec−1. We estimated the slope by fitting a straight line (see black

dotted line) on the BFilament–L plot. The negative slope in BFilament–L distribution

agrees well with the idea of magnetic field bending effect by Wang et al. (2019b).

Ideally, a straight filament having magnetic field lines perpendicular toward its

central regions and curved magnetic fields (i.e., shapes of “)” and “(”) toward the

respective edges (see Figure 13 of Wang et al., 2019b), should show the global

increasing or decreasing trend in BFilament–L plot. The negative or positive trend

will depend upon the choice of reference direction (i.e., filament’s head or tail)
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from which the magnetic field angle is measured. In our target filaments, a global

linear trend in BFilament–L plot hints at the EDC signature. However, despite the

linear trend, we witness local oscillations as well. This is possible because of

the non-linearity of the filament (or sky-projection effect) and the contamination

caused by other ongoing processes.

6.4.2 Physical processes operating in the IC 5146 dark

Streamer

Based on the examination of the TRAO molecular line data, a collision of tur-

bulent converging flows was suggested to explain the existence of HFSs, which

also includes the role of mass flow along the filaments to the dense cores in IC

5146 (Chung et al., 2021). In order to further explore the collision process in the

Streamer, we revisited the TRAO 13CO and C18O line data (see Section 6.3.3).

Our analysis of the molecular line data shows the existence of two cloud compo-

nents around 2, and 4 km s−1 in the direction of the IC 5146 dark Streamer, and

a velocity connection of these components is also found. The areas of the E-HFS

and W-HFS, where the higher level of clumpiness is observed, are seen toward

the common zones of the cloud components (see Section 6.3.3.2). Earlier works

on the cloud-cloud collision (CCC) recommend a spatial and velocity connection

of two cloud components as a reliable tracer of CCC (see Fukui et al., 2021a;

Maity et al., 2022, and references therein for more details). In general, colliding

gas flows are thought to be operated in the low-density medium, while the high-

density phase of colliding gas flows could refer to CCC (e.g., Beuther et al., 2020;

Dewangan, 2022).

Central hubs of HFSs, hosting massive stars and clusters of YSOs, are thought

to gain the inflow material from very large scales of 1-10 pc, which can be funneled

along molecular filaments (see Tigé et al., 2017; Motte et al., 2018, for more

details). Theoretical works favor the existence of HFSs by the colliding clouds

or large-scale colliding flows (Balfour et al., 2015; Inoue et al., 2018), and this

scenario is also supported in the recent review article on CCC (Fukui et al.,
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Figure 6.11: Distribution of the POS magnetic field angle with respect to the Galactic north to the anticlockwise

direction (BGal) toward selected EDC filaments. The first column displays the spatial distribution of BGal of

EDC filaments IC 5146, Sh 2-242, Monoceros R1, and NGC 6334. The overlaid contours refer to the Planck

353 GHz intensity (see Figure 6.10). The second column presents the histograms of BGal corresponding to the

targets shown in the first column. A vertical red dashed line indicates the mean BGal of histogram distribution.

The third column displays the variation of BGal and BFilament along the long axis of filaments (see red curves

in the first column). BFilament is the magnetic field position angle measured from the filament’s major axis to

the anticlockwise direction (see text for more details). A best fitted line for BFilament distribution is shown and

labelled.
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2021a). Based on our findings, it is likely that the IC 5146 dark Streamer may be

influenced by the collision process, and both the HFSs appear to be originated

in the shock-compressed interface layer by the colliding clouds/flows (see also

Chung et al., 2021). The massive sources are exclusively found to reside at the

hub locations (see Figure 6.4).

Now, we have examined why HFSs are formed at the edges of the filament fl.

It was already explained by the onset of the EDC in the filament fl, which has

a higher aspect ratio (see Wang et al., 2019b; Chung et al., 2022, and references

therein). In the EDC process, density enhancement is expected at each end of

the filament due to high gas acceleration (Bastien, 1983; Pon et al., 2012; Clarke

& Whitworth, 2015; Hoemann et al., 2022).

The present work reveals the existence of two coupled (or intertwined) sub-

filaments (i.e., fl-A and fl-B) toward the main filament fl, showing almost a double

helix-like pattern (see Figures 6.3d, 6.4, and Section 6.3.1). The TRAO 13CO

and C18O line data do not reveal this configuration due to a coarse beam size.

However, the JCMT C18O (3–2) map seems to support the detected structures

in the Herschel maps. Hence, such intertwined configuration is seen in both

the dust and molecular emissions. A cartoon diagram displaying the physical

configuration of sub-filaments fl-A and fl-B (Figure 6.3d) is motivated by their

simultaneous detection in the dust continuum and the molecular emission maps.

However, the existing molecular line data do not allow us to trace the velocity

information along each sub-filament. Previously, Dewangan et al. (2021) found

the velocity oscillation along two intertwined filaments in site LBN 140.07+01.64.

The physical configuration of sub-filaments in IC 5146 Streamer appears very

similar to the sub-filaments identified in LBN 140.07+01.64 (see Figures 3 and

7 therein). Therefore, due to such limited sites in literature, the presence of

intertwined filaments or their double helix-like pattern and their role in star

formation demand more observational as well as theoretical insights. The sub-

filaments fl-A and fl-B appear to spatially overlap with each other along the major

axis, forming multiple common areas where the Herschel clumps and YSOs are

seen. This is another new outcome of this work. In this relation, we examined
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the existing “fray and fragment” scenario of the formation of intertwined sub-

structures (Tafalla & Hacar, 2015; Clarke et al., 2017), which firstly predicts

the formation of the main filament by a collision of two supersonic turbulent

gas flows, and then the scenario favors the origin of the intertwined system of

velocity-coherent sub-structures in the main filament due to residual turbulent

motions and self-gravity (see also Smith et al., 2014; Shimajiri et al., 2019a). This

scenario was proposed in the NGC 6334 filament (Shimajiri et al., 2019a) and the

Taurus filament (Tafalla & Hacar, 2015).

Additionally, we have also investigated a noticeable velocity oscillation along

the filament fl (see Section 6.3.3.2). Previously, in the case of a filament G350.5-N

associated with the cloud G350.54+0.69, Liu et al. (2019) reported a large-scale

periodic velocity oscillation. To explain this aspect, on the basis of gravitational-

instability-induced core formation models, they proposed a proposal with the

combination of longitudinal gravitational instability and a large-scale physical

oscillation along the filament. Considering two sub-filaments and the distribution

of the Herschel clumps toward the long filament fl, the observed velocity oscil-

lations/variations seem to support the presence of two coupled or intertwined

sub-filaments and fragment/clump formation along the filament, where the non-

thermal (or turbulent) pressure seems to be dominated (see Section 6.3.3.2).

Taken together, our findings reveal the onset of multiple physical processes

in the IC 5146 dark Streamer, which includes the edge collapse, CCC, accretion

flows, and “fray and fragment” scenario.

6.5 Summary and Conclusions

In order to probe ongoing physical processes in a nearby star-forming site IC

5146 dark Streamer (d ∼600 pc), we have conducted a study using the multi-

wavelength data. The dark Streamer resembles a single and long filament, fl,

having an aspect ratio > 5. The eastern and the western ends of fl harbor

one HFS. Simultaneous detections of the HFSs and the edge-collapse have been

reported in the filament fl. High resolution Herschel column density map (resolu-
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tion ∼13.′′5) is produced in this work and shows higher column densities toward

both the HFSs. The Herschel column density map also displays two intertwined

sub-filaments (i.e., fl-A and fl-B) toward the main filament fl. Such configuration

displays almost a double helix-like pattern, which is also seen in the integrated

intensity map of the JCMT C18O(3–2) emission.

Using the TRAO 13CO(1–0) and C18O(1–0) line data cubes, we have found

the existence of two cloud components (around 2 and 4 km s−1) toward the main

filament. The cloud component around 4 km s−1 has an elongated appearance

like the main filament fl. Both the HFSs are spatially seen at the common regions

of the cloud components. The origin of HFSs in fl may be explained by the CCC

process. A careful analysis of the 13CO and C18O emission shows the presence

of non-thermal motion in fl with a larger Mach number. The central hub of

the E-HFS shows higher values of N(H2), Mach number, and lower values of

Rp compared to the W-HFS. The study of velocity profiles along the filament fl

shows an oscillatory-like velocity pattern, favoring the presence of the intertwined

structures and the fragments along fl. The origin of the intertwined sub-structures

in fl seems to be explained by the scenario “fray and fragment”. The study of

the Planck polarimetric maps of potential and nearby EDC filaments (d . 2 kpc)

supports the detection of a curved magnetic field morphology as a signature for

the edge collapse as discussed in Wang et al. (2019b). In IC 5146 dark Streamer,

we suspect that the bending effect of the magnetic field toward the western hub

may be diminished by the presence of evolved HFS (i.e., W-HFS). The magnetic

field position angle measured from the filament’s major axis shows a linear trend

along the filament. This signature is confirmed in the other nearby EDC filaments.

Thus, this analysis may present a more quantitative observational proxy of the

EDC scenario. Taking into account all our derived results, the IC 5146 dark

Streamer can be considered the first reliable candidate of edge collapse, HFSs,

and intertwined sub-filaments.



Chapter 7

Unveiling the innermost

environments of a hub-filament

system hosting massive stars†

7.1 Introduction

While the preceding chapters concentrate on the ongoing physical processes oc-

curring within filaments at larger scales, the focus of this chapter is to explore

the innermost physical environment of a known HFS region in the W42 region

that harbors a MYSO (Dewangan et al., 2022c). The following sections provide

an overview of the interplay between turbulence and gravity in star formation,

followed by the background information concerning our target site, the W42 re-

gion.

Unlike the low-mass stars, where clear evolutionary steps have been estab-

lished through theory and observations (e.g., Shu et al., 1987; McKee & Ostriker,

2007), the evolution of young massive stars has no well-defined stages (Motte

et al., 2018). Recent theoretical and numerical simulations have shown that

the mass of newly formed stars is determined not only by small-scale mass ac-

†Bhadari, N. K., Dewangan, L. K., Lev, E. Pirogov, Pazukhin, A. G., Zinchenko, I. I.,

Maity, A. K., Sharma, Saurabh, 2023, MNRAS, 526, 4402, “Fragmentation and dynamics of

dense gas structures in the proximity of W42-MME”
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cretion but also by large-scale, filamentary mass inflow/accretion (e.g., Padoan

et al., 2020), which agrees with recent multi-scale and multi-wavelength obser-

vations (e.g., Yuan et al., 2017b; Dewangan et al., 2022c; Liu et al., 2022b; Li

et al., 2022a; Xu et al., 2023; Liu et al., 2023). The low efficiency in star forma-

tion (around 1–2% in a single free-fall time scale of a cloud; e.g., Myers et al.,

1986; Krumholz & McKee, 2005; Vutisalchavakul et al., 2016; Kim et al., 2021)

hints that the turbulence and magnetic fields prevent the gravitational collapse

of molecular clouds (Myers & Goodman, 1988; Vazquez-Semadeni et al., 2000;

Bergin & Tafalla, 2007; Hennebelle & Inutsuka, 2019; Krumholz & Federrath,

2019). Also, the profound work by Larson (1981) and follow up studies (e.g.,

Goodman et al., 1998; Solomon et al., 1987; Bolatto et al., 2008; Heyer et al.,

2009; Cen, 2021; Zhou et al., 2022, and references therein) suggest that turbu-

lence dissipates into the smaller regions of clumps and cores which are more prone

to gravitational collapse and subsequent star formation. Consequently, the non-

thermal motions on the scale of dense star-forming cores (∼0.1 pc) can be sonic

(e.g., Myers & Goodman, 1988; Caselli et al., 2002), which agrees with the ob-

servations of filamentary, low-mass star-forming clouds (Hacar & Tafalla, 2011;

Hacar et al., 2017; Pineda et al., 2015). However, the nature of turbulence in

the massive star-forming clumps/cores remains ambiguous, as previous studies

have shown a range of supersonic (M≥2; e.g., Carolan et al., 2009) to subsonic

(M≤1; e.g., Li et al., 2020) non-thermal velocity dispersion.

Recent observations hint that the MSF involves simultaneous onset of multiple

physical processes from the scales of molecular clouds (>10 pc) to cores (≤0.1

pc; Fukui et al., 2021a; Hacar et al., 2022; Bhadari et al., 2022, and references

therein). This may be possible because of the hierarchical fragmentation process

(i.e., fragmentation of cloud to high density structures of filaments, clumps and

cores) that is primarily driven by the effect of turbulence and gravity (Goodman

et al., 2009; Inoue & Fukui, 2013; Padoan et al., 2020; Fukui et al., 2021b,a;

Federrath et al., 2021). The gas motions of molecular clouds are coherent across

scales of >10 pc to ∼0.1 pc, and exhibit a universal velocity-size scaling relation

observed in different environments (e.g., Solomon et al., 1987; Zhou et al., 2022;
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Liu et al., 2022a). This indicates that the dense fragments at different spatial

scales are kinematically connected (Rosolowsky & Leroy, 2006; Rosolowsky et al.,

2008; Goodman et al., 2009). In context to recent studies, the velocity dispersion-

size relation appear to follow the Larson (1981) first relation of ∆V ∝ R0.38 with

power law index in the range of 0.3–1.2 for larger scales (100–0.1 pc) (e.g., Fuller

& Myers, 1992; Goodman et al., 1998; Heyer et al., 2009; Falgarone et al., 2009;

Cen, 2021; Izquierdo et al., 2021), where ∆V and R are the velocity dispersion and

radius of cloud. The observed relation resembles the energy cascade in turbulent

systems, indicating that turbulence dissipates from larger spatial scales to smaller

ones. The other two Larson’s relations imply the virial equilibrium with the

constant surface densities over all the spatial scales. However, at the smaller

scales of clouds where the density becomes high and multiple centers of collapse

form, the role of both gravity and turbulence become important and hence at

these scales the Larson’s relations are debatable (i.e.,<0.1 pc; Ballesteros-Paredes

et al., 2006, 2011; Traficante et al., 2018a,b). As a result, the effect of gravity and

turbulence during the early stages of star formation including the massive ones, is

one of the current hot topics in star formation research (e.g., Ballesteros-Paredes

et al., 2018; Federrath et al., 2021, and references therein).

The recent advancement of observational facilities such as the ALMA has

provided a great insights to the core scales in star-forming regions. It extends

our limit of studying the gas kinematics of dense structures form cloud to the

core scales. This work primarily makes use of the ALMA H13CO+ (4–3) data and

presents a comprehensive study of the dense gas kinematics of a small area in W42

region (distance ∼3.8 kpc; see Dewangan et al., 2022c, and references therein),

known to host a bipolar Hii region and Class II 6.7 GHz MME (Dewangan et al.,

2015). The Hii region is powered by an O5-O6 star (O5.5, hereafter; Blum et al.,

2000), and the ionized and molecular gas have similar velocities of about 60 km

s−1, suggesting they are part of the same physical system (Quireza et al., 2006;

Anderson et al., 2009; Dewangan et al., 2015). The infra-red counterpart of 6.7

GHz MME in W42 (W42-MME, hereafter) is a rare young massive protostar

(or massive young stellar object; MYSO hereafter), believed to be in an early
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evolutionary stage (Dewangan et al., 2015, 2022c; De Buizer et al., 2022). It

has a luminosity of approximately 4.5 × 104 L� and is located at the center

of a parsec-scale bipolar outflow in H2 image (see Dewangan et al., 2015, for

more details). Figure 7.1a shows the ALMA 1.35 mm image of an extended

area (∼45′′.4 × 45′′.4) in the direction of W42-MME, which is further zoomed

in to the 865 µm continuum image in Figure 7.1b. The positions of W42-MME

and the O5.5 star are also marked. Recent high-resolution (∼0′′.3) molecular

line study based on the ALMA data shows that the dusty envelope (∼9000 AU)

surrounding W42-MME hosts at least five continuum peaks (Dewangan et al.,

2022c). One of the major peaks associated with W42-MME shows the signature

of bipolar outflow and a disk-like feature with velocity gradients. This study

by Dewangan et al. (2022c) suggests that MYSO W42-MME gains mass from

its disk and the dusty envelope simultaneously. In the larger physical extent of

∼3–5 pc, these authors found the presence of HFS which hosts our target region

of study at its central hub region (∼1–2 pc; see Figure 14 in Dewangan et al.,

2022c). It is to be noted that both the main sequence O5.5 star and the MYSO

belong to the hub region. The radio continuum emission is also observed at 6 cm

wavelength in the target area (see Figure 1c in Dewangan et al., 2022c). Targeting

such region for high-resolution multi-wavelength and multi-scale study provides

us a comprehensive understanding of different factors involved in MSF from the

molecular cloud (> 5− 10 pc) to core scale (< 0.1 pc).

In this work we primarily utilized the high-resolution ALMA H13CO+ data

to study the physical and kinematic properties of immediate surroundings of

MYSO W42-MME, including the dusty envelope. The work is structured as

follows: Section 8.1 serves as an introduction to the study, Section 7.2 provides

the description of data used in this study, and Section 7.3 outlines the results

obtained from dendrogram analysis. Finally we discuss the consequences of the

derived results in Section 7.4 and summarize the outcomes in Section 7.5.
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Figure 7.1: a) ALMA 1.35 mm continuum emission map of an extended area around W42-MME. b) ALMA 865

µm dust continuum contour map of an area marked by rectangular box in panel “(a)”. The emission contour

ranges from 0.4 to 43.55 mJy beam−1 (i.e., maximum intensity of the image) in steps of 0.43 mJy beam−1. The

positions of the 6.7 GHz MME and ionizing O-type star are marked by diamond and star symbols, respectively.

The scale bars are shown at d = 3.8 kpc. The beam size of ALMA images are shown in bottom-left corner.

7.2 ALMA Data Sets

This work utilizes HCO+(4–3) (ν ∼356.734 GHz), H13CO+(4–3) (ν ∼346.998

GHz), and CH3CCH (21K–20K) (ν ∼358.709–818 GHz) data obtained from the

ALMA in Band 7, acquired under project ID: #2018.1.01318.S (PI: Lokesh Ku-

mar Dewangan). The observed data has a beam size of 0′′.31× 0′′.25. The details
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of data acquisition and reduction are given in Dewangan et al. (2022c). Addi-

tionally, we have utilized the ALMA continuum data at 865 µm (ν ∼346.5 GHz)

from Dewangan et al. (2022c), which has a similar resolution to that of the line

data. Furthermore, the publicly available ALMA continuum map at 1.35 mm

(resolution ∼1′′.2 × 1′′.1) is obtained from the ALMA science archive (project

ID #2019.1.00195.L; PI: Molinari, Sergio). It is used to display the large area

around W42-MME in Figure 7.1a. The high-resolution Very Large Telescope

(VLT) NAOS-CONICA (NACO) NIR adaptive-optics image at Ks band (λ=2.18

µm; resolution ∼0′′.2) is also utilized from Dewangan et al. (2015, see more details

in their paper).

We used the ALMA H12CO+/H13CO+ data to analyze the dense gas kinemat-

ics and the CH3CCH (21K–20K) data to estimate the temperature of the dense

gas. In addition, we employed dust continuum maps to determine the mass of

dense gas.

7.3 Results

7.3.1 Dendrogram analysis of ALMA H13CO+(4–3)

Dendrogram analysis is a powerful tool for studying the physical properties of hi-

erarchical structure of star-forming molecular clouds. The dendrogram method-

ology, as described by Rosolowsky et al. (2008), involves creating a tree diagram

that characterizes emission structures based on their three-dimensional intensity

isocontours. This method allows us to extract the emission structures at differ-

ent spatial scales in a position-position-velocity (p-p-v) space, which is critical for

understanding the complex interplay between dense gas kinematics, temperature,

and star formation (e.g., Shetty et al., 2012). The dendrogram is a hierarchical

tree structure composed of two components: branches and leaves. Branches can

split into multiple sub-structures (i.e., new branches and leaves), while leaves

have no sub-structures. In this context, leaves (i.e., potential star-forming cores)

represent the small-scale, bright structures at the tips of the tree that do not



7.3. RESULTS 157

break down into further substructures. Branches (i.e., clumps), on the other

hand, represent the large-scale, fainter structures lower in the tree that do break

down into substructures.

To perform the dendrogram analysis, we utilized the python-based astroden-

dro∗ package. This tool offers a method for determining the dendrogram struc-

tures within astronomical data in either 2D position-position (p-p) maps or 3D

p-p-v data cubes. The algorithm astrodendro works by dividing the p-p-v data

cube into a set of regions based on the distribution of intensity. The regions

are then grouped together based on the specified similarity criterion, such as a

threshold emission. This grouping process is repeated recursively until all of the

regions are grouped together into a single structure. The result of this process is

a tree-like diagram, or dendrogram, which represents the hierarchical structure

of the cloud.

7.3.1.1 Structure Identification and H13CO+ (4–3) moment maps

We applied the dendrogram analysis to the ALMA H13CO+ (4–3) data (in p-p-

v space) on 0.304 × 0.181 pc2 area of our target region (see area footprint in

Figure 7.1b) in order to extract the hierarchical structure of the dense gas in the

W42-MME region. The ALMA H13CO+ (4–3) line emission reveals mostly single

peaked profiles toward the entire area of our target site, which is noticeable from

Figure 7.2 presenting the overlay of averaged H13CO+ spectra over the regular

grids of 0′′.864×0′′.432 toward our target site. The background image is H13CO+

integrated intensity map (see following text in this Section). The hierarchical

tree diagram of dendrogram structures is extracted and is shown in Figure 7.3.

This exercise allowed us to identify and classify the different scales of the dense

gas emission in the cloud, from the small-scale structures (i.e., . 0.01 pc) to

relatively larger structures(≥ 0.05 pc). Below are the steps we followed to identify

the dendrogram structures.

To enhance the performance of the dendrogram algorithm, pixels with noise

levels lower than three times the local noise level were masked out. By analyzing

∗https://dendrograms.readthedocs.io/en/stable/index.html
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Figure 7.2: ALMA H13CO+(4–3) moment-0 map overlaid with the averaged velocity profiles extracted along

the regular grids of size 0′′.864 × 0′′.432. The extent of figure is identical to that of the Figure 7.1b. Profiles

in red are the 1-D Gaussian fit to the observed spectra (in blue). The y-scale ranges from −2.94 to 89.14 mJy

beam−1, while x-scale is VLSR from 60.73 to 71.70 km s−1.

the source/emission free individual velocity channels, we found that the local

noise (or rms) varies from 1.6 to 3 mJy beam−1 with mean value of σrms=2.3

mJy beam−1. The estimated σrms value is close to that of obtained by Dewangan

(2022) for a spectral resolution of 0.242 MHz. We therefore masked out the noisy

pixels which are below 3σrms (=7 mJy beam−1) from the H13CO+ (4–3) data cube.

This step is equivalent to set the “min value” parameter of astrodendro algorithm,

which signifies the minimum emission in the Dendrogram tree structure. We

further specified the values of other two crucial parameters used as inputs for the

astrodendro algorithm. These are “min delta”, and “min npix”. The parameter

“min delta”, that indicates the minimum difference between two intensity peaks

such that they can be considered as separate structures, was set to be 1σrms

(=2.3 mJy beam−1). The another parameter “min npix” indicates the minimum

number of spatial-velocity pixels required for a leaf structure to be considered as

independent entity. We have chosen this value such that a dendrogram structure

contains at least two synthesized beam of ALMA H13CO+ (4–3) data. This is

essential in order to measure the structure size and line width (Rosolowsky &
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Figure 7.3: Dendrogram tree of hierarchical structures identified from ALMA H13CO+(4–3) data. The leaves

and branches are marked in the tree structure (see also Figure 7.4).

Leroy, 2006). Thus, “min npix” was set to be 74 pixels (1 pixel= 0′′.048). The

algorithm ultimately identified 19 structures including 7 branches and 12 leaves.

Figure 7.3 displays the branches and leaves structures in the dendrogram tree.

We have superimposed the spatial distribution of the identified leaf structures

on the peak intensity (Fpeak) map of the ALMA H13CO+ (4–3) data, as shown in

Figure 7.4a. Each leaf structure is marked with its corresponding structure ID.

The map provides a snapshot of the overall peak intensity distribution of the dense

molecular gas. The dendrogram methodology can be understood by comparing

the dendrogram tree structure (see Figure 7.3) and the peak intensity map (see

Figure 7.4a). Figure 7.4b presents the peak velocity (Vpeak) map of the ALMA

H13CO+ (4–3) data which infers the gas velocity at peak intensity. A coherent

velocity structure is noticeable along the Dec ∼ −06◦47′′02′ at velocity of [62,

66] km s−1. The northern structure, however, is seen at the redshifted velocities

(see more discussion in Section 7.4). Figure 7.4b also shows the overlay of leaf

structures on the Vpeak map of H13CO+ emission, by their corrected sky-projected
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size. To infer the presence of point-like sources in our target area, we have

displayed the VLT/NACO adaptive-optics Ks band image of our target region in

Figure 7.4c and overlaid the footprints of leaves and branches. As can be seen

in Figures 7.4a–c (for comparison see Figure 7.3), the central region is identified

as dendrogram structure B0, which is separated from the other structures. This

branch is further divided into 6 sub-branches and 8 leaves. Notably, leaf L17

belongs to the W42-MME, which has been previously described in (Dewangan,

2022). Based on the VLT/NACO adaptive-optics Ks band image, here we note

that most of the point sources do not lie in the direction of identified structures.

In other words, the turbulence in most of the dendrogram structures do not seem

to be influenced by the presence of point-like sources.

We have also computed the moment statistics of ALMA H13CO+ (4–3)

data. In millimeter–radio astronomy, moment maps provide a way to charac-

terize the distribution of emission over a region of the sky. The first three mo-

ments i.e., moment-0; M0 =
∫
Ivdv, moment-1; M1 =

∫
vIvdv
M0

, and moment-2;

M2 =
√

8ln2×
√∫

Iv(v−M1)2dv
M0

, refer the integrated intensity over spectral/velocity

axis, intensity weighted centroid velocity, and intensity weighted velocity disper-

sion (full width at half maximum (FWHM)), respectively. Figure 7.5a presents

the M0 map of ALMA H13CO+ emission in the direction of our target region, in-

ferring the overall intensity/density distribution of dense gas. The velocity range

of [60.73, 71.70] km s−1 has been used for generating the M0 map and identifying

the dendrogram structures in p-p-v space. Figure 7.5b shows the M1 map provid-

ing the information of gas velocity distribution. The M2 map of extended area

around W42-MME is shown in Figure 7.5c, revealing the ALMA H13CO+ FWHM

linewidth distribution. The high value of velocity dispersion in the northern knot

(leaf ID L2) is possible because of the presence of multiple velocity components

(see blue spectra in Figure 7.2). However in the direction of W42-MME (leaf

ID L17) and other leaves (ID L8 and L13), the high-dispersion value is observed

regardless of the absence of multiple velocity components in H13CO+ spectra (see

Figure 7.2).
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Figure 7.4: a) ALMA H13CO+(4–3) peak intensity map of region hosting W42-MME. The astrodendro identified

leaf structures are overlaid and shown with contours and associated IDs, respectively. (b) Peak velocity map

derived using ALMA H13CO+(4–3) emission. c) VLT/NACO adaptive-optics Ks band image. In panels “b”

and “c”, the ellipses approximating the leaves (in black) and branches (in yellow) are shown. The structure ID

for leaves and branches are displayed.
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7.3.2 Physical parameters of dendrogram structures

The major and minor axis of dendrogram structures are related to astrodendro

output parameters of “major sigma” and “minor sigma”, which represent the 2nd

spatial moments along longer and shorter direction, respectively. To obtain the

physical extension of dendrogram structures (or major axis × minor axis), we

need to multiply the outputs (i.e.,“major sigma” and “minor sigma”) by
√

8 ln2.

We have also taken account of the filling factor (f) as discussed in Liu et al.

(2022a). In other words, the astrodendro derived major and minor axis are less

by a factor of f =
√
Aexact/Aellipse, where Aexact and Aellipse are the exact and

calculated areas of Dendrogram structures in the sky plane (see also Rosolowsky

et al., 2008; Liu et al., 2022a).

Table 7.1 lists the physical parameters of all identified structures, includ-

ing structure ID, sky coordinates, integrated flux (F int), structure size (major

axis(′′) × minor axis(′′)), structure length (L), position angle (PA; measured

counter-clockwise from the RA axis), gas kinetic temperature (Tkin), weighted

mean velocity (〈Vlsr〉), velocity variation (δVlsr), observed weighted mean veloc-

ity dispersion (〈σobs〉), non-thermal velocity dispersion (〈σnt〉), three-dimensional

(3D) Mach number (M3D), and the number of ALMA beams (N) that can fit

within each structure. The estimation of Tkin is presented in Section 7.3.2.1. We

have also computed the gas mass (Ms), virial mass (Mvir), virial parameter (αvir),

and gas density (n) of each dendrogram structure in Section 7.3.2.2.

We estimated the size of dendrogram structures by taking the geometric mean

of corrected major and minor axes using the formula

L(AU) = D(pc)
√

major axis(′′)×minor axis(′′), (7.1)

where D(= 3.8× 103) pc is the distance of W42. The 〈Vlsr〉 represents the error-

weighted mean velocity and is estimated using the M1 map (see Figure 7.5b) and

the corresponding uncertainty map. Similarly, the weighted line-of-sight velocity

dispersion/linewidth, 〈σobs〉, is inferred from the M2 map (see Figure 7.5c) and

the respective error map. The uncertainties in the M1 and M2 maps are derived

using Equations 5 and 6 from Teague (2019, not shown here). The final error in



164
CHAPTER 7. UNVEILING THE INNERMOST ENVIRONMENTS OF A

HUB-FILAMENT SYSTEM HOSTING MASSIVE STARS

T
a
b

le
7
.1

:
P

h
y
sica

l
p

a
ra

m
eters

o
f

D
en

d
ro

g
ra

m
stru

ctu
res

id
en

tifi
ed

u
sin

g
A

L
M

A
H

1
3
C

O
+

d
a
ta

in
W

4
2

reg
io

n
.

ID
R
A

(J
2000)

D
ec.(J

2000)
F

in
t

H
1
3
C

O
+

F
in

t
8
6
5

¯
m

m
a
jor×

m
in

or
ax

is
L

P
A

T
k
in

〈V
lsr 〉

δV
〈σ〉

〈σ
n
t 〉

M
3
D

M
s

M
v
ir

α
v
ir

n
N

h
h

:m
m

:sss
d

d
:m

m
:sss

J
y

m
J
y

arcsec×
arcsec

(×
10

3)
A

U
d

eg
K

k
m

s −
1

k
m

s −
1

k
m

s −
1

k
m

s −
1

M
�

M
�

(×
10

5)
cm
−

3

L
e
a
v
e
s

L
2

18:38:14.64
-6:47:57.66

0.76
10.72

1.05
×

0.7
3.24

144.67
64.28

±
5.25

67.18
±

0.01
0.37

±
0.02

1.38
±

0.02
1.37

±
0.02

5.0
0.2

12.44
64.54

13.77
7.0

L
5

18:38:14.61
-6:47:59.14

1.5
22.18

1.77
×

1.1
5.27

52.26
61.84

±
6.78

66.59
±

0.02
0.3
±

0.01
0.53

±
0.02

0.52
±

0.02
1.91

0.42
4.54

10.9
6.91

18.0

L
7

18:38:14.75
-6:48:02.05

2.61
76.41

2.27
×

1.07
5.91

164.47
45.02

±
1.99

65.18
±

0.02
0.45

±
0.02

0.52
±

0.02
0.51

±
0.02

2.22
2.08

4.11
1.98

24.56
22.0

L
8

18:38:14.76
-6:48:01.37

0.08
4.46

0.57
×

0.4
1.79

87.28
64.02

±
8.27

66.24
±

0.04
0.65

±
0.06

0.83
±

0.05
0.82

±
0.05

2.99
0.09

2.97
36.79

34.48
2.0

L
9

18:38:14.66
-6:48:00.47

0.03
1.78

0.57
×

0.36
1.72

223.34
–

66.04
±

0.13
0.23

±
0.02

0.24
±

0.1
–

–
–

–
–

–
2.0

L
10

18:38:14.13
-6:48:03.96

1.1
38.44

2.72
×

1.13
6.64

135.23
52.09

±
11.81

64.62
±

0.03
0.22

±
0.01

0.34
±

0.02
0.32

±
0.03

1.28
0.88

3.05
3.47

7.31
28.0

L
13

18:38:14.54
-6:48:02.56

0.39
12.32

0.74
×

0.58
2.48

122.97
63.56

±
2.79

64.96
±

0.02
0.36

±
0.03

0.85
±

0.03
0.84

±
0.03

3.08
0.23

4.46
19.88

35.64
4.0

L
14

18:38:14.55
-6:48:01.12

0.22
4.03

0.7
×

0.58
2.41

215.05
34.79

±
8.92

65.16
±

0.03
0.15

±
0.01

0.49
±

0.05
0.48

±
0.05

2.39
0.15

1.69
11.22

26.3
4.0

L
15

18:38:14.38
-6:48:02.52

0.23
4.14

1.12
×

0.81
3.61

99.23
33.1

±
2.84

64.67
±

0.04
0.05

±
0.01

0.4
±

0.05
0.39

±
0.05

1.96
0.17

1.79
10.88

8.5
8.0

L
16

18:38:14.94
-6:48:02.74

1.12
20.19

2.17
×

0.86
5.19

171.56
–

63.37
±

0.03
0.56

±
0.02

0.44
±

0.03
–

–
–

–
–

–
17.0

L
17

18:38:14.53
-6:48:01.87

0.65
67.05

0.93
×

0.61
2.85

198.2
69.71

±
2.7

64.06
±

0.01
0.41

±
0.03

0.98
±

0.02
0.97

±
0.02

3.42
1.11

6.18
5.62

115.81
5.0

L
18

18:38:15.07
-6:48:01.84

0.24
5.19

1.73
×

0.76
4.34

124.16
–

62.37
±

0.04
0.34

±
0.02

0.2
±

0.03
–

–
–

–
–

–
12.0

B
ra

n
ch

e
s

B
0

18:38:14.61
-6:48:00.90

18.36
237.21

5.87
×

4.38
19.27

104.41
58.94

±
3.87

65.8
±

0.02
0.82

±
0.01

0.43
±

0.01
0.41

±
0.01

1.56
4.71

13.75
2.92

1.6
234.0

B
1

18:38:14.63
-6:47:58.45

5.88
57.56

3.36
×

1.86
9.51

104.98
62.03

±
3.27

66.66
±

0.02
0.57

±
0.01

0.66
±

0.02
0.65

±
0.02

2.41
1.08

10.53
9.78

3.05
57.0

B
3

18:38:14.60
-6:48:02.09

12.23
263.92

7.05
×

2.66
16.43

178.62
56.08

±
2.04

65.33
±

0.02
0.67

±
0.01

0.43
±

0.01
0.41

±
0.01

1.58
5.55

9.49
1.71

3.04
170.0

B
4

18:38:14.62
-6:48:02.12

9.32
222.2

5.4
×

2.02
12.55

178.8
57.0

±
2.44

65.44
±

0.02
0.7
±

0.01
0.52

±
0.01

0.51
±

0.02
1.96

4.59
9.11

1.99
5.64

99.0

B
6

18:38:14.63
-6:48:02.12

7.24
183.69

4.73
×

1.71
10.81

179.47
57.09

±
3.71

65.48
±

0.02
0.74

±
0.01

0.56
±

0.02
0.53

±
0.02

2.05
3.79

8.26
2.19

7.27
74.0

B
11

18:38:14.55
-6:48:02.20

4.22
135.47

2.89
×

1.77
8.59

57.99
64.33

±
3.52

64.92
±

0.02
0.57

±
0.01

0.62
±

0.02
0.6
±

0.02
2.19

2.44
8.98

3.69
9.34

46.0

B
12

18:38:14.54
-6:48:02.23

1.98
96.85

1.85
×

1.08
5.35

54.69
68.23

±
2.62

64.53
±

0.01
0.59

±
0.02

0.81
±

0.02
0.8
±

0.02
2.81

1.63
8.18

5.03
25.86

18.0



7.3. RESULTS 165

the mean of a parameter, denoted as P (i.e., Vlsr or σobs), is computed as :

∆〈P 〉 =
1

k

√√√√
k∑

i

∆p2
i , (7.2)

where ∆pi and k are the uncertainty in measurements of P at ith pixel and the

total number of pixels within the footprint of dendrogram structures, respectively.

The velocity variation, δVlsr, representing the plane-of-sky velocity dispersion, is

estimated as the standard deviation of Vlsr within the structure. Its uncertainty

is given by δVlsr/
√

2(k − 1).

Additionally, we derived the non-thermal velocity dispersion as:

〈σnt〉 =
√
〈σ2

obs〉 − σ2
th, (7.3)

where σth is the thermal velocity dispersion for dendrogram structure, and is

given by

σth =

√
kB Tkin,i

µmH

. (7.4)

In Equation 7.4, µ=30 is the the molecular weight of the H13CO molecule, mH

is the mass of atomic hydrogen (approximating to proton mass), kB is the Boltz-

mann constant, and Tkin,i is the gas kinetic temperature of the ith structure de-

rived using CH3CCH (21K–20K) emission (see Section 7.3.2.1). The value of

sound speed cs in a medium is influenced by all the gas particles present in it.

This can be determined using Equation 7.4 with a mean molecular weight per

free particle of µ=2.37 (Kauffmann et al., 2008). The 3D Mach number,M3D, is

estimated by
√

3σnt/cs.

7.3.2.1 Dense gas temperature (Tkin) estimation

Previous studies show that the low excitation level (e.g., J =5–4) transitions

from CH3CCH molecule give a good estimate of the kinetic temperature at gas

density of ∼103−4 cm−3 (Kuiper et al., 1984; Bergin et al., 1994) . However, the

higher level transitions can trace gas density ≥105−6 cm−3 (e.g., Aladro et al.,

2010; Santos et al., 2022), which can be used to estimate the gas temperature of
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dense environment as traced by HCO+ (4–3) transition with a critical density of

(i.e., ∼3.5×106 to 2×106 cm−3 for the temperature range of 10–100 K, respec-

tively; Shirley, 2015). Therefore, we utilized the ALMA Band 7 CH3CCH data to

estimate the gas kinetic temperature (Tkin) of dendrogram structures identified

in H13CO+ (4–3) transition. The observed data contains five components of the

CH3CCH (21–20) K-ladder with K = 0-4, and we generated the corresponding

averaged spectrum for each dendrogram leaf and branch structure. The rotational

temperatures for the dendrogram leaf and branch structures are determined using

these transitions. The spectrum and corresponding rotation diagrams of leaf L17

are presented in Figure 7.6. The diagram plots the values proportional to natural

logarithm of the measured integrated line intensity, Sν , against the upper energy

level Eu of specified molecule. The y−axis corresponds to a parameter defined by

the quantum numbers J and K, the transition frequency ν, the dipole moment

µ, the degeneracy gK associated with the internal quantum number K, and the

statistical weight gI associated with the nuclear spin. The slope a of the fitted

straight line, y = ax + b, is related to the kinetic temperature, Tkin = − 1
a
, while

the uncertainty in the estimation of Tkin is ∆Tkin = ∆a
a2 .

The temperature estimates for leaf structures ranged from 33 to 70 K, with

the mean (median) values of 54.27 (61.84) K, while for branches the range is

[56.08, 68.23] K with mean (median) value of 60.53 (58.94) K. It is important to

note that in the case of leaves L9, L16, and L18, weak emission is observed in

CH3CCH (21–20) line, which made it difficult to define Tkin of these structures.

7.3.2.2 Dense gas mass (Ms) and virial parameter (αvir) estimation

The dust/gas mass can be estimated from the knowledge of the dust emission

in the interstellar medium (ISM). With the assumption of spherical dust grains

and the optically thin dust emission as a modified black body emission in the

Rayleigh-Jeans limit, the gas mass can be estimated as:

Ms =
Fν D

2 Rt

B(ν,Td) kν
, (7.5)
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A best fit line to the 5 CH3CCH transitions is shown and corresponding Tkin is labeled.

where Fν , D, B(ν,Td), Rt, and kν are total integrated flux at observing frequency

ν, distance of object, Planck function at dust/gas temperature Td, gas-to-dust

mass ratio, and dust absorption coefficient, respectively.

By adding up the emission inside the boundary of each dendrogram structure,
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we calculated Fν at ν = 346.58 GHz (or 865 µm) for each one. We derived the

kν by adopting a relation kν = 10
(

ν
1.2 (THz)

)p
, where p = 1.5 is adopted for all

the dense cores (e.g., Bracco et al., 2017, and references therein). We therefore

used k865µm
346.58 GHz= 1.55 cm2 g−1 for the mass estimation. Using the derived gas

temperatures in Section 7.3.2.1, D = 3.8 kpc, and Rt = 100 (Weingartner &

Draine, 2001), we estimated the gas mass for each dendrogram structure, which

is tabulated in Table 7.1. The primary source of uncertainty in mass estimation

is the dust emissivity, which is uncertain by a factor of a few. We used the

assumption of spherical symmetry for the dense cores that were identified and

calculated their volume densities using the Ms and effective radius (i.e., Reff =

L/2). The formula used for this purpose was nH2 = Ms

( 4
3
πR3

eff)(2.8 mH)
. The volume

densities for leaf (branch) structures varied from 3.49 (0.16)×106cm−3 to 12.75

(2.59)×106cm−3, with mean and medium values of 3.08 (0.8)×106cm−3 and 2.36

(0.56)×106cm−3.

We have also estimated the virial mass of identified structures using equation

(Bertoldi & McKee, 1992; Singh et al., 2021)

Mvir =
5

β1β2

σ2
totalReff

G
, (7.6)

where σ2
total =

√
σ2

nt + c2
s is the total velocity dispersion with the sound speed of

cs, and G is the gravitational constant. The parameters, β1 = (1−b/3)
(1−2b/5)

belongs

to a power-law density profile of ρ ∝ r−b with b = 1.6 (e.g., Pirogov, 2009) and

β2 = sin−1(e)
e

is a geometry factor with eccentricity e =
√

1− f 2
int of elliptical

structures. The intrinsic axis ratio (fint) is related to the observed axis ratio

(fobs; see also Figure 7.8) as (Fall & Frenk, 1983; Li et al., 2013a)

fint =
2

π
fobs F1(0.5, 0.5,−0.5, 1.5, 1, 1− f 2

obs), (7.7)

where F1 is the Appell hypergeometric function of the first kind. The power-

law density profile of ρ ∝ r−b with b = 1.6 is observed for the inner regions of

the sample of 16 cores associated with MSF (e.g., Pirogov, 2009). For low-mass

star-forming regions b is usually higher. The derived β2 value of dendrogram

structures varies from 1.1 to 1.4.
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Based on the derived gas mass (Ms) and virial mass (Mvir) of structures, we

estimated the virial parameter, αvir =
(
Mvir

Ms

)
, that infers the dynamical state

of gas structure. Table 7.1 lists the estimated mass and virial parameter of

dendrogram structures.

7.3.2.3 Spectral profiles of dendrogram leaves

To investigate the core scale gas kinematics, we have extracted the ALMA

H12CO+ and H13CO+ spectral line data. Figure 7.7 presents the spectral pro-

files of dendrogram leaves averaged over their footprint size (see Table 7.1). The

profiles are displayed for H12CO+ (optically thick) and H13CO+ (optically thin)

emission. The dendrogram leaves L2 and L8 exhibit double-peaked profiles in

both the H12CO+ and H13CO+ line tracers. Leaf L17 displays a double-peaked

profile in H12CO+ only, while all other structures (i.e., L5, L7, L9, L10, L13, L14,

L15, L16, and L18) exhibit single peaks. The asymmetry in H12CO+ line profiles

are indicative of significant dynamical activity (e.g., Traficante et al., 2018a). To

quantitatively estimate the asymmetry in the H12CO+ line profiles, we derived

the nondimensional asymmetry parameter (A) for dendrogram leaves as (see more

details in Mardones et al., 1997):

A =
Vthick − Vthin

∆Vthin

, (7.8)

where Vthick and Vthin are the mean velocities of H12CO+ and H13CO+ line profiles,

respectively. The ∆Vthin denotes the FWHM linewidth of H13CO+ line profile.

We estimated the Vthick, Vthin, and ∆Vthin from the Gaussian fitting of spectral

profiles. The parameter A for each leaf is labeled in the respective panels of their

spectral profiles in Figure 7.7. Most of the leaves except L2, L5, L8, L13, and

L14 have positive A values, indicating a blue asymmetry, which is suggestive of

infall (e.g., Gregersen et al., 1997; Mardones et al., 1997).
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Figure 7.7: Averaged spectral profiles of dendrogram leaves. In each panel, the dendrogram leaf ID and asym-

metry parameter (A) are labeled (see text for details). In all the panels, H12CO+ profiles are vertically offset

by 0.2 Jy beam−1, while the H13CO+ profiles are scaled up by a factor of 4.

7.3.3 Distribution of Physical Parameters and spatio-

kinematic analysis

Figure 7.8 shows the histogram distribution of various physical parameters iden-

tified in Section 7.3.1.1. The high-resolution ALMA H13CO+ (4–3) data allow us

to trace the structures within the physical extent of ∼2000 AU (∼0.01 pc), reveal-

ing the core scale properties. The histogram distribution of dendrogram structure

size (L) is presented in Figure 7.8a. The branches are larger in size compared to

the leaves, and consistent with the definitions of these structures (Section 7.3.1).

The distribution of axis ratio
(

minor axis
major axis

)
for identified structures is shown in Fig-

ure 7.8b. The axis ratio for branches lies lower side than that of leaves indicating

that leaves tend to be more circular (or spherical) than branches. The gas kine-

matic temperature (Tkin) distribution is presented in Figure 7.8c. The statistical

parameters related to Tkin are mentioned in Section 7.3.2.1.
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Figure 7.8: Histograms of different properties of astrodendro identified structures. These include structure size

(L in AU), axis ratio
(

minor axis
major axis

)
, mean velocity (〈Vlsr〉), velocity variation (δVlsr), observed mean velocity dis-

persion (〈σobs〉), non-thermal velocity dispersion (〈σnt〉), gas kinetic temperature (Tkin), virial parameter (αvir),

and Mach number (M3D). Histograms in blue and red correspond to leaf and branch structures, respectively.

Figures 7.8d-7.8i display the kinematic properties of dendrogram structures.

The weighted mean velocity of leaves and branches (see Figure 7.8d) are found

to be similar with a value of ∼65 km s−1. However, the branches show narrower

distribution (range = [64.53, 66.65] km s−1) compared to leaves (range = [62.37,

67.17] km s−1). This is possible because the fewer leaves that are separated from

the central zone (i.e., leaves L10, L16, and L18; see Figure 7.4), are identified at

lower velocities and do not have their parent branches. A clear separation in the

δVlsr distribution for leaves and branches is noticeable in Figure 7.8e. The leaves,
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overall have less δVlsr (range = [0.05, 0.65] km s−1, mean= 0.34 km s−1, median=

0.35 km s−1) compared to branches (range = [0.56, 0.82] km s−1, mean= 0.66 km

s−1, median= 0.67 km s−1).

The histogram distribution of 〈σobs〉 and its non-thermal contribution, 〈σnt〉,
for the identified structures are presented in Figures 7.8f and 7.8g, respectively.

The branches, overall, tend to have narrower velocity dispersion range (i.e., 〈σobs〉;
range = [0.42, 0.80] km s−1, mean= 0.57 km s−1, median= 0.54 km s−1) compared

to that of leaves (i.e., 〈σobs〉; range = [0.19, 1.37] km s−1, mean= 0.60 km s−1,

median= 0.50 km s−1). The similar trend is reflected in the non-thermal velocity

dispersion. For branches, the 〈σnt〉 ranges from 0.40 to 0.79 km s−1 with mean

and median values of 0.56 km s−1 and 0.53 km s−1, respectively, while for leaves,

〈σnt〉 is observed in the range = [0.31, 1.37] km s−1 with mean and median values

of 0.69 km s−1 and 0.51 km s−1, respectively. The αvir distribution is shown in

Figure 7.8h. Branches have less αvir (mean=3.89 and median=2.92) compared

to leaves (mean=18.36 and median=10.89). The distribution of M3D (see Fig-

ure 7.8i) reveals the transonic–supersonic (1≤ M3D ≤5) nature of dendrogram

structures. The mean (median) values of M3D for leaves and branches are 2.69

(2.39) and 2.08 (2.04), respectively.

7.3.4 Line-width size (σ − L) relation

The linewidth-size (σ − L) relationship of the molecular clouds has been investi-

gated extensively in the literature (see Section 8.1). Typically, this relationship

is well described by a power law with an index ranging from 0.2 to 0.6 (Larson,

1981; Solomon et al., 1987; Goodman et al., 1998; Heyer & Brunt, 2004; Heyer

et al., 2009; Falgarone et al., 2009; Hacar et al., 2016; Dewangan et al., 2019a,

2022b), and is commonly known as first of the three “Larson’s Relations”. Since

the nature of turbulence and star formation is closely linked to these relation-

ships, it is crucial to evaluate the σ−L correlations in various environments and

scales to gain a comprehensive understanding of the star-forming regions. To un-

derstand the nature of turbulence in a star-forming environment, we investigated

the σnt − L relationship of regions in the immediate vicinity of W42-MME (see
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Figure 7.1b). This is of the type–4 σ−L relation as discussed by Goodman et al.

(1998). Earlier, Goodman et al. (1998) devised four types of σ−L relations, which

are the combinations of line tracers (i.e., single or multiple) and the target of in-

terest (i.e., single or multiple molecular clouds). In this way type–1 relation is for

multitracer, multicloud intercomparison, type–2 is for single-tracer, multicloud

intercomparison, type–3 is for multitracer study of a single cloud, and type–4

indicates the single-tracer study of a single cloud. Here we study this relation

by two approaches, one using dispersion–size plot for dendrogram structures, and

other by estimating the velocity structure function (VSF) for the entire region of

study.

7.3.4.1 Scaling relations from Dendrogram Structures

In the analysis below, we explore two scaling relationships concerning the den-

drogram density structures (i.e., leaves and branches) identified in W42 region.

Two parameters, σ and δVlsr are used to measure internal gas motions (e.g.,

Storm et al., 2014; Liu et al., 2022a). The parameter σ indicates the internal

gas motion in the direction of an individual structure (line-of-sight velocity dis-

persion or linewidth), while δVlsr traces the gas motion across different directions

within the structure (plane-of-sky velocity dispersion). At the cloud scale (¿10

pc), the choice of these parameters is insignificant as these two parameters are

similar and commonly trace the internal gas motion of the cloud. However, at

smaller scales (¡0.1 pc), local effects become more important and gas properties

become distinguishable. Therefore, in particular, we are interested in the scaling

relationships of δVlsr − L and σnt − L. Figure 7.9a presents the δVlsr − L plot

for the identified dendrogram structures. The best fit power-law has the form

δVlsr = (0.20 ± 0.06) × L0.46±0.14, which closely follows the generalized Larson’s

law with power-law scaling exponent of ∼0.5 at a constant column density of

∼1023 cm−2 (e.g., Heyer & Brunt, 2004). We have also marked the lines of con-

stant column density in Figure 7.9 following the equation, σ =
√

2GΣL, where

Σ is the column density, G is the universal gravitational constant, and L is the

structure size (see Ballesteros-Paredes et al., 2011, for details). This equation
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is valid if the collapsing scenario is applicable to all scales within the molecular

cloud and the non-thermal motions are of gravitational origin. However, such

equation is also applicable for the case of virial equilibrium, with a difference by

a factor of
√

2 less (see more details in Ballesteros-Paredes et al., 2011). The

power-law exponent in the δVlsr − L relation for branch structures is found to

be shallower with the value of 0.27±0.10 compared to the global trend. We have

marked the footprint of Larson’s law with the scaling coefficient ranging from

0.08 to 0.8 by shaded area in Figure 7.9.

We further estimated the Pearson Correlation Coefficient (PCC) which is

a measure of linear correlation between two sets of data. The PCC correlation

coefficient r indicates the strength of the linear relationship, while the significance

is measured by the probability value p. It is to be noted that the r ranges from −1

to +1 signifying the strong anti-correlation (r = −1), no correlation (r = 0), and

strong positive correlation (r = +1), respectively. The smaller p value indicates

more significant relationship. In general p <0.05 signifies statistically significant

correlation. For δVlsr−L plot, we obtained the r–value and p–value of 0.69, and

2.92×10−3, respectively. This indicates the positive correlation between δVlsr and

(L) of dendrogram structures.

Figure 7.9b shows the σnt−L plot for the identified structures. This plot over-

all shows negative trend with scaling exponents of −0.31±0.14, which is obtained

from the best fit power-law over all the identified structures. With p = 0.056,

the correlation coefficient r = −0.4 between σnt and L is marginally statistically

significant. In σnt − L plot, a steeper negative trend with a power-law expo-

nent of −0.55±0.06 is found for the branch structures only. The PCC p−value

of 2.04×10−3 with r = −0.93 suggests its statistical significance. The possible

origin of these outcomes are discussed in Section 7.4.

7.3.4.2 Velocity Structure Function

An important statistical description of interstellar turbulence or the gas dynamics

can be inferred by the generalized VSF (e.g., Miesch & Bally, 1994; Heyer &
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Figure 7.9: a) δVlsr–L plot. b) 〈σnt〉–L plot. In both the panels, blue and red dots correspond to leaf and branch

structures, respectively. We have also labeled the corresponding structure IDs. The best fit power-law for all

the dendrogram structures (solid black line) and for only branch (red solid line) are displayed and labeled. The

Larson (1981) relation (L ∝ σ0.38) is shown by shaded region with the coefficient range of 0.08 to 0.8 km s−1. A

green dashed line indicates thermal velocity dispersion of 0.129 km s−1 at mean gas temperature of dendrogram

structures (i.e., 54 K). The dotted lines denote the lines of constant column density (see labels) if non-thermal

motions are driven by the self gravity.

Brunt, 2004; Chira et al., 2019)

Sp(l) = 〈|(v(r)− v(r + l)) |p〉, (7.9)
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where, l is known as lag (i.e., the spatial displacement between two points within

a three dimensional volume), p is the order of VSF, and the average is taken out

for the entire volume of the gas. The VSF is described as a power-law over a

finite spatial range and often reframed as a power-law expression by taking pth

root; i.e., Sp(l)
1/p = vo lγ, where vo is a scaling coefficient and γ is a scaling

exponent (Heyer & Brunt, 2004). In our analysis, we calculated the reframed

2nd order structure function in velocity δv = S2(l)1/2 (e.g., Hacar et al., 2016;

Dewangan et al., 2019a) using H13CO+(4–3) data of entire region of our study

(see Figure 7.1b). In our calculations, we adopted only those data points which

have peak intensities greater than 0.01 Jy beam−1 and have velocity dispersion

(FWHM) < 2.5 km s−1. Applying these conditions, the total number of data

points were 7566 (i.e., ∼11% of available points). We then estimated S2(l)1/2

using moment-1 map of H13CO+ and the total range of angular separations (i.e.,

0′′.05–19′′.2) were divided into sub-ranges (or lags) of 0′′.13 (or ∼500 AU in spatial

scale).

Figure 7.10 shows the S2(l)1/2−l plot for H13CO+ (blue points) data. We have

estimated the best fit power-law form of H13CO+ S2(l)1/2, which is obtained as

S2(l)1/2 = (0.34± 0.01)× l0.40±0.01. Here we also note that there is no significant

deviation in the S2(l)1/2 for H13CO+ and H12CO+ data (not shown here). In

general, the S2(l)1/2 shows a linear trend in the spatial range within ∼6000 AU.

The form of this linear trend is obtained as S2(l)1/2 = 0.23 × l0.73±0.01, and is

more steeper than the global trend with the form of S2(l)1/2 ∝ l0.40±0.01. However,

for larger separations (&6000 AU), the VSF rises slightly, and shows oscillatory

behavior. This form of VSF is seen previously by other authors as well (e.g.,

Hacar et al., 2016; Dewangan et al., 2019a, 2022b).

We have further investigated the variation of scaling coefficient (vo) and scaling

exponent (γ) for each dendrogram structure by computing the H13CO+ S2(l)1/2

in Figure 7.11. The histograms of γ for leaves and branches are shown in Fig-

ures 7.11a and 7.11b, respectively. Here we note that the γ is related to a linear

regime in log-log plots of S2(l)1/2 of each structure (for comparison, see Fig-

ure 7.10). To perform such an analysis, we first masked out the area that does
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not include our region of interest (i.e., each dendrogram structure) and then

computed the VSF. Due to the small structure sizes, here the VSF analysis is

exempted from the conditions defined earlier (i.e., imposing cut-off in peak inten-

sity and velocity dispersion). The total number of data points range from 62 to

943 for leaves, while for branches the data points were in the range of 675–5947.

Figure 7.11c displays the distribution of γ and vo as a function of structure size.

The distribution of γ is scattered for leaves, while it shows a negative trend for

the branches. The distribution of vo is nearly constant for the branches.
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parameters.
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7.3.4.3 Mass–size and density–size relations

To understand the nature of detected dendrogram structures, we computed the

mass–size (M −R) and density–size (n−R) relations for the dendrogram struc-

tures in Figure 7.12. These relations can be derived from one another, implying

that the column density of structures with various masses, sizes, and evolutionary

states is constant. Collectively, these relations are known as Larson’s third rela-

tion. The M −R relation has a best fit power-law with a form of M ∝ R1.73±0.23
eff ,

where Reff is the effective radius of dendrogram structures and defined earlier.

The obtained PCC r–value and p–value of M − R plot are 0.92, and 5.4×10−7,

respectively. This indicates the strong positive correlation between mass and ra-

dius of dendrogram structures, which is consistent with previous studies (e.g.,

Kauffmann et al., 2010a,b; Kauffmann & Pillai, 2010; Ballesteros-Paredes et al.,

2019). In the case of nearby molecular clouds, the M−R power-law index is close

to 2 (e.g., Lombardi et al., 2010; Lada & Dame, 2020; Cahlon et al., 2023, and

references therein). For distant clouds spread over the entire Galaxy this index

is found to be >2 (e.g., Miville-Deschênes et al., 2017; Traficante et al., 2018b).

However, Ballesteros-Paredes et al. (2019) suggest that the larger power-law index

could result from the superposition of line-of-sight dust emission. Additionally,

they also pointed out that the M − R relation is dependent on how the cloud

structure is defined, e.g., the column density cutoff leads to the power-law index

of 2, while the volume density definitions results in the index value of 3 (see also

Cahlon et al., 2023).

Earlier, Kauffmann & Pillai (2010) proposed an empirical mass–size threshold

for MSF which is based on the clouds with and without MSF. These authors

showed that density structures with m(r) > 870 M�(r/pc)1.33 are prone to form

massive stars. In our analysis, we noticed that only leaf L17 lies within this

relation. Infact, leaf L17 was earlier proposed and confirmed as young massive

protostar by Dewangan et al. (2015); Dewangan (2022) (see also De Buizer et al.,

2022). In a similar way, a plot of mass vs. surface density (Σ = M
πR2

eff
; not shown

here) displays a scatter with only leaf L17 statisfying the condition of MSF with
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Σ > 1 g cm−2 (e.g., Urquhart et al., 2014; Saha et al., 2022).

Figure 7.12b shows the n − R relation for dendrogram structures. The PCC

r–value and p–values are −0.5, and 0.05, respectively implying the marginally

statistically significant anti-correlation between density and size. The power-law

form of density–size relation is observed as n ∝ R−1.26±0.23
eff . Here we note a caveat

that some of the anti-correlation in the n − R relation is there by construction,

given that both the axes depend on the value of Reff (i.e., L = 2 × Reff and

nH2 = Ms

( 4
3
πR3

eff)(2.8 mH)
;see Section 7.3.2.2).

7.3.5 ALMA 865 µm dust continuum cores

In Section 7.3.1.1, we extracted dendrogram leaf structures from the ALMA

H13CO+ emission and estimated their physical properties, including mass, virial

mass, and virial parameter. We noticed that larger values of virial parameters

can arise due to the lack of significant dust emission within structures where

H13CO+ emission is observed, as shown in Table 7.1. To address this issue, we

identified dust cores (or leaf structures in dust continuum map) using the den-

drogram methodology on the ALMA 865 µm continuum map and estimated the

aforementioned physical parameters. In order to identify the cores, the param-

eters “min value” and “min delta” were set to be 0.5 mJy beam−1 and 0.2 mJy

beam−1, respectively. The parameter “min npix” was chosen such that the cores

contains at least 2 beams of the ALMA 865 µm map (see Section 7.3.1.1). The

analysis resulted in the identification of 14 cores. These dust cores are found

to be spatially coexisted with the leaf structures identified in H13CO+ emission

(for comparison see Figures 7.4 and 7.13). The size of these dust cores ranges

from 1700–6850 AU with mean and median values of 3000 and 2340 AU. The

observed mass of dust cores varies from 0.04 to 1.64 M�, and is relatively lower

than the mass of H13CO+ dendrogram leaves (i.e., 0.08–2.1 M�; see Table 7.1).

However, the observed mass of these small scale structures is possible because of

the missed continuum flux at high resolution ALMA observations, as the interfer-

ometric observations are sensitive to strong and compact sources but miss more

diffuse and extended emission. Based on this statement the statistics could be
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Figure 7.12: a) Mass–size relation and b) density–size relation of dendrogram structures. Blue (red) circles with

labels denote the leaf (branch) structures. A green line indicates the mass–size law of m(r) > 870 M�(r/pc)1.33

for massive star forming clumps proposed by Kauffmann & Pillai (2010), while dashed line in each panel

represents the best fit. The best fit equation is also labeled in each panel.

slightly biased. Moreover, on scales of ∼1000 AU, gas-to-dust mass ratios could

differ significantly from the canonical value of 100 used for mass calculations on

larger scales (Weingartner & Draine, 2001). Thus, the low values of mass for

these structures (including L17, hosting MYSO) is alone insufficient to discuss

their star-forming nature. Also, earlier study by Dewangan (2022) suggest that
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the MYSO W42-MME continues to gain mass from its surroundings, which may

be true for other dense structures. Figure 7.13 presents an overlay of the identi-

fied core positions by dots on the ALMA 865 µm map displayed with continuum

contours. The dot size is proportional to the structure’s footprint area, and the

color scale represents the virial parameter information. To estimate the virial

mass, we used a mean gas temperature of 54 K, and the mean velocity dispersion

for each core was derived using the M2 map of the ALMA H13CO+ emission (see

Section 7.3.2). The resulting virial parameter values for the dust cores ranged

from ∼4 to 30, with mean and median values of 15.14 and 14.95, respectively.

These values indicate that the dense cores in the W42 region are in overvirial

state.
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Figure 7.13: ALMA 865 µm continuum emission contours (levels=[0.4, 1] mJy beam−1) overlaid with the

positions of dust cores. The size of dots is proportional to the footprint area of dust cores identified in ALMA

865 µm continuum emission map. Color scale signifies the virial parameter of dust cores. The beam size and a

scale bar is shown in the image.
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7.4 Discussion

To examine the physical surroundings of the young massive protostar W42-MME,

which is enclosed in a dusty cocoon/envelope (∼9000 AU) and influenced by the

radiative feedback from a nearby massive O5.5-type star (Dewangan, 2022), the

investigation of the dense gas kinematics is crucial. Our target site is important

since it experiences different environmental conditions compared to young massive

protostars that do not belong to the feedback-affected regions by existing nearby

massive star (Liu et al., 2022b; Saha et al., 2022). It is worth mentioning that our

target site is a part of large filament-hub (extent ∼1–2 pc; see Figure 14 in De-

wangan, 2022). These HFSs are widely recognized among the research community

as the initial stages of MSF (e.g., Motte et al., 2018; Kumar et al., 2020; Bhadari

et al., 2022; Maity et al., 2022; Dewangan et al., 2023,?, and references therein).

Therefore, the study of hierarchical structures of clouds, including clumps and

cores, is crucial in understanding how dense cores form within the cloud and the

underlying factors involved in this process.

7.4.1 Dynamical state of dense structures

The accurate study of the dynamics of clouds and dense structures in space re-

lies on understanding the nature of gas motion. The leaf structures identified

in the dendrogram analysis of ALMA H13CO+ data are found to have relatively

higher line-of-sight velocity dispersion compared to the branches (see Figure 7.8).

Additionally, all of the identified structures exhibit transonic–supersonic gas mo-

tions (i.e., 1¡M¡5). These observations are also reflected in the negative trend in

σnt−L plot (see Figure 7.9). Such a negative trend in the σnt−L relation is not

commonly observed in star-forming clouds. However, some studies show either

shallower power-law slope or no correlation as well (Caselli et al., 2002; Traficante

et al., 2018b). Widely studied Larson’s first law, on the other hand, suggests a

different trend, where large fragments are expected to have higher dispersion com-

pared to smaller ones. The Larson’s relation is found to be consistent at larger

scales (> 0.1 pc, e.g., Falgarone et al., 2009; Ballesteros-Paredes et al., 2011),
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but at a smaller scales the studies are limited (e.g., Li et al., 2020; Liu et al.,

2022b; Saha et al., 2022; Li et al., 2022b). In this context, our observed σnt − L
relation appear to support the theoretical framework proposed by Ballesteros-

Paredes et al. (2018), which emphasizes that the generalized Larson’s relation

can have a gravitational origin. Furthermore, for varying column densities, the

σnt − L relation need not necessarily follow Larson’s law. The authors suggest

that as the cores collapse, their sizes become smaller, while the column densities

and velocity dispersion become larger. This results in an reverse/oblique trend

compared to Larson’s relation (see Figure 2 in Ballesteros-Paredes et al., 2018),

which can be explained by the consequences of the hierarchical and chaotic col-

lapse scenario. This suggests the emergence of local collapse centers within the

entire cloud as it itself undergoes collapse. In such case, the gravitational energy

converts to the kinetic enery and developes the virial-like relation (see Figure 2 in

Ballesteros-Paredes et al., 2018). We observed the infall gas signature in most of

the leaf structures (see Figure 7.7). Additionally, the identified structures exhibit

overvirial (αvir > 2) states, which, as found, are similar to the time evolution

of collapsing cores (Ballesteros-Paredes et al., 2018). These results, present an

ambiguous picture if we compare our results with the literature provoking that

branches (or clumps) tend to be more turbulent than the leaves (or cores). How-

ever, some studies support our observations and advocate the overviriality of

cores (Ballesteros-Paredes et al., 2018; Traficante et al., 2018b; Singh et al., 2021;

Ramı́rez-Galeano et al., 2022, and references therein). According to Ballesteros-

Paredes et al. (2018), the excess overvirial states is because of the assumption

that the gravitational energy is estimated by the energy of isolated homogeneous

sphere. They also stress out that such excess disappears when the gravitational

energy is correctly estimated from the actual spatial mass distribution. Therefore,

the Larson’s σnt−L relation does not hold when the column densities spanning a

large dynamic range are considered. In general, the deviation from the Larson’s

scaling can be the signature of gravity-driven chaotic gas motions as predicted

by global hierarchical collapse (GHC) model (Ballesteros-Paredes et al., 2011;

Vázquez-Semadeni et al., 2019). Our observed scaling relations suggest that the
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gas motion in the vicinity of W42-MME is transonic-supersonic. The super-

sonic nature of molecular clouds can arise because of random turbulent motions,

gravity-driven chaotic motions, or even ordered motions like localized rotation

and outflows, or large-scale directional gas flows (e.g., Li & Burkert, 2016; Trafi-

cante et al., 2018a,b). In general, the point sources are not promisingly evident

in our target region (see Figure 7.4c), however the dense gas profiles convey the

signatures of infall/outflow activities (see Figure 7.7). These processes can also

give rise to high-dispersion values at the smaller scales.

In another approach, the δVlsr − L relation for all the dendrogram structures

and S2(l)1/2 for entire region of study, reveal a positive trend and closely follow the

generalized Larson’s relation (e.g., Heyer & Brunt, 2004) with a nearly constant

column density of ∼1023 cm−2 and positive scaling exponents of 0.46±0.14 and

0.30±0.01, respectively. S2(l)1/2, however, tend to be more linear in the regime

of <6000 AU with steeper scaling exponent of 0.68±0.02. This power-law depen-

dence may indicate general behaviour of velocity field of the gas in the viscinity

of W42-MME. It may be possible that the supersonic vortices created by gas

motion primarily dominate at the physical scales of leaves (e.g., Dewangan et al.,

2019a). The power-break in S2(l)1/2 at some length scales has no clear boundary,

but our results suggest that the spectral break can occur at around ∼6000-8000

AU scale. This finding requires verification through more studies conducted at

the physical scales of cores (i.e., .0.05 pc). The spatial distance of ∼6000 AU,

interestingly, is closely matched with the maximum structure size of dendrogram

leaves (i.e., ∼6600 AU). The variation in γ defined in the VSF of second order

S2(l)1/2 = δv = v0l
γ for dendrogram leaves is found to be larger compared to that

of branches (see Figure 7.11). This suggests that the local gas motions driven by

embedded sources and associated activities (i.e., inflow/outflow) primarily con-

tributes in shaping the VSF power-law over time evolution (e.g., Chira et al.,

2019, see Figure 1 therein). For larger fragments of clouds (e.g., clumps), the

effect seems to be averaged out and hence the structures tend to show a less

scatter in the γ.

Here we note that both S2(l)1/2 and δV (indicating the standard deviation of
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mean velocities within the spatial structures) closely follow the similar statistics

and infer the information of gas motion across the sky plane. Hence they ap-

pear to show similar positive trends with L. However, σ, which represents the

weighted mean of standard deviations of line profiles at each pixel within the

structure, provides information about the gas motions along the line-of-sight. At

larger spatial scales, all these parameters can be equivalent as the gas kinematic

properties will be averaged out, but at smaller scales where we expect localized

gas motion, they may indicate different physical phenomena.

Overall, our observations support theoretical insights from studies that stress

the non-universality of Larson’s relations (Ballesteros-Paredes et al., 2018). In

contrast to this, several previous studies support that turbulence plays important

role at large scales while gravity primarily works at smaller scales. We, however,

suggest that the roles of turbulence and gravity cannot be differentiated by non-

thermal gas motion alone at the spatial scales of sub-parsec regime, primarily

in the environment where the feedback processes are dominant (e.g., Traficante

et al., 2018a). Earlier, Goodman et al. (2009) suggested that, apart from the

well-cited role of turbulence at large scales, self-gravity plays a significant role in

all possible scales of cloud fragments. Similarly, Ballesteros-Paredes et al. (2011)

and their subsequent studies (Ballesteros-Paredes et al., 2018, 2019) emphasize

the role of turbulence at smaller core scales. These studies suggest that velocity

dispersion in molecular clouds do not entirely depend on spatial scales, but also

include surface gas densities. Hence, more observational studies of star-forming

regions at sub-parsec scales are required to clearly understand the roles of gravity

and turbulence (i.e., driving factors of cloud dynamics).

7.4.2 Star formation Scenario

The multi-wavelength study at larger scale of W42 region by Dewangan et al.

(2015) shows that the massive O5.5 star and W42-MME form at a ∼3×3 pc2

junction of several converging filaments (∼1–3 pc). This junction itself is situated

at the waist of a bipolar Hii region. This picture emphasize the role of filaments

in MSF as discussed by Motte et al. (2018) in their evolutionary scheme of MSF.
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The HFSs are widely popular and thought to provide a suitable environment for

the formation of massive stars (e.g., Kumar et al., 2020). However, within a hub

one can expect the interplay of different physical processes driven by gravity,

turbulence, and magnetic fields. In our site, the young massive protostar W42-

MME resides in close proximity to the O5.5 star (Dewangan, 2022). The massive

O5.5 star drives enough mechanical energy in the form of its pressure components

(i.e., from Hii region, radiation, wind, and by self-gravity; see Dewangan et al.,

2015, for detailed calculations) at the vicinity of W42-MME, thus can overall

increase the turbulent properties of gas.

A filamentary morphology of coherent velocity structure (61–66 km s−1) of

size ∼0.3 pc spanning east-west direction is observed in H13CO+ data, containing

the dendrogram leaves L18, L16, L7, L17 (including L13, L14), L15, and L10

(see Figures 7.4b and 7.5b). It is interesting to note that the spatial separa-

tion between the leaf pairs of L17–L7 (∼3′′.4) and L17–L15 (∼2′′.4) is more or

less similar. Similarly, it is true for leaf pairs of L17–L16 (∼6′′.1) and L17–L10

(∼6′′.6). This may hint at the filament fragmentation by the combined effect of

gravity and turbulence (Inutsuka & Miyama, 1992; Nakamura et al., 1995; Inut-

suka & Miyama, 1997). Earlier Dewangan (2022) pointed out the presence of at

least 5 continuum peaks within a dusty envelope (or branch B11 in our analysis)

that hosts W42-MME. We note that only one continuum peak (see peak B in

Figure 4 in Dewangan, 2022, also see Figure 7.13) falls within the ALMA beam.

The H13CO+ data however trace a peak (L14) which is not prominent in the

continuum image at 865 µm. It is possible that the W42-MME (L17) compete

for material with the nearby sources L13 and L14, which is supported by the

potency of MSF in leaf L17 from M −R plot (Figure 7.12) and infall signature in

the H12CO+ spectral profile. However, the further high-resolution line data with

the dense gas modeling can infer the onset of the competitive accretion process

(Bonnell et al., 2001; Bonnell & Bate, 2006). The remaining leaves are observed

in the feedback-affected zone, which can be seen in the redshifted velocity range

of 66–72 km s−1 (Figure 7.4b). Leaves L5 and L2 appear to have potentially

accumulated by the outflow emanating from W42-MME (L17).



188
CHAPTER 7. UNVEILING THE INNERMOST ENVIRONMENTS OF A

HUB-FILAMENT SYSTEM HOSTING MASSIVE STARS

7.5 Summary and Conclusion

We carried out an analysis of the dense gas structures in the immediate surround-

ings of a young massive protostar W42-MME using high-resolution (0′′.31× 0′′.25)

ALMA dust continuum and line data. A dendrogram analysis is performed in the

p-p-v space, allowing us to trace multi-scale structures and their spatio-kinematic

properties. We analyzed the fragmentation and dynamic states of dense struc-

tures, considering scales as small as ∼2000 AU. The major results of our study

are as follows:

• The dendrogram analysis of the ALMA H13CO+ (4–3) data resulted in

the identification of 19 dense gas structures, out of which 12 are leaves

(mean size ∼3780 AU) and 7 are branches (mean size ∼11780 AU). The

gas motions in these structures are transonic to supersonic (1< M < 5)

and they show overvirial (αvir ≥ 2) states. The infall signature is observed

in the H12CO+ (4–3) line profiles of most of the leaves.

• The non-thermal line-width size relation (σnt − L) of dendrogram struc-

tures overall shows a weak negative correlation. However, velocity-variation

(δVlsr) displays strong positive correlation with the structure size and

the relation follows the generalized Larson’s law with steeper exponent of

0.46±0.14 at a constant column density of ∼1023 cm−2. These results agree

with the study of Ballesteros-Paredes et al. (2018) and support the hierar-

chical and chaotic collapse scenario.

• Velocity structure function analysis of H13CO+ data reveals the strong

power-law dependencies (∝ L0.73±0.01) with L .6000 AU. The overall mean

scaling exponents of structure funtion for branch structures is found to be

relatively larger compared to that for leaves.

• The mass-size relation of dendrogram structures shows positive trend with

a power-law exponent of 1.73±0.23. The density, however, displays a

marginally statistically significant anti-correlation with size. The leaf L17
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that hosts W42-MME, meets the mass-size conditions for MSF as discussed

by Kauffmann & Pillai (2010); Urquhart et al. (2014).

Overall, the star formation history in the vicinity of W42-MME appears to

have been influenced by the effect of scale dependent physical processes, that

include the combined role of turbulence and gravity.





Chapter 8

Formation and interaction of

O-type stars in filaments: insights

from the S305 Hii Region†

8.1 Introduction

This chapter focuses on the formation of massive stars in a filamentary cloud and

primarily explores their feedback effects on the surrounding environment. This

section serves as a brief background in this aspect followed with the information

of target sites.

Massive OB-type stars drive powerful energetics, which allow them to control

the physical state of the ISM. The EUV photons (hν ≥13.6 eV) from such massive

stars ionize the hydrogen atoms and create Hii regions. Due to the thermal pres-

sure difference between the ionized region and the surrounding neutral/molecular

environment, an Hii region continues to grow in size, and may trigger star for-

mation in numerous ways (see the review article by Elmegreen, 1998). However,

the study of the interaction of massive stars with their surrounding environment

is still an open research topic in astrophysics.

†Bhadari, N. K., Dewangan, L. K., Zemlyanukha, P. M., Ojha, D. K., Zinchenko, I. I.,

Sharma, Saurabh, 2021, ApJ, 922, 207, “Probing gas kinematics and PDR structure around

O-type stars in Sh 2-305 HII region”
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The surroundings of the Hii regions, where the FUV radiation (6

eV≤ hν ≤13.6 eV) plays a significant role in the heating and/or chemistry of

the gas, are referred to as PDRs (e.g., Tielens & Hollenbach, 1985a,b; Hollenbach

& Tielens, 1999). The FUV photons can dissociate the molecules and photoionize

those elements having ionization potential less than the Lyman limit. The gas is

primarily neutral in PDRs, but still includes the tracers of singly ionized species

(e.g., C+, S+, Si+, and Fe+), molecular gas (e.g., H2 and CO), and PAH emission

(e.g., Hollenbach & Tielens, 1999; Kaufman et al., 2006). Hence, the PDRs spec-

ify the transition zone between ionized and molecular gas (see Figure 1 in Tielens

& Hollenbach, 1985a). Being a major coolant in PDRs, the 2P3/2–2P1/2 fine struc-

ture line of ionized carbon, [Cii] 158 µm offers a unique probe of kinematic and

radiative interaction of massive stars with their surroundings (e.g., Abel et al.,

2007; Schneider et al., 2020, and references therein).

In this work, we employed the observations of 158 µm [Cii] line to study the gas

dynamics of PDRs in a promising Galactic Hii region, Sh 2-305 (hereafter, S305)

powered by two O-type stars. In addition to the study of the spatio-kinematic

structure of PDRs in S305, this work presents evidence of expanding [Cii] shells

(also abbreviated as neutral shells in this work), hinting the applicability of the

triggered star formation scenario. In this work, we also highlight the extended

physical environment of S305 Hii region, which encompasses Sh 2-309 (hereafter,

S309) and Sh 2-306 (hereafter, S306) Hii regions. We present the initial results of

our own uGMRT data (ID: 39 048, PI: Naval Kishor Bhadari) and a comparison

with the 13CO(1–0) line data. However, the detailed multi-wavelength analysis

is performed in Bhadari et al., under preparation. Therefore, this chapter is only

dedicated to the investigation of the formation of known massive stars in the S305

Hii region, and their feedback processes.

We organize this work into six sections. Following the introduction in this

section, we present an overview of the Galactic Hii regions S305, S306, and S309

and extended dusty and gaseous environment in §8.2. §8.3 presents the descrip-

tion of data sets used in this work. The observational results are presented in

§8.4. The implications of our derived findings are discussed in §8.5. Finally, we
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summarize our major outcomes in §8.6.

8.2 Overview of the extended environment

around S305 Hii region

Figure 8.1a and 8.1b present the Herschel 250µm view of an extended dusty region

around S305 Hii region, the specific focus of current study. The distribution of

radio continuum emission in Figure 8.1b shows the locations of S309, S306, and

S305 Hii regions. Below, we provide an overview of these targets.

Sh 2−309

Sh 2−306

Sh 2−305

Figure 8.1: a) The Herschel 250 µm gray scale image of a cloud complex consisting S309, S306, and S305

Hii regions. b) Overlay of the NVSS 1.4 GHz radio continuum emission on the Herschel 250 µm image. The

three Hii regions are marked by solid rectangular boxes, while a dashed rectangular box represent an area where

13COgas emission is explored (see Figure 8.4).

8.2.1 S305 Hii region

The S305 Hii region is a part of a large molecular cloud complex located at a

distance of ∼3.7 kpc (Pandey et al., 2020, hereafter Paper I). The molecular

cloud associated with S305 has been depicted in a velocity range of [40, 48] km

s−1 (Dewangan et al., 2020b, hereafter Paper II). In Figure 8.2a, we show a

two-color composite map (Spitzer 4.5 µm (red); Spitzer 3.6 µm (green) images)
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of S305, displaying an extended shell-like structure. At the centre of the shell-

like structure, two massive O-type stars (O8.5V: VM4 and O9.5V: VM2; Vogt

& Moffat, 1975; Chini, 1985) are located and their positions are shown by star

symbols in Figure 8.2a. The positions of Young Stellar Objects (YSOs; from

Paper I) and the Giant Metrewave Radio Telescope (GMRT) 1.28 GHz continuum

contours (from Paper II) are also overlaid on the color composite image.

In Figure 8.2b, we present the Herschel column density map overlaid with the

NVSS (resolution ∼45′′; Condon et al., 1998) 1.4 GHz continuum emission con-

tours, allowing us to infer the spatial distribution of dense condensations against

the ionized gas. Figure 8.2c displays the overlay of the FUGIN∗(resolution ∼20′′;

Umemoto et al., 2017) 12CO(1–0) molecular emission contours on the Herschel

column density map. The previously known dust clumps (from Sreenilayam et al.,

2014) are also labeled in Figure 8.2c. Noticeable YSOs are also found toward the

dust clumps and molecular condensations, which are distributed in a regularly

spaced manner around the S305 Hii region. The extended structure traced in

the Herschel temperature map of S305 is shown in Figure 8.2d. Collectively, Fig-

ure 8.2 shows the multi-wavelength view of S305, which was already presented

and described in Papers I and II.

Previously in Papers I and II, the S305 Hii region was proposed as a candi-

date site of triggered star formation. It was primarily investigated based on the

observed morphology, dynamical age of Hii region, and the fragmentation time

scale of the associated molecular shell. However, a direct observational proof of

the triggered star formation in S305 remains ambiguous.

8.2.2 S306 and S309 Hii region

The Hii regions S306 and S309 are part of the large molecular cloud at a distance

of 4.2 kpc and VLSR ' 43 km sec−1 (Russeil et al., 1995). Figure 8.3 shows the

three-colour composite map (Red: Planck 857 GHz; Green: WISE 22 µm; Blue:

Hα) of the target region which includes both the proposed star-formation sites.

The positions of previously known massive O-type stars (in filled star symbols)

∗FOREST Unbiased Galactic plane Imaging survey with the Nobeyama 45-m telescope
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Figure 8.2: (a) Two-color composite image (Red: Spitzer 4.5 µm and Green: Spitzer 3.6 µm) of the S305 Hii

region. The GMRT 1.28 GHz continuum emission contours (in blue) are overlaid with the levels of (0.4, 0.46,

0.5, 0.6, 0.7, 0.8, 0.9, 0.98) × 22 mJy beam−1, where 1σ ∼0.74 mJy beam−1. The positions of YSOs (from

Pandey et al., 2020) are marked by �. (b) Herschel column density map overlaid with the NVSS 1.4 GHz

contours. The contour levels are (0.15, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 0.98) × 144 mJy beam−1. (c) Overlay

of FUGIN 12CO(1–0) emission (velocity ∼[39, 49] km s−1) contours on the Herschel column density map. The

contour levels are (0.2, 0.22, 0.25, 0.28, 0.3, 0.32, 0.35, 0.38, 0.4, 0.42, 0.45, 0.5, 0.53, 0.6) × 112.56 K km

s−1. The positions of the 850 µm continuum clumps (from Sreenilayam et al., 2014) are marked by arrows and

labeled (see Figure 5 in their paper). (d) Herschel temperature map. A dashed curve (in cyan) indicates the

footprint of the horseshoe envelope (see Dewangan et al., 2020b, for more details). In each panel, the positions

of previously known massive O-type stars are marked by star symbols and labeled in panel “(a)”. A scale bar

referring to 4 pc (at a distance of 3.7 kpc) is also displayed.

and known Hii regions (in open hexagons) are marked on the image. The strong

Hα emission (in blue) traces the ionized emission near both the target Hii regions.

This indicates that the massive O-type stars toward these sites have a significant

impact on the surroundings. We have overlaid the NVSS 1.4 GHz continuum



196
CHAPTER 8. FORMATION AND INTERACTION OF O-TYPE STARS IN

FILAMENTS: INSIGHTS FROM THE S305 HII REGION

emission contours (RMS, 1σ = 0.45 mJy/beam; beam size ∼45′′ ) on the image.

The NVSS observation reveals the extended morphology toward both the selected

Hii regions. One of the NVSS radio continuum peaks coincides with the position

of an infrared source, RAFGL 5233 (see an open circle in Figure 8.3), while

another peak is seen toward the previously known massive O-type star. However,

with the available sensitivity and resolution of the NVSS 1.4 GHz continuum

map, one cannot study the detailed morphology of the selected Hii regions.

Figure 8.3: Three-colour composite image of the S306 and S309 Hii region. Red: Planck 857 GHz; Green:

WISE 22µm; Blue: Hα. NVSS 1.4 GHz radio emission contours (in spring green) are overlaid on the image.

The contours are shown with the levels (3, 4, 4.5, 5, 6, 8, 9, 10, 12, 15, 17) × 1σ, where 1σ = 0.45 mJy beam −1

. The positions of known Hii regions and O-type stars are indicated by open hexagon and filled star symbols,

respectively. The locations of major Hii regions, S306 and S309 and an infrared source (RAFGL 5233; see an

open circle) are marked and labeled by arrows. A scale bar representing the physical length of 10 pc (at d= 4.2

kpc) is shown in the bottom-left corner.

Based on our preliminary multi-wavelength analysis, the selected site S309

appears to be a part of HFS. In general, the HFS represents the complex of

filamentary molecular clouds merging at the central hub. Such systems are con-

sidered as the promising sites for MSF (e.g., Motte et al., 2018). The filamentary

features are evident in the IR/submillimeter images and show the existence of the

HFS morphology (see Figure 8.3). Although the site S306 does not display the

direct association with the HFS, an ionized region is evident with the extended

morphology. Hence, to further explore the detailed morphology and nature of
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the selected Hii regions, the high-sensitive and high-resolution radio continuum

observations are required. Therefore, to investigate these sources further, we

conducted observations using the uGMRT at Bands-3, 4, and 5. The standard

procedure of uGMRT data reduction was followed in CASA and we primarily used

the CASA-CAPTURE pipeline to produce the radio continuum maps (see more de-

tials in Kale & Ishwara-Chandra, 2021). However further improvement in image

cleaning is still required. A comparison between our preliminary results from the

uGMRT observations and the NVSS is shown in Figure 8.4. This demonstrate

the improved sensitivity of GMRT images than the NVSS. We are currently work-

ing on a detailed analysis, and the comprehensive results will be presented in a

forthcoming publication by Bhadari et al. (under preparation), as part of our

immediate future plans (see Chapter 9).

Figure 8.4: Comparison of uGMRT Band-3 (∼375 MHz) and NVSS images of the Hii regions, S309 (left panel)

and S306 (middle panel) regions. The GMRT data at Band-5 (∼1280 MHz) for S305 Hii region (right panel) is

obtained from Paper II and is utilized in this chapter. In each panel, the radio continuum emission from GMRT

is shown by cyan contours and gray scale image, while the emission from NVSS is indicated by red contours.

8.3 Data sets

8.3.1 SOFIA [Cii] observations

In this work, we used the science ready 158 µm [Cii] line data cube of S305

(Project ID: 06 0226; PI: Loren Dean Anderson), which was obtained from the

InfraRed Science Archive†. The line observations were taken with the Strato-

†https://irsa.ipac.caltech.edu/applications/sofia
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spheric Observatory for Infrared Astronomy (SOFIA)/upGREAT‡ instrument.

The [Cii] line data have a half-power beamwidth of 14.′′1 and a velocity resolu-

tion of 0.385 km s−1 (see Anderson et al., 2019; Schneider et al., 2020, for data

reduction procedure). We smoothed the original line data cube with a Gaussian

function having 3 pixels half-power beamwidth (i.e., 21.′′15, where 1 pixel corre-

sponds to 7.′′05), which improved the image sensitivity. The resulting resolution

of the line data cube is 25.′′4.

8.3.2 Ancillary Data

We used multi-scale and multi-wavelength data sets, which were obtained from

different existing surveys e.g., the Warm-Spitzer GLIMPSE360 Survey (λ = 3.6

and 4.5 µm; resolution ∼2′′; Benjamin et al., 2003; Whitney et al., 2011), Wide-

field Infrared Survey Explorer (WISE; λ = 12 µm; resolution ∼6.′′5; Wright et al.,

2010), the NVSS, and the FUGIN survey (12CO/13CO (J=1–0); resolution ∼20′′–

21′′). Apart from these data sets, we also utilized the Herschel temperature and

column density maps (resolution ∼12′′) from Molinari et al. (2010a) which were

generated for the EU-funded ViaLactea project. The Bayesian PPMAP method

(Marsh et al., 2015, 2017) was applied to build these Herschel maps. The GMRT

radio continuum map at 1280 MHz (resolution ∼10′′) was taken from Paper II.

8.4 Results

8.4.1 Association of S305 Hii region with a filament

The analysis of 13CO(1–0) data reveals the presence of a filamentary cloud as-

sociated with the S305 Hii region. Figure 8.5a illustrates the moment-0 map of

13CO emission within the velocity range of [39.4, 49.4] km s−1. Notably, the

known massive O-type stars are denoted by red stars and are observed to be

spatially located at the center of the filamentary cloud. The velocity map of the

‡upGREAT(Risacher et al., 2016) is an enhanced version of the German Receiver for As-

tronomy at Terahertz Frequencies (GREAT).
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cloud, presented in Figure 8.5b, shows a distribution of peak velocities. This dis-

tribution suggests that a single filamentary cloud consists of at least two distinct

velocity clouds. This observation is consistent with the findings of Nakamura et al.

(2014) in the Serpens South region, where the collision of filamentary ridges is

associated with the formation of massive stars. Likewise, in the S305 region, the

presence of two cloud components at VLSR of approximately 42 and 45 km s−1

indicates a potential collision between them. This collision may have triggered

the formation of a cluster, which includes the already known O-type stars. The

PV diagram in Figure 8.6b provides additional support for the existence of these

two clouds.

Furthermore, it is worth mentioning that the interaction between massive

stars and filamentary cloud environments can have two possible outcomes. On

one hand, it can lead to the destruction of lower density filaments, allowing

ionized radiation to escape. On the other hand, it can result in the trapping of

ionized radiation within high column density filaments. This understanding is

supported by a recent model proposed by Whitworth & Priestley (2021), which

explores the escape and trapping of ionizing radiation emitted by O-type stars

forming within filaments. In the case of the S305 Hii region, it appears to align

with the scenario where the filament is destroyed by the intense radiative and

mechanical feedback from two massive O-type stars. In the subsequent sections,

we delve deeper into the study of the feedback from these massive stars on the

surrounding environment.

In Paper II, molecular condensations, PAH emission, dust clumps, and H2

emission have been traced toward the horseshoe envelope surrounding the ionized

shell, where noticeable YSOs are also found (see Figure 8.2). The ionized shell is

traced by the GMRT 1.28 GHz continuum emission (see Figure 8.2a), while the

footprint of the horseshoe envelope is shown by a dashed curve in Figure 8.2d. In

the following sections, we study new observations of the 158 µm [Cii] line toward

S305, enabling us to examine the spatial and velocity structure of PDRs in our

target site.
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Figure 8.5: a) Integrated intensity map of 13CO(1–0) emission (velocity = [39.4, 49.4] km s−1) in the direction

of S305 Hii region. b) Peak velocity map of 13CO(1–0) emission. In both the panel, stars indicate the locations

of known massive stars, and a solid box is the area where further analysis is performed in the next figures. A

scale bar is drawn considering the source distance of 3.7 kpc.

8.4.2 The spatial-kinematic structure of PDRs in S305

In Figure 8.7a, we show an moment-0 map of the [Cii] emission around S305,

where the [Cii] emission is integrated over a velocity range of [39.4, 49.5] km s−1.

The NVSS 1.4 GHz continuum emission contours are also overlaid on the [Cii]

emission map. The integrated [Cii] emission map hints the presence of two shell-

like structures (i.e., inner and outer neutral shells) in S305. These shells can be

regarded as the PDRs in S305 region (see Section 8.1). The inner neutral shell,

having a compact ring-like appearance, is evident with a high intensity value of

[56, 110] K km s−1, and extends toward the eastern direction. A depreciation

of the [Cii] emission (i.e., a cavity), the radio continuum peak emission, and the

position of the massive O9.5V star (i.e., VM2) spatially coincide, and are found

at the centre of the inner neutral shell. The outer neutral shell is traced with the

diffuse and more extended [Cii] emission having a lower intensity value of [20,

55] K km s−1, and surrounds the inner neutral shell. The massive O8.5V star
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Figure 8.6: Left:13CO(1–0) integrated intensity map of S305 Hii region (see Figure 8.5a). A yellow strip is a

path for studying the PV diagram. Right: PV diagram along a yellow strip (see left panel) as we move from

south to north direction.

(i.e., VM4) appears to be located at the centre of the outer neutral shell. This

particular morphology is also seen in the Hα image from Paper II (see Figure 9

therein), which suggests that VM4 may be the major source of feedback in the

dusty Hii region S305. The other [Cii] emission peaks are also seen toward the

north and south-east directions and lie toward the locations of the previously

identified clusters of YSOs (e.g., Paper I).

We show a two-color composite map (Red: [Cii] moment-0 map; Turquoise:

WISE 12 µm image) of S305 in Figure 8.7b. The spatially extended structures

seem to match well in both images. In Figure 8.7b, we have also marked twenty

circular regions, where the gas spectra are extracted and examined. Figure 8.7c

presents the [Cii] moment-1 map that allows us to study the spatial distribution

of the mean velocity of emitting gas. A nearly linear velocity gradient can be

seen in the north-south direction. However, one can notice that the inner neutral

shell is redshifted compared to the blueshifted outer/extended diffuse shell. The

[Cii] moment-1 map is also overlaid with the positions of previously identified

12CO(2–1) molecular clumps and their velocities (Azimlu & Fich, 2011, see also

Paper II). The velocities of these clumps are in agreement with the velocities of

the [Cii] gas at corresponding positions. Nearly eight molecular clumps are found
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to be spatially coincident with the inner neutral shell. Six out of eight molecular

clumps (i.e., c5–c10) are seen in the direction of the horseshoe envelope (see

Figure 8.2d).

In order to compare the spatial structure traced by the [Cii] emission and the

infrared continuum images, we present the Spitzer ratio map of 4.5 µm emission to

3.6 µm emission in Figure 8.7d. A detailed discussion on the ratio map is given in

Paper II. The bright and dark emission zones in the ratio map detect the ionized

emission and the PDR walls, respectively. One can notice from Figures 8.7a

and 8.7d, that the boundaries of the [Cii] shells are well traced by the dark

structures in the ratio map. Thus, the analysis of multiwavelength data confirms

the presence of two shells.

Figure 8.8 presents the velocity channel contours of the [Cii] emission overlaid

on the WISE 12 µm image, enabling us to explore the gas motion. We find the

spatial match of the [Cii] emission with the infrared structure traced in the WISE

12 µm image. In general, the WISE 12 µm image is known to cover the prominent

PAH features at 11.3 µm. In the channel maps, based on the visual inspection,

we marked the boundaries of two [Cii] shells by dotted circles. The larger dotted

circle (centre coordinates; RA = 07h 30m 04s.51, Dec = -18◦ 32′′ 32′.72, and

radius = 205′) encloses the [Cii] emission of the outer diffuse shell. The outer

[Cii] shell is clearly seen in the velocity range from 42.1 to 44.1 km s−1, and has an

incomplete circular (or broken ring) appearance. On the other hand, the smaller

circle (centre coordinates; RA = 07h 30m 02s.39, Dec = -18◦ 32′′ 19′.95, and radius

= 105′) surrounds the inner [Cii] shell, which is evident in the velocity channel

maps from 45.2 to 47.5 km s−1. In the direction of inner shell structure, the [Cii]

channel maps show that the [Cii] emission is blueshifted in the northern direction,

while it is strongly redshifted in the southern direction. This implies that the gas

is moving toward (away from) the observer in the northern (southern) directions

(e.g., Mookerjea et al., 2021). Overall, these results suggest the expansion of the

gas in PDRs (see Section 8.5 for detailed discussion).

In order to compare the kinematics of different gas components, we have anal-

ysed the spectral profiles of 12CO/13CO(1–0) and [Cii] gas in Figure 8.9. Fig-
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Figure 8.7: (a) The panel displays the [Cii] integrated intensity (moment-0) map of S305. The map is overlaid

with the NVSS 1.4 GHz continuum emission contours, which are the same as in Figure 8.2b. (b) Two-color

composite image (Red: [Cii] moment-0 map and Turquoise: WISE 12 µm image) of the S305 Hii region. The

twenty circles (radius =15′ each) represent the areas for which the gas spectra are extracted (see Figure 8.9).

(c) [Cii] moment-1 map overlaid with the positions of 12CO(2–1) molecular clumps (from Azimlu & Fich, 2011).

The clumps are highlighted by open circles and corresponding velocities are also labeled. (d) The Spitzer ratio

map of 4.5 µm/3.6 µm emission (reproduced from Dewangan et al., 2020b). In all the panels, the stars are the

same as in Figure 8.2.

ure 8.9 displays the line profiles of the [Cii], 12CO(1–0), and 13CO(1–0) emission

toward twenty circular regions (radius =15′ each) in the direction of S305. These

regions are primarily selected toward the direction of prominent infrared features

and the [Cii] emission (see circles in Figure 8.7b). Each spectrum is produced by

averaging the emission over the circular regions. In the direction of the compact

ring feature (i.e., positions 1–15), [Cii] line profiles are brighter and are either

blue-skewed or have double-peaked structures compared to the 12CO(1–0), and
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Figure 8.8: Velocity channel contours of the [Cii] emission overlaid on the WISE 12 µm image. The velocity

value is indicated in each panel (in km s−1). The contours (in spring green) are shown with the levels of 5, 8,

10, 15, 20, 25, 30, and 35 K. The dotted circles represent the footprint of inner and outer [Cii] shells. In each

panel, the positions of known massive stars are marked by star symbols.

13CO(1–0) profiles. The [Cii] line profiles show double peaks at ∼43 and ∼47

km s−1, and a dip around ∼44 km s−1. On the other hand, the 12CO(1–0) and

13CO(1–0) profiles are single-peaked and lie between the double peaks of the [Cii]

spectra. Interestingly, all the double-peaked profiles have a brighter redshifted
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component than the blueshifted one (see Section 8.5 for more discussion).
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Figure 8.9: Profiles of the [Cii], 12CO(1–0), and 13CO(1–0) emission toward twenty circular regions (radius =15′

each) in S305 (see circles in Figure 8.7b). The corresponding circle number is marked in each panel.

In Figure 8.10, we have shown the [Cii] line profiles (similar to those presented

in Figure 8.9) with color coded redshifted and blueshifted components. From the

velocity channel maps (Figure 8.8), we have identified the velocity ranges of these

components. The blueshifted component ([39.4, 44.4] km s−1) is found to be

associated with the outer shell structure, while the redshifted component ([44.4,

49.5] km s−1) traces the inner shell structure. One can notice from Figure 8.10

that the peak of the redshifted component (i.e., 45.6 km s−1; see panels 2, 3,

and 4) shifts toward higher velocities as we move southwards from the northern

direction (see Figure 8.7b). However, the blueshifted component peaks at 43.3 km

s−1 in all the positions, and does not show much variation along the velocity axis.

These results suggest the noticable gas expansion in the inner shell compared to

the outer shell. However, considering the simplistic case, we assume a similar

expansion velocity for both the shells to estimate their expansion timescales (see

Section 8.4.3).

Based on the selected velocity ranges of redshifted and blueshifted compo-

nents from Figure 8.10, we have examined the moment maps. Figures 8.11a and
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Figure 8.10: Profiles of the [Cii] emission, similar to those shown in Figure 8.9. The blue and red components

in the [Cii] profiles correspond to the velocity range of [39.4, 44.4] km s−1 and [44.4, 49.5] km s−1, respectively.

These velocity ranges are used to disentangle the inner and outer [Cii] shells (see Section 8.4.2 for more details).

The vertical dashed lines in blue and red represent the velocities of 43.3 and 45.6 km s−1, respectively.

8.11b show the moment-0 and moment-1 maps for the redshifted component,

respectively. The moment-0 map shows the inner shell structure having the com-

pact ring like appearance, while the moment-1 map in Figure 8.11b reveals the

velocity gradient along the north-south direction of the inner shell. The veloc-

ity at the shell’s rim is bluer than the centre, which favors the shell expansion.

Generally, the outward displacement of the shell with increasing or decreasing ve-

locity is referred to as the kinematic signature of an expanding shell (e.g., Pabst

et al., 2019, see Figure 6 therein). Similarly, Figures 8.11c and 8.11d display the

moment-0 and moment-1 maps for the blueshifted component, respectively. The

outer shell is evident in the moment-0 map (Figure 8.11c) and has a broken ring

morphology. The moment-1 map in Figure 8.11d traces the velocity field in the

outer shell. A nearly linear velocity gradient is seen in the east-west direction,

which may infer the direction of gas expansion in the outer shell. However, the

velocity structure is more complex in the outer shell than the inner shell, which

makes it more difficult to interpret.

In order to compare the spatial distribution of different components of gas (i.e.,
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Figure 8.11: Top panels display (a) moment-0 map and (b) moment-1 map of the [Cii] emission in the velocity

range of [44.4, 49.5] km s−1 (see red component of the [Cii] profiles in Figure 8.10). Bottom panels show the

similar maps as of top panels, but for the outer [Cii] shell (see blue component of the [Cii] profiles in Figure 8.10).

In all the panels, the stars are the same as in Figure 8.2.

ionized, neutral, and molecular) in S305, we show a three-color (Red: GMRT 1.28

GHz, Green: FUGIN 12CO(1–0), Blue: SOFIA [Cii] 158 µm) composite image

in Figure 8.12a. All the three components of gas are clearly distinguishable. In

the direction of the observed [Cii] emission, the molecular CO is less abundant

or mostly absent (see also Figure 8.9). The distribution of the molecular gas is

clumpy rather than a diffuse appearance. Figure 8.12b displays the [Cii] emission

contours for the inner and outer shell structures (see Figures 8.11a and 8.11c).

The detailed interpretation of the shell structures is discussed in Section 8.5.1.

To study the spatial-kinematic structures of the PDRs in S305, we have stud-
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ied the PV diagrams of different gas components. Figures 8.13a and 8.13b show

the PV diagrams of [Cii], 12CO(1–0), and 13CO(1–0) emission in two different

directions; i.e., perpendicular and along to the line joining the stars VM2 and

VM4, respectively. The positive offsets in the positions are measured along the

south-west and north-west directions for the two PV diagrams. We have overlaid

the emission contours of 13CO(1–0) (in red) and [Cii] (in violet) on the 12CO(1–0)

PV emission map, allowing us to study the spatial-kinematic structures of differ-

ent components of gas. The 1.28 GHz radio brightness profile is also shown in

each panel, specifying the position of the Hii region. The detailed outcomes from

this analysis are discussed in Section 8.5.

8.4.3 Physical parameters of the [Cii] shells

We have estimated the neutral hydrogen column density (N(H)) and the mass of

the [Cii] emitting gas toward the compact as well as the extended feature (i.e.,

inner and outer neutral shells). The column density depends on the luminosity

ratio of the [Cii] line in the PDR to that of the Hii region as follows (see equation

A4 in Kaufman et al., 2006)

N(H) =

(
LCII(PDR)

LCII(HII)

)
Zn

1/3
e Φ

1/3
49 fC+

15
× 1021 (cm−2), (8.1)

where Φi = 1049Φ49 s−1 is the absolute luminosity of ionizing EUV photons,

fC+ is the fraction of singly ionized carbon, Z = 1 relates to the standard abun-

dance or metalicity, and ne is the number density of electrons. From the [Cii]

integrated intensity map, we have estimated the value of LCII(PDR)
LCII(HII)

around 9. In

this exercise, we consider that the [Cii] emission, which spatially overlaps with

the 1.28 GHz continuum emission (i.e., Hii region), belongs to the Hii region and

the rest of emission corresponds to the part of PDRs.

For the typical values of Z = 1, ne = 500 cm−3, Φi = 1049 s−1, and fC+ = 0.1

(adopted from Kaufman et al., 2006; Kirsanova et al., 2020), the derivedN(H) and

the total mass of the [Cii] emitting gas in the PDRs are ∼5×1020 cm−2 and ∼565

M�, respectively. The mass calculation is based on the assumption that PDRs
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Outer

shell

Inner

shell

Figure 8.12: (a) Three-color (Red: GMRT 1.28 GHz, Green: FUGIN 12CO(1–0), Blue: SOFIA [Cii] 158 µm)

composite map of S305. (b) The [Cii] emission contours for the inner (in red) and outer (in blue) shell structures.

The red contour levels range from 23.34 to 93.36 K km s−1 in steps of 7.78 K km s−1, while the blue contour

levels range from 19.57 to 65.24 K km s−1 in steps of 5.07 K km s−1. The stars are the same as in Figure 8.2.

have the shape of layers on the sphere, and all the material is in the form of neutral

hydrogen. We calculated the layer widths from the PV diagrams (Figure 8.13). To

compute the total mass of the shells, we used the mass-column density relation of

Mshell = mH ashell ΣN(H), where ashell is the shell area, mH is the mass of hydrogen

atom, and ΣN(H) is the integrated column density over the shell area. In this

exercise, the uncertainty caused by the noise is around 10%, but the assumptions
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Figure 8.13: Position-velocity diagrams of the 12CO(1–0) (grey emission), 13CO(1–0) (dashed contours), and

[Cii] (thick contours) emission; (a) perpendicular to the line joining VM2 and VM4, (b) along the line joining

VM2 and VM4. The corresponding color bars are shown below the panels. In each panel, the 1280 MHz radio

continuum emission profile (a thick white curve) is also shown, which is multiplied by a factor of 100. The radio

continuum brightness scale bar is shown in right to each panel and has a unit of mJy beam−1.

of different parameters (e.g., ne, fC+ , and Φi from Kaufman et al., 2006; Kirsanova

et al., 2020) can change the outcomes accordingly. The hydrogen column density

(or shell mass) can also be derived from the [Cii] emission, which first requires

the estimation of [Cii] column density (N([Cii])). Since the optically thin [13Cii]

line is not detected in present observations, we can assume [Cii] emission as

optically thin and then compute N([Cii]) using equation 4 in Kirsanova et al.

(2020). Assuming a typical excitation temperature of Tex=120 K, the observed
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average N([Cii]) is ∼4× 1017 cm−2. Now, using the gas-phase carbon abundance

of [C/H]= 1.6×10−4 (Sofia et al., 2004), we evaluated the N(H) as ∼2×1021 cm−2,

which is almost close to the previously calculated N(H) value of ∼5× 1020 cm−2.

We have also estimated the expansion timescale of each [Cii] shell, considering

that the expansion is caused by a continuous flow of stellar winds (e.g., Castor

et al., 1975; Weaver et al., 1977). The radii (Rs) of the inner and outer shells are

computed from the PV diagrams and the velocity channel maps (see dotted circles

in Figure 8.8), and are ∼1.9 pc and ∼3.7 pc, respectively. We have evaluated the

expansion velocity of vexp ∼1.3 km s−1, assuming that the shells expand in both

directions (e.g., Pabst et al., 2020, see Section 3.2.2 and Appendix B therein).

Here, we also note that the expansion velocity can range from 1–4 km s−1 (see

PV diagrams in Figure 8.13), and for the calculation purpose, we have used our

calculated value of ∼1.3 km s−1. Considering a similar expansion velocity of

vexp ∼1.3 km s−1 for both the shells, the expansion timescales of the inner and

outer shells are determined to be ∼0.9 Myr and ∼1.7 Myr, respectively. To

compute the expansion timescale, we used the following equation (e.g., Weaver

et al., 1977; Pabst et al., 2020)

texp ' 0.6

(
Rs

1 pc

)(
1 km s−1

vexp

)
Myr. (8.2)

Here, one can note that the systematic uncertainties in the estimation of shell

extent, the expansion velocity, and the expansion timescale are about 30–50%.

8.5 Discussion

In this work, for the first time, we examined the structure and gas dynamics

of PDRs in S305 using the neutral gas tracer, 158 µm [Cii] line. The neutral

gas is traced in the velocity range of [39.4, 49.5] km s−1, which is consistent

in velocity with the molecular gas (see Figure 8.9 and Paper II). The ionized,

neutral, and molecular gas are spatially distributed in the hierarchy manner (i.e.,

adjacent to one another; see Figure 8.12a) in S305, which agrees well with the

one-dimensional models of PDR (e.g., Tielens & Hollenbach, 1985a, see Figure 1
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therein). In Figure 8.12a, the boundary, traced by the [Cii] gas, is well distinct

to that of ionized gas and molecular CO. This is probably possible because the

CO molecules, in the direction of massive stars and our line of sight are mostly

dissociated and the carbon is ionized, which contribute to the [Cii] emission in

PDRs around S305. It seems that the [Cii] emission traces the unshielded H2 gas

in PDRs, where molecular gas tracer CO is photodissociated.

8.5.1 Double [Cii] shells in PDRs around S305

The two [Cii] shells in S305 are evident from the channel maps shown in Fig-

ure 8.8. The outer shell has a more extended diffuse structure and unveils its

broken morphology, while the inner shell reveals a compact ring like feature (see

Section 8.4.2 and Figure 8.11). Recently, Kirsanova et al. (2020) performed the

spherically symmetric chemo-dynamical model of expanding Hii regions in the

site S235. The PV diagrams shown in Figure 8.13 are close to the numerical

model by Kirsanova et al. (2020). In the direction of the line joining stars VM2

and VM4, the shape of the PV diagram is somewhat symmetrical for the individ-

ual shells and has a typical double-peaked structure (i.e., similar to the dumbbell

shape; see Figure 8.13b). The footprint of the diffuse shell can be seen in the

positive and negative offsets ([Cii] contour of 3 K), while the compact shell is

seen toward the positive offset ([Cii] contours of 6–30 K) only. The velocity of

the extended diffuse shell is around ∼44 km s−1 compared to the compact shell

having a velocity of ∼46.5 km s−1. The molecular gas walls are formed around

the diffuse shell as seen in 12CO(1–0) and 13CO(1–0) peaks at ∼44 km s−1.

The PV diagram (Figure 8.13b) also infers the geometric distribution of the

two [Cii] shells. In the direction of the compact shell, the molecular gas wall,

which is kinematically related to the diffuse shell wall, shows a peak emission at

∼46 km s−1. This molecular peak emission exactly matches with one of the two

[Cii] peaks (located at 1′.7 offset and ∼46 km s−1). The other [Cii] peak related

to the compact shell (located at 0′ offset and ∼46 km s−1) in the PV diagram is

situated in the center of the diffuse shell. The absence of the molecular wall in

this peak suggests that the compact zone is embedded into the extended diffuse
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shell. This particular observation provides the only evidence of geometrically

inner (compact shell) and outer (diffuse shell) morphology of the [Cii] emitting

gas. The PV structures in the different directions are far from symmetry, as shown

in the PV diagram in the perpendicular direction of the line joining stars VM2 and

VM4 (see Figure 8.13a). Such asymmetry can arise from the inhomogeneity of the

surrounding gas. These kinematical structures may be explained by the triggered

formation scenario of the compact zone, where the parental gas is compressed by

the expansion of the diffuse shell. The Hii zone lies at the centre of the diffuse

shell as shown by the 1.28 GHz continuum emission profile and is the outcome of

EUV flux from both the stars VM2 and VM4 (Paper II). The gas is being pushed

to the observer leading to the doppler-shift of the [Cii] emission. The compact

Hii zone expands to the inner regions of the diffuse shell, which can explain the

asymmetry in the PV diagrams. The gas expansion in the inner [Cii] shell is

clearly evident from the velocity channel maps (Figure 8.8) and moment-1 map

(Figure 8.11b). However, it is not very significant in case of the outer shell, which

although show the south-east to south-west velocity gradient (see Figure 8.11d).

The shells are not kinematically homogeneous but are close to the expanding

bubbles. In Section 8.4.3, the expansion timescales of the inner and outer shells

are determined to be ∼0.9 Myr and ∼1.7 Myr, respectively. The expansion

timescales of the shells agree with the dynamical age of the S305 Hii region (i.e.,

∼0.5–1.7 Myr; Paper II), and with the average age of the stellar population in

S305 (i.e., ∼1.8 Myr; Paper I). These results infer that the inner shell is younger

than the outer shell, suggesting that the shells have formed sequentially. This may

be possible that the star VM4 played a major role in the formation of the outer

shell, while the inner shell formation seems to be linked with the star VM2 (see

also Figures 8.7 and 8.8). Furthermore, based on the morphology and kinematics

of the [Cii] shells, we cannot rule out the possibility of the influence of the star

VM4 in the formation of the star VM2. However, it requires the proper age

estimation of these stars, which is beyond the scope of this work.

In the direction of S305, we find the double-peaked line profiles of the [Cii]

emission compared to the single-peaked line profiles of 12CO(1–0) and 13CO(1–
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0) (see Figure 8.9). From the analysis of the [Cii] spectra taken at different

positions in S305 (Figure 8.10), we found that the blueshifted and redshifted

components spatially trace the outer and inner shell morphology, respectively

(see Figure 8.11). It is quite interesting to note that the outer shell which is more

diffuse compared to the inner shell, lies in front of the inner shell. We note that

the double-peaked [Cii] profiles are dominant in the northern high intensity zone

of the inner neutral shell (see Figures 8.7b and 8.10), which spatially lies to the

overlapping zones of the inner and outer [Cii] shells (see also Figure 8.12b). It has

been shown in the previous studies that the presence of an enhanced redshifted

peak in the significant optically thick lines is the signature of expansion scenario

(e.g., Pavlyuchenkov et al., 2008). In S305, the majority of the [Cii] profiles

(Figure 8.9) are either double-peaked (with brighter redshifted component) or

blue-skewed, suggesting the gas expansion in PDRs, which is further confirmed

by the [Cii] channel maps and the PV diagrams.

8.5.2 Star formation scenario in S305

In the literature, it has been a common practice to use the mid-infrared im-

ages as a tool for qualitative identification of bubble structures or triggered star

formation sites (e.g., Deharveng et al., 2005, 2010; Zavagno et al., 2006, 2007).

Different scenarios of triggered/sequential star formation are available in the lit-

erature (e.g., Elmegreen, 1998). The expansion of an Hii region may initiate

the instability in pre-existing dense regions of gas (i.e., “radiation driven implo-

sion” scenario; Bertoldi, 1989; Lefloch & Lazareff, 1994) or may accumulate the

layers of dust and gas between the ionization and shock fronts which later be-

come gravitationally unstable and form next-generation stars (i.e., “collect and

collapse” scenario; Elmegreen & Lada, 1977; Whitworth et al., 1994). Despite of

the enumerable wealth of literature in theoretical works, the direct observational

evidence of “triggered/sequential star formation” is still lacking (e.g., Deharveng

et al., 2010; Dale et al., 2015, and references therein).

In the mid-infrared images, the 24 µm emission correlates to the ionized zone,

while the 8 µm emission traces the boundary of dust condensation and the ion-
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ization front. The shock front can be traced by H2 emission. In S305, the H2

emission is prominently found in the direction of the horseshoe envelope (see

Figure 3 in Paper II). The presence of regularly spaced massive fragments in the

periphery or along the direction of PDRs is evident in the dust emission at 850 µm

(see Figure 8.2c), and in the form of molecular clumps (see Figure 8.7c). These

clumps are spatially seen in the direction and/or the boundary of the [Cii] shells,

which are also kinematically related to the [Cii] emitting gas. The masses of dust

and molecular clumps are in the range of M850 µm
clumps ∼10–103 M� (see Table 6 in

Sreenilayam et al., 2014) and M
CO(2−1)
clumps ∼102–103 M� (see Table 3 in Azimlu &

Fich, 2011), respectively. Apart from this, Paper I identified the massive dense

clumps/fragments using the Herschel column density map. These clumps have

size extensions in parsec (i.e., radii ∼0.28–1.32 pc) and their masses range from

35 to 1565 M�. Hence, it is possible that during the expansion of an Hii region,

the dense materials have been collected between the ionization and shock fronts,

which now appear in the form of dense fragments.

Therefore, all the outcomes together confirm the gas expansion in PDRs fol-

lowed by the collection of materials (e.g., dust and gas) around it. The presence

of massive neutral shells, dust and gas clumps around Hii region S305 strengthens

the applicability of “collect and collapse” scenario as suggested in Paper II.

8.6 Summary and Conclusion

The present work is benefited with analysis of the unpublished 158 µm [Cii] line

data, which enable us to study the kinematics of gas in PDRs around the Hii

region S305 hosting two massive O-type stars (i.e., VM2 and VM4). Using the

[Cii] line data, the neutral gas in PDRs is examined in a velocity range of [39.4,

49.5] km s−1. Two shell-like structures (i.e., inner: an intense ring-like shell and

outer: the extended and diffuse neutral shell) are found in the [Cii] moment-0

map, and velocity channel maps. In the direction of S305, the [Cii] line profiles

are double-peaked (with enhanced redshifted component), which peaks at ∼43

and ∼47 km s−1 and shows a dip at ∼44 km s−1. The dip in double-peaked
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[Cii] profiles lie to the peaks of 12CO/13CO(1–0) line profiles. The double-peaked

[Cii] spectra spatially trace two shells in PDRs around S305. The PV diagrams

confirm that the compact shell is geometrically embedded in the outer diffuse

shell, and both the shells are enclosed by the molecular gas walls. Based on the

[Cii] emission, the estimated average neutral hydrogen column density and the

mass of the [Cii] shells are ∼5× 1020 cm−2 and ∼565 M�, respectively. The PV

diagrams, including the spectral profiles and velocity channel maps, unveil the

signatures of gas expansion in PDRs. The expansion velocity of vexp ∼1.3 km

s−1 implies the expansion timescales of ∼0.9 Myr and ∼1.7 Myr for the inner

and outer shells, respectively. This suggests that the two [Cii] shells are formed

sequentially in S305. The consistent velocity and spatial structures of regularly

spaced massive dust and molecular fragments to that of the neutral gas/PDRs

confirm that these fragments are the outcome of the gravitational collapse of a

shell of collected materials.



Chapter 9

Summary and future prospective

9.1 Summary

This thesis highlights the significance of interstellar filaments in the processes of

MSF. The filaments play a crucial role in enhancing mass accumulation through

various ongoing physical processes, ultimately leading to MSF. Based on recent

results, it is important to note that MSF is a multi-scale physical process driven by

the interplay between self-gravity, turbulence, and magnetic fields within molec-

ular clouds. Filaments are formed at one of the stages of these processes, which

eventually collapse to form stars. It is interesting to note that cloud-scale fila-

ments generally retain more material and their collapse can result in larger yet

denser regions, serving as mass reservoirs for MSF. The universality of HFSs

is widely recognized as the birth places of most massive stars in the literature

(Kumar et al., 2020). Typically, once a massive star forms, it tends to disrupt

the parent clump or cloud structure (Motte et al., 2018). Therefore, identify-

ing a promising HFS that is still in its early phases, prior to the formation of

an UC Hii region, is observationally rare. This thesis introduces a site named

RAFGL 5085, which can be considered a perfect HFS as the ionized region formed

within a hub has not yet destroyed the surrounding environment. In addition to

the well-known HFSs, the role of isolated filaments in star formation has been

relatively less explored. This thesis presents at least three filamentary clouds

that undergo collapse through the EDC process. In this way, the observed num-

217
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ber of filaments experiencing EDC are now nearly 6 in the literature. These

include NGC 6334 (Zernickel et al., 2013), Sh 2-242 (or S242; Dewangan et al.,

2019b; Yuan et al., 2020), IC 5146 (Wang et al., 2019b), Monoceros R1 (or Mon

R1; Bhadari et al., 2020), G341.244-00.265 (Yu et al., 2019), and G45.3+0.1

(Bhadari et al., 2022). However, only few of them clearly trace the signatures of

EDC. Apart from the S242 filament, this thesis presents Mon R1 and IC 5146 dark

Streamer as most promising sites of EDC. Mon R1 filament is the first reported

filament that hosts evolved star-forming sites at both of its edges. In another case,

IC 5146 dark Streamer shows early stages of filament collapse as it does not host

massive stars yet. However the simultaneous signatures of HFSs and EDC sug-

gest the muli-step processes of mass accumulation. The GMF G45.3+0.1 shows

the onset of EDC and a hierarchical HFSs.

Interestingly, the HFSs are predominantly found at the edges of filaments,

which can be explained by the gravitational focusing of subfilaments towards

dense clumps or hubs formed by the EDC process. Additionally, magnetic fields

can play an important role in the formation of hubs at the edges of EDC filaments

(Wang et al., 2019b). In this scenario, the isolated filament first undergoes col-

lapse through the EDC process, forming end clumps. Subsequently, subfilaments

forms via the interplay between gravity and magnetic fields which ultimately feed

these end clumps, resembling HFSs. Finally, mass accumulation in the hubs oc-

curs through material accretion from the cloud scale via subfilaments. Therefore,

the EDC process is equally important because HFSs are found at the edges of

the EDC filaments. Additionally, this thesis explores the feedback of massive

stars using neutral gas tracer [Cii] line data from SOFIA. The core-scale environ-

ments are investigated using ALMA observations, and the roles of gravity and

turbulence are studied.

The major results derived from this thesis are highlighted below:

• The visual inspection and the application of getsf on the Herschel sub-

mm images reveal a prominent hub-filament configuration in RAFGL 5085,

which consists of a central region (Mclump ∼225 M�) surrounded by at least

five parsec-scale filaments. We derived the N(H2) and Td maps and found
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that the filaments are identified with higher aspect ratios (length/diameter)

and lower N(H2) values (∼0.1–2.4 ×1021 cm−2), while the central hub (i.e.,

Td ∼[19, 22.5] K) is found with a lower aspect ratio and higher N(H2)

values (∼3.5–7.0 ×1021 cm−2). With comparison to the schematic model

given by Motte et al. (2018), we propose that RAFGL 5085 is a perfect

HFS candidate hosting early phase of MSF and not yet influenced by UV

radiation from the Hii region.

• The analysis of 12CO/13CO line data traces two clouds at VLSR [−5, 1] and

[2, 10] km s−1 in Monoceros R1 complex. The cloud having VLSR ∼ −2 km

s−1 has filamentary morphology (i.e., Mon R1 filament) and is found to be

supercritical. At both ends of Mon R1 filament where massive star-forming

sites were previously reported, the higher surface density of YSOs (i.e., 4–

125 YSOs pc−2) is also observed. In addition to this, the relatively higher

velocity gradients (∼0.6 km s−1 pc−1) compared to the central regions (∼0.4

km s−1 pc−1), at the filament’s edges together support the longitudinal gas

motion, and hence the onset of EDC process in the Mon R1 filament (∼1465

M�, length ∼14 pc) as predicted by Pon et al. (2012); Clarke & Whitworth

(2015).

• Based on the analysis of 13CO(1–0) line data, a GMF (length ∼75 pc,

mass ∼1.1×106 M�) in the velocity range of ∼53–63 km s−1 is discovered,

which we named GMF G45.3+0.1. The massive star-forming complexes are

located at the edges of GMF G45.3+0.1 and exhibit HFSs, where several

parsec scale (∼5-10 pc) filaments appear to converge toward dense hubs

hosting known massive star-forming sites. This target site represents the

first observed filamentary cloud that exhibits both EDC and hub-filament

configurations simultaneously.

• We derived the high resolution Herschel column density map (resolution

∼13.′′5) using hires tool for the potential and nearby massive star-forming

site IC 5146 dark Streamer. The derived map unravel the possible presence

of two intertwined subfilaments (i.e., fl-A and fl-B) toward the main filament
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fl. Such configuration displays almost a double helix-like pattern, which

is also confirmed in the integrated intensity map of the JCMT C18O(3–2)

emission. We interpret these features with the “fray and fragment” scenario

of intertwined filaments. The Planck dust polarization maps reveal the

presence of curved magnetic fields at the edges of the filament, which is

believed to be a novel indicator of the EDC process. Altogether, IC 5146

dark Streamer can be considered the first reliable candidate for EDC, HFSs,

and intertwined subfilaments.

• Using the ALMA H13CO+ (4–3) data, the inner environment of a known

HFS in W42 region harbouring an O5.5 star and a massive YSO (IR coun-

terpart of 6.7 GHz methanol maser emission) named W42-MME is explored.

We applied dendrogram methodology to trace multi-scale dense structures

and studied velocity dispersion–size relations. We explored the universality

of Larson’s relations and found that the non-thermal velocity dispersion–size

relation (σnt −L) of dendrogram structures shows a weak negative correla-

tion, while the velocity dispersion across the sky (δVlsr) correlates positively

with structure size (L). Blue asymmetry is observed in the H12CO+ (4–3)

line profiles of most of the leaves, indicating infall. Overall, our results

observationally support the role of gravity driven turbulence at the smaller

scales (e.g., Ballesteros-Paredes et al., 2018) and favoring hierarchical and

chaotic collapse scenario in the proximity of the W42-MME.

• The analysis of FUGIN 13CO(1–0) data unveils the presence of two filamen-

tary ridges at VLSR of ∼42 and ∼45 km s−1 in the site S305. The collisions

between these two ridges, similar to that observed in Serpens South by

Nakamura et al. (2014), may have triggered the formation of a cluster in-

cluding the known O-type stars. The present structure seem to follow the

idea of Whitworth & Priestley (2021), where the filament is eroded by the

strong ionization feedback from massive stars. Using the [CII] line data at

158 µm, we further investigated the feedback of these massive O-type stars

and found the presence of two expanding photo-dissociation region (PDR)
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shells. In addition, the presence of dust and molecular condensation around

the Hii region and PDR shells hints at the “collect and collapse” scenario

in the S305 region.

Overall, this thesis provides new insights into the mass accumulation pro-

cesses and the potency of interstellar filaments in MSF.

9.2 Future Prospective

As high-resolution data can resolve a seemingly single source into multiple sources,

it is expected that the apparently single filament can be resolved into thinner sub-

filaments. This is demonstrated in Chapter 6, where subfilaments are identified

in a nearby filamentary cloud IC 5146 dark Streamer. However, it is still unclear

whether this holds true for all filaments, and addressing this question requires

the use of high-resolution continuum and line data. The work presented in the

thesis is limited by low resolution of data which does not allow us to trace the

innermost structures of each individual sites. Hence, to understand the complete

picture of ongoing star formation and various physical processes within a molecu-

lar cloud, the multi-scale data is necessary. Also, to study these aspects in detail,

further high-resolution data for nearby site (e.g., IC 5146 dark Streamer and

Mon R1) are essential. The interconnection between various physical processes

within filaments, such as the EDC, intertwined subfilaments, and HFSs, along

with multi-scale mass accumulation processes in MSF, poses demanding future

challenges. The findings presented in this thesis, derived from diverse target ob-

servations, can be extended to enhance our existing understanding of the mass

accumulation process in MSF. Furthermore, these results can serve as a guide

for the development of new theoretical approaches aimed at solving the MSF

problem.

Following are some future works that we plan to pursue in the near future:

1. In the near future, we plan to conduct a detailed analysis of the S306 and

S309 Hii regions to collectively understand the role of filaments, feedback

processes of massive stars, and the importance of substructures, gravity,
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and turbulence in MSF processes. Our obtained new data from uGMRT

will primarily provide the energy budget of Hii regions.

2. To revisit the Mon R1 filament, we will utilize high-resolution dust polar-

ization data and dense gas tracers to further explore the possible presence

of HFSs and intertwined subfilaments.

3. To conduct a systematic search of EDC candidates from the scale of cloud

to core spanning the entire Galactic environment using available survey

data from the ground and space-based facilities and investigating the link

between various physical processes in filaments.
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Gómez, G. C., Vázquez-Semadeni, E., & Zamora-Avilés, M. 2018, Monthly

Notices of the Royal Astronomical Society, 480, 2939, doi: 10.1093/mnras/

sty2018 [Cited on page 144.]

Gong, H., & Ostriker, E. C. 2011, Astrophysical Journal, 729, 120, doi: 10.1088/

0004-637X/729/2/120 [Cited on page 19.]

Gonzalez-Aviles, M., Lizano, S., & Raga, A. C. 2005, The Astrophysical Journal,

621, 359, doi: 10.1086/427470 [Cited on page 11.]

Goodman, A. A., Barranco, J. A., Wilner, D. J., & Heyer, M. H. 1998, The

Astrophysical Journal, 504, 223, doi: 10.1086/306045 [Cited 4 times on pages

152, 153, 172, and 173.]

Goodman, A. A., Rosolowsky, E. W., Borkin, M. A., et al. 2009, Nature, 457, 63,

doi: 10.1038/nature07609 [Cited 3 times on pages 152, 153, and 186.]

Goodman, A. A., Alves, J., Beaumont, C. N., et al. 2014, Astrophysical Journal,

797, 53, doi: 10.1088/0004-637X/797/1/53 [Cited on page 16.]

Gregersen, E. M., Evans, Neal J., I., Zhou, S., & Choi, M. 1997, ApJ, 484, 256,

doi: 10.1086/304297 [Cited on page 169.]

Griffin, M. J., Abergel, A., Abreu, A., et al. 2010, Astronomy and Astrophysics,

518, L3, doi: 10.1051/0004-6361/201014519 [Cited 2 times on pages 16

and 50.]

Guieu, S., Rebull, L. M., Stauffer, J. R., et al. 2010, Astrophysical Journal, 720,

46, doi: 10.1088/0004-637X/720/1/46 [Cited on page 109.]

Gupta, Y., Ajithkumar, B., Kale, H. S., et al. 2017, Current Science, 113, 707,

doi: 10.18520/cs/v113/i04/707-714 [Cited on page 36.]

Gutermuth, R. A., Megeath, S. T., Myers, P. C., et al. 2009, Astrophysical Jour-

nal, Supplement Series, 184, 18, doi: 10.1088/0067-0049/184/1/18 [Cited 5

times on pages 47, 52, 83, 85, and 110.]

http://doi.org/10.1093/mnras/sty2018
http://doi.org/10.1093/mnras/sty2018
http://doi.org/10.1088/0004-637X/729/2/120
http://doi.org/10.1088/0004-637X/729/2/120
http://doi.org/10.1086/427470
http://doi.org/10.1086/306045
http://doi.org/10.1038/nature07609
http://doi.org/10.1088/0004-637X/797/1/53
http://doi.org/10.1086/304297
http://doi.org/10.1051/0004-6361/201014519
http://doi.org/10.1088/0004-637X/720/1/46
http://doi.org/10.18520/cs/v113/i04/707-714
http://doi.org/10.1088/0067-0049/184/1/18


BIBLIOGRAPHY 239

Hacar, A., Clark, S., Heitsch, F., et al. 2022, arXiv e-prints, arXiv:2203.09562,

doi: 10.48550/arXiv.2203.09562 [Cited 4 times on pages 12, 15, 50, and 152.]

Hacar, A., Kainulainen, J., Tafalla, M., Beuther, H., & Alves, J. 2016, Astronomy

and Astrophysics, 587, A97, doi: 10.1051/0004-6361/201526015 [Cited 6

times on pages 15, 68, 89, 90, 172, and 176.]

Hacar, A., & Tafalla, M. 2011, Astronomy and Astrophysics, 533, A34, doi: 10.

1051/0004-6361/201117039 [Cited 5 times on pages 64, 87, 88, 117, and 152.]

Hacar, A., Tafalla, M., & Alves, J. 2017, Astronomy and Astrophysics, 606, A123,

doi: 10.1051/0004-6361/201630348 [Cited 3 times on pages 26, 64, and 152.]

Hacar, A., Tafalla, M., Forbrich, J., et al. 2018, Astronomy and Astrophysics,

610, A77, doi: 10.1051/0004-6361/201731894 [Cited 3 times on pages 94,

116, and 126.]

Hacar, A., Tafalla, M., Kauffmann, J., & Kovács, A. 2013, Astronomy and As-
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Zamora-Avilés, M. 2019, Monthly Notices of the Royal Astronomical Society,

490, 3061, doi: 10.1093/mnras/stz2736 [Cited 2 times on pages 13 and 49.]

Vázquez-Semadeni, E., Palau, A., Ballesteros-Paredes, J., Gómez, G. C., &
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