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MASSIVE AND DENSE CLUMPS: PHYSICAL PROPERTIES AND EVOLUTION

En esta Tesis se estudian las propiedades fisica, quimicas de nubes moleculares densas y
masivas (MDCs), que corresponden a las maternidades de estrellas de alta masa, que se en-
cuentran en diferentes etapas evolutivas como tambien las caracteristicas de su fragmentacion.
El objetivo principal es proveer, a traves de observaciones, una perspectiva sobre los procesos
de formacion de estrellas de alta masa. Primero observamos, utilizando el telescopio APEX
con una resolucion angular de 20" (~ 0.3 pc), la emision molecular en lineas con alta ex-
citacion (J = 3 — 2, 4 — 3 de HCO™, H*CO™*, HCN, HNC and N,H") hacia 73 MDCs en
diferentes etapas evolutivas. El objetivo de este estudio, llamado SuperMALT, es investigar
el tamano, morfologia, intensidad, ancho y asimetrias de la emision en las diferentes lineas a
escalas de los MDCs. Encontramos que la morfologia, de la emision en las lineas son similares
a la de la emision del polvo a 870 um. La intensidad y el ancho de las lineas aumenta al
pasar de pre-estelar, protoestelar y nubes H II. El movimiento de colapso, indicadas por las
asimetrias en el corrimiento al azul en lineas gruesas en el 6ptico, son mas comunes en etapas
tempranas mientras que el movimiento de expansién indicadas por asimetrias el corrimiento
al rojo, son méas comunes en etapas mas evolucionadas. Segundo observamos, utilizando el
telescopio APEX con una resolucion angular de 8", la emision en 350 pm hacia 23 MDCs
en diferentes etapas evolutivas, con el fin de investigar las propiedades de fragmentacion a
escalas de 0.1pc. Encontramos que, en promedio, las MDCs muestran 2 a 3 nucleos ("cores"),
con el mas masivo usualmente localizado cerca del centro de la nube. Tercero observamos,
utilizando el radiotescopio ALMA con una resolucién angular de 2" (~ 0.02 pc), la emision
en continuo y lineas moleculares hacia 2 MDCs, uno en etapa previa a la formaciéon estelar
(AGAL333) y otro en etapa protoestelar (AGAL239). El objetivo es estudiar las propiedades
de fragmentacion y la cinemética del gas de las MDCs en etapas tempranas. Encontramos
que ambas nubes tienen 10 ntcleos, sin embargo, los nticleos en la nube protoestelar son mas
masivos, la mayoria se encuentran virializados, y, presentan lineas més anchas y temperatura
més altas comparados con los niicleos en la nube pre-estelar. En la MDC protoestelar detec-
tamos un nucleo central y masivo, con 119 M®, el que exhibe outflows y que esta colapsando
con una alta tasa de acrecion de masa. La fraccién de masa en la forma de niicleos en la
MDC pre-formacion estelar es 6%, mientras que en la MDC protoestelar es 23%. Finalmente,
proponemos un escenario de evoluciéon para MDC en el cual las nubes se fragmentan en eta-
pas tempranas y los nicleos acumulan masa a partir del entorno en la nube, a medida que
evolucionan. La fracciéon de masa en la forma de ntucleos relativo a la masa total del MDC
aumenta desde la fase pre-estelar a la protoestelar. Las propiedades fisicas y quimicas de
las nubes evolucionan reflejandose en el ancho de lineas y su temperatura, como tambien en
el intensidad de las lineas moleculares. MDCs en etapas tempranas de evolucién exhiben
senales de colapsos de gran escala mas a menudo comparado con loa MDC en etapas mas
evolucionadas. Los niicleos ubicados en el pozo del potencial gravitatorio de la nube acu-
mulan més masa a partir del gas que colapsa por lo que son capaces de formar estrellas
masivas.
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Abstract

MASSIVE AND DENSE CLUMPS: PHYSICAL PROPERTIES AND EVOLUTION

In this thesis, I investigate the physical, chemical and fragmentation characteristics of massive and
dense clumps (MDCs), which are the maternities of high-mass stars, in different evolutionary stages
(from quiescent to protostellar to HII clumps). My goal is to provide an important observational
perspective about high-mass star formation processes.

First, I made a survey of the emission in high excitation molecular lines (HCO™, H'3CO*, HCN,
HNC and NoH' in J = 3 — 2 and 4 — 3) towards 73 MDCs in different evolutionary stages,
called the SuperMALT survey conducted from APEX telescope, to investigate their morphologies,
sizes, line intensities, line widths, line ratios and line asymmetries with an angular resolution of 20"
(typically 0.3 pc at the distances of the MDCs). I found that the morphologies of the line emission
are similar to that of the dust emission at 870 pym. The intensities in all molecular lines species and
the line widths increase from prestellar to protostellar and HII clumps. Infall motions, indicated
by a blueshifted asymmetry in optically thick lines, are more common in early stage clumps while
expansion motions, indicated by a redshifted asymmetry, are more common in evolved stage clumps.

Second, to investigate the fragmentation properties at the scale of 0.1 pc, I observed the 350
pm emission from 23 MDCs in different evolutionary stages, a subset drawn from the SuperMALT,
using the Artemis camera mounted on the APEX telescope. On average, the MDCs reveal 2 to 3
cores, with the most massive one usually found near the center of the clump. I found no significant
correlations between fragmentation level and the parent clump properties such as temperature,
density, line width and virial parameter.

Third, to study the fragmentation properties and gas kinematics within early stage clumps,
I observed two MDCs, one in the prestellar stage (AGAL333) and the other in the protostellar
stage (AGAL329), using ALMA (3mm) in continuum and molecular lines (HCO*, HI3CO*, NoH*
J =1— 0 and CH3CN 5 — 4). I found that both clumps contain ~10 cores, however, cores in
the protostellar clump are more massive. The central massive core (119 Mg) in the protostellar
clump exhibit an outflow and infall signatures with a high mass accretion rate. The cores within the
prestellar clump have smaller line widths and temperatures than those in the protostellar clump,
they are in a sub-virial state while most cores in protostellar clump are virialized. The fraction of
the mass in the form of cores in the prestellar clump is 6%, while in the protostellar clump is 23%.
These above results indicate that clumps fragment at early stages and that the fragmented cores
gather more mass as they evolve.

Finally, I present an observational model of MDC evolution, in which, clumps fragment at early
stages and the cores gather more mass from the clump environment. The fraction of mass in the form
of cores relative to the clump mass increases from prestellar to protostellar stage. The physical and
chemical properties of clumps evolve. This is seen in the increase in the line widths and temperature,
as well as the increase in brightness of molecular line emissions with evolution. Clumps at early
evolutionary stages exhibit signature of large scale infall more often than clumps at evolved stages
that show more often expansion motions. The cores located at the bottom of the clump gravitational
potential gather more mass from the globally infalling gas and hence are able to form high-mass
star/s.
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Chapter 1

Introduction

The main components of the galaxies are stars, gas, dust and invisible dark matter. Galaxies
contain hundreds of billions of stars most of which are low mass stars (<8 My,). However, the
dominant stars that inject energy back to the intestellar medium (ISM) are the high-mass
stars (>8 Mgy). They regulate the energy input in the galaxies in the form of stellar winds,
H IT regions and supernova explosions. Hence to understand the formation of galaxies it is
necessary to understand the formation and evolution of massive stars.

The gas in galaxies can be found in ionized, neutral or molecular form. It is in the regions
of molecular gas, which also contains small amounts of dust, that star formation takes place.
In the night sky, the star forming regions are visible as dark patches in the plane of our
galaxy. These dark regions, first noted by Herschel [1785] are produced by the blocking of
visible light by dust although their main component is molecular hydrogen. Molecular clouds
are not homogeneous in density but contain over-density structures where stars form.

The formation and evolution of low mass stars in the molecular clouds is relatively well
understood (e.g.,|Shu et al.|[1987|/Andre et al.[2000). In the case of high-mass stars, their for-
mation and evolutionary mechanisms are less understood despite the fact that they dominate
the energy balance of the ISM.

In this thesis, I investigate the evolutionary properties of molecular structures that can
form high-mass stars and their early-stage fragmentation processes. In this introductory
section I describe general properties of molecular clouds and the processes leading to star
formation within them. The fundamental issues that are not understood well in the formation
of high-mass stars will be briefly discussed to emphasize the relevance of this thesis work.

1.1 Giant Molecular clouds

Giant molecular clouds (GMCs) are the main sites of star formation in the galaxies. They
contain mostly hydrogen (Hy) molecules, have sizes extending over a few tens of parsecs
and masses of ~10° M. The internal structure of GMCs are filamentary and exhibit non-
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homogeneous density regions (see Fig. [1.1).

The formation of GMCs in the galaxy is not clearly understood. Mechanisms such as
converging flows driven by feedback or turbulence, agglomeration of smaller clouds, gravita-
tional instability has been proposed. Computer simulations of colliding flows of warm neutral
gas in the ISM show the production of filamentary structures with properties consistent with
those determined from observational studies (e.g., [Heitsch et al.|2007).

Fragmentation of the GMCs leads to the formation of smaller over-density units known as
“clumps” (mass ~10% My, and size ~1 pc). Molecular clumps appear to follow size versus line
width and density versus size relations, known as Larson relations (Larson|1981)), which are
thought to indicate that clouds are in approximate virial equilibrium. The size versus line
width relation, even though it is found to vary with surface density of the cloud (e.g., Heyer
et al. [2009; Miville-Deschénes et al.| 2017), implies that larger clouds are more turbulent.
One important implication of the scaling relations is that most of the clumps are marginally
gravitationally bound with turbulence playing key role in preventing them to undergo col-
lapse. Studies of magnetic field in the molecular clouds have hinted that magnetic fields play
a crucial role in shaping molecular clouds and perhaps also in their fragmentation processes.
Clumps subsequently fragment into smaller units defined as “cores” (mass ~1 to <10% Mg
and size ~0.1 pc) which are the precursors of a single star or multiple stellar system. A
massive clump of thousand solar masses can form tens to hundreds of stars in a clustered
environment.

1.2 Star formation

Star formation takes place via collapse of a cloud core typically located in the densest part
of molecular structures that are filamentary in nature. A simplified theoretical view of a
prestellar core is that of a truncated isothermal (Bonnor-Ebert) sphere which exhibits a flat
density profile in the central region and a power law outside. In the inner part of the core the
gas and dust are well coupled and hence have same temperature while on the outer regions
they are not, and therefore different temperatures are expected. To determine the physical
properties of cores observations in infrared, millimeter and radio wavelenghts are an absolute
requirement. Continuum observations provide information of the properties of the dust while
molecular line observations provide information about the kinematics and density structure
of the gas.

Several observations have shown that low mass star forming cores follow an evolutionary
sequence (e.g., Andre et al[[2000)) from prestellar to protostellar to a new born star on the
main sequence. The spectral energy distribution is used to classify the young stellar objects
in Class 0, Class I, Class II and Class III (e.g., Lada||1987, Wilking et al.[[1989). The Class 0
objects are only visible in (sub)millimetre continuum, Class I objects are visible in the near-
infrared but not in the optical, Class II objects are optically visible and show infrared excess,
and finally Class III objects have spectral energy distributions (SED) similar to normal stellar
photo-spheres.
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Figure 1.1: Orion-A column density (N(H)) map (Adopted from Stutz & Kainulainen|2015)).



High-mass (M>8M,) star formation, on the other hand, is still not well understood. Since
high-mass stars form in a clustered environment, mostly embedded in giant molecular clouds,
it is difficult to study their formation mechanism and evolutionary properties.

Time-scales

The collapse of a spherical, uniform density, pressure-free cloud occurs on a free-fall time,
¢, given by,
37

try = (32Gp

where G is the gravitational constant and p is the initial mass density. In convenient units,

)2, (1.1)

ter =31 % 10° x (#)—1/2 yrs, (1.2)

where, ny, = p/u is the particle density of hydrogen molecule and p=2.8 is the mean
molecular weight per hydrogen molecule. For a cloud with a density of ny, ~10* cm™3, the
free-fall time is ~3.1 x 10° years. If gravity alone is at work, star formation happens within
one free-fall timescale. This also means that all dense gas collapses to form stars. However,
the total gas mass in Galactic molecular clouds with density > 103 cm™2 is ~ 10° M, and
without support against gravity star formation rate would be ~ 200 M, /yr. This is much
higher than the galactic star formation rate inferred from the observations of ~ 1-3 Mg, /yr.
Interpretation of the result is that not all the dense gas is undergoing free-fall collapse to form
stars. The observed star formation efficiency is lower possibly due to the role of turbulence,
magnetic field, rotation, feedback etc.

1.2.1 High-mass star formation

High-mass stars (M > 8 M) are OB type stars (B3 type and earlier) and have luminosities
>10% Lo. They are mainly responsible for heating up the surrounding gas and dust via
radiation and winds, and enrich the interstellar medium via other feedback events (e.g.,
outflow, supernova etc).

High-mass stars are mostly found at the center of young open clusters. A large fraction
(> 50%) of them are found in binaries (Sana et al.2013)). In the stellar mass distribution
(also known as initial mass function, IMF), high-mass stars represent less than 1% of the
stars (e.g., Kroupa|2001)), therefore observing a statistically significant sample of high-mass
protostellar objects and their predecessors is difficult.

The high-mass star forming regions are highly obscured by circumstellar dust with extinc-
tions Ay 2 100. Due to their much lower opacities, observations in infrared and radio/mm
domain are used to observe such regions of high extinction in the optical domain. A wealth
of observations have revealed that high-mass stars are formed within massive (M~10%M,)
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and dense (n~10° cm™?) clumps (e.g., Fatndez et al.[[2004, Contreras et al.|[2016] also see
review by Motte et al.|[2018a) in a cluster environment.

On the theoretical side, it is still not well understood how high-mass protostars accrete
mass in spite of the radiation pressure. A massive star ionizes the surrounding gas and dust
forming H II regions that expands within the cloud. When the protostar becomes >8 M,
its radiation pressure is enough to stop the accretion process. In addition to the accretion
problem, the way in which molecular clouds fragment to give rise to the observed mass
distribution of newly born stars is not yet clear.

The pre-main sequence life time of a high-mass star before it reaches zero age main se-
quence (ZAMS), known as the Kelvin-Helmholtz time scale (txy = %TM;), is typically of the
order of ~ 10* years. On average, this timescale correspond to ~1% of the main sequence
lifetime. On the other hand, the clumps that form high-mass stars have high densities
(n~10* cm™3) and their free-fall timescale are of the order of ~ 10° years. Clumps/cores
with higher densities have even shorter free-fall timescales. Unlike for low-mass stars, the
free-fall timescale is greater than the Kelvin-Helmholtz timescale for high-mass stars. In
particular, for a protostar of mass ~15 My the free-fall time scale is an order of magnitude
larger than the Kelvin-Helmholtz time-scale implying that the protostar has already started
nuclear fusion while it is still accreting (e.g., Keto & Wood!2006). How does the accretion
process continue despite the radiation pressure from the protostar? This is still debated and
is being studied.

Understanding a full picture of high-mass star formation not only requires to explain
the accretion process in high-mass star formation, but also how the massive dense clump
fragmentation leads to forming high-mass star/s along with low and intermediate mass stars
in a clustered environment.

1.2.2 High-mass star formation theories

A handful of models have been proposed to explain high-mass star formation in a clustered
environment: (i) Turbulent core accretion (e.g., McKee & Tan 2002; [Padoan & Nordlund
2002)); (ii) Competitive accretion (e.g., Bonnell & Bate|[2006) and (iii) Global hierarchical
collapse (e.g., |[Vazquez-Semadeni et al.|2009, 2017, 2019). These models primarily differ on
how the gas is accreted onto the protostars. In addition, the former two models mostly ignore
the role of large scale structure while the latter ignores the role of magnetic field in their
simulations.

In the turbulent accretion (or core accretion) model the fragmentation of a high mass star
forming clump (0.1 - 1 pc scale) leads to cores (0.03 to 0.1 pc scale) with a broad range of
masses due to the high degree of turbulence. Each fragmented cores form one or multiple
system of stars from the available mass in the core. The competitive accretion model proposes
that the clump fragments at early-stages into multiple low mass cores which compete for the
mass assembly in a dynamical process. Central cores are at favorable locations to accrete
more mass from the clump environment and to become massive and be able to form a massive
protostar. Both of these models assume as initial condition a somewhat isolated quasi-static



molecular clump that fragments to form cores and then stars. However the clumps are part
of giant molecular clouds (GMCs) that are massive and large in size, hence they are unlikely
to be disconnected from their environment. This implies that to understand the process of
star formation within clumps, we must understand clump formation itself.

The third model emerges from the proposition that gravity dominates in shaping the cloud
structures and their fragmentation. The local versus global gravitational potential play key
roles in fragmentation. Theoretical framework of a global hierarchical collapse model has
been forwarded by Vazquez-Semadeni et al. (2009, 2017, 2019). This scenario resembles the
competitive accretion model in the sense that the clump-fragmentation is not predicted to
generate isolated cores. Instead, the cores take part in a dynamical accretion process as they
progress toward star formation.

1.2.3 Massive and dense clumps
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Figure 1.2: Mass verses size relationship of the clumps in five filamentary clouds in Milky-
way galaxy. (Adopted from Contreras et al. 2017).

Massive and dense clumps (MDCs) (mass ~10% Mg, size < 1pc, density ~ 10° cm™3) are
the maternities of high-mass stars (e.g., [Fatndez et al|2004; Contreras et al. 2017; Motte
et al[[2018a)). They are located within giant molecular clouds (GMCs). Herschel multi-
wavelength observations (5 bands: 70, 160, 250, 350 and 500 pm) of galactic molecular
clouds first revealed that GMCs exhibit filamentary structures. Contreras et al. (2017)
studied filamentary molecular clouds harboring several clumps and showed that filaments
fragment into clumps (M ~ 20 - 2500 My, R ~ 0.2 - 1.6 pc and n ~ 10* - 10° cm™ )
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and most of them have enough mass to form at least one high-mass star as implied by the
empirical mass-size relationship (Kauffmann et al.[2010) (see Figure |1.2)).

1.2.4 Properties of massive and dense clumps

Evolutionary stages of clumps

Spitzer (3.6, 4.5, 8 and 24 pm) observations (GLIMPSE; |Churchwell et al. 2009, MIPSGAL;
Carey et al.[2009) toward massive and dense clumps allowed to characterize their evolu-
tionary stages. During the early-stages, clumps are infrared dark, lacking 24 pm emission
(Prestellar/Quiescent stage) while in the later stages clumps are infrared bright, exhibiting
24 pm emission along with 3.6-8 pum emission (Protostellar and H 1T clumps). A summary
of the classification scheme using the Spitzer observations is listed below:

Figure 1.3: Three color image (GLIMPSE 3.6, 8.0 um, MIPSGAL 24 um) of different
types of clumps. (Left) Pre-stellar: appears as infrared dark, (Middle) Proto-stellar: shows
embedded 24 pm point source, (Right) H II: shows extended MIPSGAL and GLIMPSE
emission.

e Quiescent or Prestellar clumps have no embedded high-mass protostellar object
and they do not show 24 ym emission.

e Protostellar clumps contain at least a high-mass protostellar object. The birth of
protostar/s initiate the heating of the surrounding gas and dust. These clumps show 24
pum emission but have not yet developed H II regions. Additional sign of an embedded
protostellar object may be seen as 4.5 pm "green fuzzy" emission.

e H II clumps are evolved stages where protostellar objects have started to ionize the
surrounding dust and gas and form a compact H II region. These clumps show emission
in 3.6 to 24 pm (both GLIMPSE and MIPSGAL). The morphologies of the emission
can be compact or extended bubble like structure.

Complementary information is provided by Herschel (70, 160, 250, 350 and 500 pm)
observations of the massive and dense clumps. The spectral energy distribution of clumps
shows an increase in the dust temperature from early to late evolutionary stages
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2015)). Early-stage clumps (prestellar or quiescent) are cold (18.6 K) while protostellar
and H II clumps show higher temperatures, with average values of 23.6 K and 28.1 K,
respectively.
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Figure 1.4: Distribution of average dust temperature from clumps in different evolutionary
stages. The boxes represent interquartile range of 50% of the distribution. (Adopted from
Guzman et al. 2015)

Various molecular line surveys have been conducted to determine the properties of massive
and dense clumps. One of the largest surveys, the Millimeter Astronomy Legacy Team 90
GHz (MALT90) survey (Foster et al.|2011; Jackson et al. 2013} Rathborne et al. 2016,
conducted observations towards ~3200 molecular clumps using the Mopra telescope (40").
The kinematic distances toward the sample are reported by Whitaker et al.| (2017). The
survey revealed chemical differences of clumps in different evolutionary stages (Rathborne

et al] 2016).
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Figure 1.6: MALT90 sources with kinematic distances superposed on iconic Milky Way
representation. (Adopted from Whitaker et al.[2017)
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1.2.5 Fragmentation of clumps
Jeans fragmentation

The gravitational fragmentation of a cloud is characterized by its Jeans mass. The Jeans
mass is derived from the balance between gravitational potential energy (U) and kinetic
energy (K). In equilibrium 2K + U = 0, condition referred as virial equilibrium. From this
condition, the Jeans mass and radius of a spherical molecular cloud can be expressed in terms
of the temperature T and uniform density p, as, respectively,

5kT 3
Mo — 3/2 1/2 1.3
T Gumy 47Tp0) ’ (13)
and,
S5kT
R, — |28 1.4
J 47TG,UmeO’ ( )

where, © = 2.37 is the molecular weight per free particle, k is the Boltzmann constant, and
mpy is the mass of the hydrogen atom.

In convenient units,

T 10%cm ™3
Mj; = 14.7 My (20K)3/2 (— )2 (1.5)
and,
T 10* em™3
Ry =0.18 pe (557)"* ()7, (1.6)

where, n is the average particle density (=p,/umpy).

Molecular clouds with masses higher than the Jeans mass can not be supported by the
thermal pressure against the gravity. We note, however, that clouds/cores are unlikely to
be in thermodynamic equilibrium, thus the assumption of single temperature and constant
density is merely an approximation to simplify the problem. For a clump with a constant
density of 10° cm™ and a constant temperature of 20 K, the thermal Jeans mass is ~ 3.5
M. This means that a constant density and temperature clump with a mass ~10% M is
expected to fragment, under the Jeans criteria, into ~300 cores with Jeans masses.

One important inference from the Jeans analysis is that to form a massive clump without
undergoing fragmentation requires additional support, likely provided by turbulence and/or
magnetic fields. Thus the physical properties of massive and dense clumps in terms of turbu-
lence, magnetic fields, and feedback processes are important for understanding which mecha-
nisms provide support against fragmentation. Observations of optically thin molecular lines
toward high-mass star forming clumps show considerable broader line widths than in low-
mass star forming clumps, indicating higher levels of turbulence which could provide support
against the fragmentation (e.g., [Zhang et al.2015). Similarly, magnetic field could play
important role in shaping the cloud structure and fragmentation (e.g., Fontani et al.|2016).
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Fragmentation of clumps into substructures therefore is not a straight forward physical
process. High spectral and spatial resolution observations, for example from ALMA, are
crucial to study fragmentation properties of clumps at early-stages from which high-mass
star formation process begins.

1.3 Clump physical parameters

1.3.1 Dust emission, mass and column density

Molecular clumps contain mostly molecular hydrogen (Hy) which is relatively hard to observe
because its detectable emission lines are produced only at temperatures exceeding ~10° K.
Molecular clumps are cold (~10 - 20 K), hence their hydrogen molecules are invisible. How-
ever emission in other molecular species (e.g., CO) and dust are detectable. Observations at
infrared, far-infrared, millimeter and radio frequencies are widely used to derive the physical
parameters of the molecular clumps. In the following we present a derivation of the mass
and column density of a molecular clump using the observed dust continuum emission.

The interstellar dust emission is thermal. The intensity of the radiation emitted by a
thermal source of temperature T, optical depth 7, at frequency v can be expressed as,

I, =B,(T)(1—-e™), (1.7)
where B, (T) is the intensity of radiation of a blackbody of temperature T at frequency v,

T (1.8)

where h is the Planck constant, c¢ is the speed of light and k is the Boltzmann constant.

The optical depth 7, of the dust emission can be expressed in terms of the mass absorption
coefficient or opacity (per mass) k, of the dust grains as,

T, = /kl,pdl : (1.9)

where p is the density of the medium. The column density of molecular hydrogen, Ny,
(= [ n(Hs)dl), is related to the opacity as,

Nu, :/Ldl, (1.10)

wmpy

where p is the molecular weight per hydrogen molecule, my is the mass of the hydrogen
atom. Therefore the column density of hydrogen molecule can be expressed in terms of the

dust optical depth as,
Ty

N, (1.11)

- pumgk,
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In the optically thin regime, the optical depth can be written, using the eqn. (1.7), as,

I,

v = ) 1.12
and the column density as,

I
Ny =— Y 1.13
He pmgk, B, (T) ( )

The observed flux density per beam solid angle is,
Sheam / I,PdQ) | (1.14)
Qp

where P is the power pattern of the telescope, normalized to unity at its most sensitive
direction, and Q, = [ Pd(2 is the beam solid angle. Then, the beam averaged intensity can
be written as, < [, >= 5% /Q),. Using this relation, we can write the beam averaged
column density as,

Sgeam

- Qumpgk,B,(T)

N, (1.15)

The mass of the clump can be derived by integrating the column density across the source,
hence

M:pmH//n(Hg)dldA:umH/NHQdA (1.16)

where dA is the surface element related to the solid angle element dQ) by dA = D?d(), where
D is the distance to the source. Using eqn. (|1.13) for the column density, the mass of a

clump can then be written as,
S,D?R 4
M=2—_9% 1.17
bBT) D
where S, is the integrated flux density, £k, the dust mass absorption coefficient and Ryq the
gas-to-dust ratio.

1.3.2 Molecular line emission

Molecular transitions can be classified into three categories depending on the motions of their
electrons and nuclei: electronic, vibrational and rotational. Electronic states have the higher
energies and the radiation emitted in electronic transitions usually fall in the visible to UV
frequency ranges. Vibrational transitions occur between levels of the same electronic state
and the emitted radiation usually fall in the infrared frequency range. The rotational energies
of the nuclei are considerably smaller than the electron energies and rotational transitions
give rise to emission at millimeter and microwave wavelengths. These are the most commonly
observed transitions from molecular clumps in order to determine their physical and chemical
properties.
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The rotational angular momentum is quantized and transitions between levels are permit-
ted only when AJ = £1, where J is the rotational quantum number. The rotational energy
is given by,

Bry = J(J + 1) (1.18)

8m2mr2’
and the frequency of photon emitted in the rotational transition J — J — 1 is given by,

N

%4 =
h drmr?

J=1,2,3,4... (1.19)

where m is the reduced mass and r, is the nuclear separation.

The ratio of the populations in upper and lower energy levels, n; and n,, respectively, in
thermal equilibrium is given by the Boltzmann distribution,

ny _ g_ue—hy/k‘TK (120)
Ty, gi

where T is the thermal or kinetic temperature and g; and g, are, respectively, the degeneracy
in the lower and upper levels. In general, the level population is determined by both collisions
and radiation, and we may write
M uo—hw/kTe (1.21)
Ty, qgi

where T,, is the excitation temperature. The excitation temperature is equal to the kinetic
temperature when collisions dominate and equal to the radiation temperature when radiation
dominates. The regime in which collisions plays a role but thermalizaton has not yet been
achieved is refered as sub-thermal excitation.

Critical density

The critical density of a molecular transition can be defined as the density at which sponta-
neous downward transitions, collisional excitations and de-excitations in a two level popula-
tions are balanced, and can be written as,

Nerit = Aij/%j ) (1-22)

where A;; is the Einstein’s coefficient and ~;; is the collision rate. The Einstein’s coefficient
depends on the frequency of the transition and the dipole moment of the molecule. The
collision rate depends on the kinetic temperature. Molecular species such as HCO', HCN,
HNC, NoH™ have critical densities > 10* cm =3 at kinetic temperature of 20 K. Thus, they are
referred as high density tracers. Table lists the critical densities for different transitions
of the commonly observed molecular species adopted from |Shirley| (2015)).
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Table 1.1: Critical densities of dense gas tracers.

Molecule J — J —1 v Ej/k  negy (at 20 K)
(GHz) (K) (cm™3)

HCO™ 1-0 89.189  4.28 4.5%x10*
2—1 178.375 12.84 4.2x10°
3—2 267.558 25.68 1.4x108
4—3 356.734  42.80 3.2x10°

HBCO™ 1-=0 86.754  4.16 4.1x10*
2—1 173.507 12.49 3.8x10°
3—2 260.255 24.98 1.3x10°
4—3 346.998 41.63 2.9x10°

HCN 1-0 88.632  4.25 3.0x10°
2—1 177.261 12.76 2.8x10°
3—2 265.886  25.52 1.0x107
4—3 354.505 42.53 2.3x107

HNC 1—0 90.664  4.35 1.1x10°
21 181.325 13.05 1.0x 109
3—2 271.981 26.11 4.0x106
43 362.630 43.51 1.0x107

N,H* 1—0 03.174  4.47 4.1x10%
21 186.345 13.41 3.7x10°
3—2 279.512 26.83 1.2x10°
4—3 372.673 44.71 2.8x10°
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Degeneracies

For rotational lines, the degeneracy of level g, is given by,

Gu = 99K 91
where,
g;r=2J,+1 , (1.23)

g =1 for K=0 and 2 for K#0 ,

gr = gnuclear/gn s

where g; and gx are the degeneracy due to rotational quantum numbers J and K associated
with symmetric and asymmetric top molecules and g; is the nuclear spin degeneracy in
rotational states due to identical nuclei in non linear molecule with symmetry (e.g., H in
CH3CN), g, and g,ueeqr can be calculated as:

gn = (21 +1)°
Gnuctear = 221 + 1)(A1* + 41 +3)  for K =3n (1.24)
=320+ 1)(4I* +4I) for K #3n,

where o is the number of identical nuclei and I = 1/2 is the spin number, and n is a non-
negative integer value.

Line strength

For a linear molecular transition from J — J — 1, the line strength is given by,

J
S = EnE (1.25)

For a symmetric top transition from J, K — J — 1, K, the line strength can be written as:

J? — K?
= 1.2
o J(2J +1) (1.26)

Finally, for J, K — J, K or Q-branch transitions,

K2
S= 70T (1.27)
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Rotational partition function

The partition function (Q,) of a molecule is a function of its electronic, rotational, vibra-
tional and spin state of its nuclei. This quantity gives the statistical sum of population levels
and can be expressed as:

Qrot = Zgi cxp(—FEi/kT) . (1.28)

The partition function for linear polyatomic molecules can be written as (McDowell 1988):

kT hB

Qrot ~ hBO exp(%—T) . (129)
The first order approximation of this equation yields,
kKT 1
rot =~ 5 1
Qrot 1L, + 3 (1.30)

Observations: brightness temperature and flux density

From the observations of molecular lines it is possible to determine or constrain various phys-
ical parameters of the emiting region. At millimeter wavelengths, the intensity of radiation
from a clump falls in the Rayleigh-Jeans regime i.e. hv <<kT. The exponential ¢"/¥" in the
Planck equation becomes ~1+hv/kT, and the Planck function reduces to,

B, =2%kT . (1.31)

The brightness temperature, T}, of radiation with intensity [, is defined as the temperature
of a black body that emits the same intensity at that frequency, namely,

2hv3 1
I, = (T 1) (1.32)
In the Rayleigh-Jeans regime,
2k1?
I, = > T, . (1.33)
One frequently defines the radiation temperature J(T') at frequency v as,
2 h 1
J () =1, =2~ (1.34)

T2k kR 1

Hence, in the Rayleigh-Jeans regime the radiation temperature is equal to the black body
temperature that reproduces the brightness of the source.
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For a line with an optical depth 7 and excitation temperature Te,, the main beam bright-
ness temperature T,,;, can be written as,

Ty = f[‘](Te:L‘) - J(Tbg)](l - eT)7 (135)
where Ty, is the background temperature and f is the beam filling factor.

The quantity measured from the observations is the antenna temperature, T 4, which is
related to the main beam brightness temperature (T),,;,) by,

Ty = Ta/Nmb (1.36)

where 7,,;, is the main beam efficiency.

The flux density from a source subtending a solid angle 2 can be expressed in terms of
the main beam brightness temperature as,

2kTme2
= —2

S, Q, . (1.37)

C

Column density

The column density of a molecule can be expressed in terms of the excitation temperature,
T.s, and optical depth, 7., of a single line as (e.g., Garden et al. 1991),

3h Qo E _
No _ T0 w/kTex hv /KT 1 1/ z/d 1.38
tot 8773|/1/[u|2 Gu (e )[e ] T,Av , ( )

where Q.o is the partition function, E, is the upper level energy, [7dv is the integrated
optical depth of the line and || is the dipole matrix element related to the line strength
S and dipole moment pu as |u,| = Su?. Both the excitation temperature and optical depth
can be constrained from observations of molecular transition lines.

In optically thin regime, the main beam brightness temperature can be written as

Ty = f1J(Tee) — J(T3)r. (1.39)

Using this equation and substituting the partition function in eqn. ((1.38]), we can express
the column density in terms of the observed integrated line intensity ([ Ty,pdv) as,

T, B exp(2 1
_ f kz Tee & h5/35) Pz / Tpdv,  (1.40)
8m3u? B Ju Ry exp(hv/kTo) — 1 flJ(Tew) — J(Thg)]

Ntot

where R; is the relative line strength of an hyperfine transition.
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Rotational diagram analysis

The detection of emission in at least two rotational transitions of a molecule allows to deter-
mine the rotational temperature. The standard rotational diagram analysis assumes that the
lines are optically thin and that the population levels are characterized by a single excitation
temperature (LTE assumption).

The upper level population density, N,,, of a transition can be expressed in terms of the
observed line flux density as,

N, 3c?
Nu _ S.d 1.41
Gu 167TSVSSlu,u2QS / ! ( )

where v is the frequency of the transition, (2g the source size, Sj, the line strength, p the
dipole moment, g, the degeneracy of the upper level and S,dv the velocity integrated line
flux density.

The total population density and upper level population density are related as,

N, E
In—= = In(N,) —1 Trot) — — . 1.42
nt = In(N;) ~ InQ(T) ~ 7 (1.4
Combining the above two equations yields,
3C2 Nt E
I Sl,dV]:l [ ]—[ u } . 1.43
" 16Q373V3/L2Slu/ " Q(Tr0t> kTrot ( )

When two or more transition lines of a molecule are observable this analysis provides the
rotational temperature and column density of the molecule.

1.4 QOutline of the thesis

This thesis is primarily based on the work done in three individual research projects, all of
which have a common goal: determining the physical properties of massive and dense clumps
and their fragmentation properties. Chapter 2 briefly outlines the objectives of the thesis.
Chapter 3 presents the SuperMalt project which aims to determine the properties of large
sample of massive and dense clumps using multi-level molecular transition line data obtained
using the APEX telescope with an angular resolution of ~20". Chapter 4 presents the
fragmentation properties of a subsample of clumps derived from observations made at angular
resolution of ~8" using the Artemis camera at the APEX telescope. Chapter 5 presents high
angular resolution (~1.5") study of two clumps made using the ALMA telescope with the
goals of studying the dynamical and kinematical properties of the fragmented substructures.
Chapters 3 to 5 were written in a self-sufficient way for easy reading. Finally, chapter 6
combines a summary of this work together with future prospects.

19



Chapter 2

Thesis objectives

The first aim of my thesis was to observe, using the APEX telescope with an angular res-
olution of ~20", a large sample of massive and dense clumps in different molecular line
transitions, mainly high-density tracers, to investigate their physical and chemical proper-
ties. Thereafter, I observed a sub-sample of these clumps, also using APEX but with an
angular resolution of ~8", with the goal of investigating their fragmentation characteristics
at the scale of 0.1 pc. Finally, I performed ALMA observations, with an angular resolution of
~1.5", in order to investigate the mass distribution at the scale of cores (0.02 pc) and their
kinematical properties. Each of the projects included in this thesis are presented in detail in
separate chapters, hence only a brief account of the project objectives is presented here.

2.1 SuperMALT: physical and chemical properties of mas-
sive and dense clumps

The Millimeter Astronomy Legacy Team 90 GHz (MALT90) Survey used the 22 m Mopra
Telescope to observe 15 low excitation molecular lines and one recombination line, near 90
GHz, towards ~3200 dense molecular clumps in different evolutionary stages (from pre-stellar
to proto-stellar and H II regions) (Foster et al. 2011} |Jackson et al.|[2013; Rathborne et al.
2016). This survey was made with an angular resolution ~40" and a velocity resolution of
~ 0.1 km/s. The main molecular lines detected toward these clumps in the MALT90 survey
correspond to dense gas tracers, such as HNC, HCN, HCO™ and NoH*. This survey revealed
wealth of information about morphology, chemistry and kinematics of the clumps. However
the results were constrained by the observation of low excitation molecular lines and the
coarse spatial resolution, of ~40", of the survey. Single excitation line observations alone
are not sufficient to determine the physical properties of clumps, such as gas column/volume
density, kinetic temperatures etc. Multi-level molecular excitation line information are needed
to understand physical and chemical properties of the clumps. In addition, high excitation
molecular maps can provide better spatial resolution revealing the substructures.
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The SuperMALT Survey is designed as a follow up of the MALT90 survey with the goal
of observing a sub-sample of 73 MALT90 clumps in high excitation molecular lines and key
isotopomers from APEX 12 m Telescope (see Table 1). The sample is selected by using the
following criteria: [1] reliable detection (>50) in key molecular transitions (i.e. NoH*, HCN,
HNC, HCO*(1-0) in MALT90, [2] masses > 200 Mg, [3] distance ~ 4 kpc and [4] representa-
tive of various evolutionary stages [pre-stellar or quiescent, proto-stellar, H II clumps|. The
sample size is statistically robust to characterize the detailed gas kinematics, temperature,
and density structure of the high-mass star forming clumps with their evolutionary stages.

The observational goals of the SuperMALT survey are (i) to map high-mass star forming
dense clumps in J =3 — 2 and 4 — 3 transition lines of key high density tracers (eg. HCO™,
NoH*, HCN, HNC) within a region of size 2'x2" with an angular resolution (~ 20") and (ii) to
obtain spectra of key isotopomer H¥*CO™ J = 3 — 2 toward the peak position of the clumps.

Among the various science goals of the survey, the following are the key science objectives
investigated in this thesis work.

e To investigate the emission line morphologies of the clumps at different evolutionary
stages.

e To study the line emission properties (profiles/asymmetries, intensities and line widths
etc) to determine properties, such as collapse/expansion motions, role of turbulence,
and chemical characteristics and assess changes with the evolutionary stages.

e To determine the physical properties of the clumps (kinetic temperatures, densities and
column densities) and provide a statistically robust physical and chemical characteris-
tics of massive and dense clumps at different evolutionary stages.

I also incorporate the MALT90 survey data to characterize the physical and chemical
properties of high-mass star forming clumps at different evolutionary stages. The analysis
and result of the multi-level molecular transition lines from the SuperMALT survey are
presented in chapter 3.

2.2 Artemis survey: fragmentation properties of massive
dense clumps at 0.1 pc scale

I selected massive and dense clumps from the SuperMALT survey, likely to give birth to
massive stars, to study the fragmentation characteristics from ~0.5-1 pc to ~0.1 pc scales.
The sample consists of 23 massive dense clumps covering four different evolutionary stages:
prestellar (5), protostellar (10), H II (6), PDR (1) and 'Unknown’ classification (1). The
MDCs are at similar distances of 3.3-3.9 kpc, have sizes of ~0.5 pc and masses of the order
>200M,, therefore the sample provide homogeneous physical scale and different evolutionary
stage clumps to study the link between fragmentation, evolutionary stage and other physical
properties. The objective of this work is to study the level of fragmentation within massive
and dense clumps at the scale of 0.1 pc.
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2.3 ALMA observations of two massive and dense clumps

High-mass stars (> 8 M) form in massive (~10® M) and dense (~10* cm?) over-densities in
the large molecular structures in the galaxies, which is referred as massive and dense clumps
(or MDCs) (Fatndez et al. 2004; Contreras et al. 2017) in this work. However, the early
evolution of MDCs and the ensuing fragmentation leading to the formation of cores is not
well understood. The relative importance of primordial clump fragmentation versus large-
scale accretion in determining the distribution of core masses still remains to be assessed.
Determining the physical and kinematical properties of the molecular gas in MDCs at both,
the large clump scale (~1 pc) and small core scale (5000 AU), will permit to investigate the
presence of global or localized collapse and the characteristics of the primordial fragmentation.

With these goals in mind we identified several clumps in MALT90 program that are
in the pre-stellar and protostellar phase of evolution showing the unambiguous presence of
large-scale collapse motions, namely line profiles in optically thick tracers showing blueshifted
asymmetries with respect to the observed profiles in optically thin gas tracers. They represent
the best candidates in which to test theories. We selected two clumps (AGAL333.014-00.521
(quiescent) and AGAL329.184-00.314 (protostellar)) which fulfilled the following criteria: (i)
in early evolutionary stages, either quiescent or protostellar; (ii) with line profiles exhibiting
the blue asymmetry signature of global collapse; (iii) with total masses derived from dust in
excess of 500 My; and (iv) isolated, namely far away from extended H II and PDR regions.

The following are the scientific objectives of this study:

e Determination of the mass distribution (core mass function), physical properties and
kinematics of the individual dense cores within the pre-stellar and protostellar clumps.

e Determination of the characteristics of the velocity field and shape of the line profiles
in order to assess the role of turbulence in the clumps and its possible evolution with
time.

e Determination of the physical properties, in particular the density profile, and map the
velocity field of the large scale clump (envelop) as a function of radius.

We undertook ALMA band 3 (~90 GHz) observations of four molecular species (HCOT,
HBCOT, NyHT J 1 — 0 and CH3CN J 5 — 4) along with the continuum emission. The
observations provide a spatial resolution of ~1.5" and spectral resolution of ~0.2-0.4 km s~.
Each molecular species were chosen to fulfill certain science goal. For example the pair of
optically thick HCO* and optically thin H**CO™ lines allows us to study the infall motions,

the NoH™ traces the cold dense gas and CH3CN traces the temperature of the gas.
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2.4 Data reduction tools and methods

Data reduction tools

I used GILDAS (Class & Greg package) to reduce the single dish data. Data reduction
process includes baseline fitting, re-gridding and smoothing the spectra to obtain desired
signal to noise ratio for the maps. I fitted Gaussian line profile to extract the line parameters
where possible. For interferometric data, I used CASA software package which is a dedicated
software for ALMA data reduction and analysis.

Radiative transfer models

To constrain the physical parameters, I used integrated line intensities and line ratios of the
peak spectra in multi transition line data. I used RADEX for the 1-D radiative transfer
models to constrain the physical parameters (e.g., density, kinetic temperatures, column
densities) of the clumps.

Statistical study

For statistical study of the observed and derived parameters e.g., noise, line width, temper-
ature, densities etc., I used multiple statistical tools. For presentation of the results, I used
bar, scatter, histogram and Whisker plots. I will mainly use various python packages (e.g.,
numpy, scipy, astropy, matplotlib, aplpy, etc) for this purpose. Some advanced statistical
test has been performed where required.
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Chapter 3

SuperMALT: A survey of massive and
dense clumps in high excitation
molecular lines

The early report of the SuperMALT survey is published in Neupane et al. (2018) and full
report is in submission process (Neupane et al. in prep.)

In this paper we present the SuperMALT survey, a follow-up of the MALTI0 survey, car-
ried out from the APEX telescope with the goal of observing emission in the J = 3 — 2
and J = 4 — 3 rotational transitions of HCO", HNC, HCN, and N,H' toward a sample
of high-mass star forming clumps. The targets were selected from the MALTI0 catalog by
that exhibited strong emission in the J = 1 — 0 transition of the above species and that
spanned the whole range of early evolutionary stages (from quiescent to H II clumps). The
observational strateqy was to map the emission in the above transitions in regions of 2 x 2/
in size, and in addition to obtain a single spectra in the J = 3 — 2 line of H3CO" toward
the emission peak of each clump. The aim of the SuperMALT survey is to provide an im-
portant new legacy database to characterize the physical and chemical evolution of high-mass
star-forming clumps. We detected all lines toward the observed clumps. We analyzed the line
emission profiles, morphologies, sizes, line intensities and line ratios for clumps at different
evolutionary phases. The results demonstrate that properties of clumps evolve which are seen
i changes in the molecular line emissions and their profiles, as well as the increase in the
line widths and temperature. Analysis of line asymmetry in optical thick lines show that large
scale infall motions are more common towards clumps at earlier evolutionary stages while
expansion motions become more common at later stages.

3.1 Introduction

Molecular clouds exhibit long filamentary structures which display smaller over-density re-
gions where star formation takes place (e.g., [Takahashi et al.,2013; Teixeira et al|[2016}
Contreras et al.|2016). Observations have demonstrated that high-mass stars (with masses
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>8 M) form in the most massive (~10® M) and dense (~10* cm™2) over-densities (Garay
et al.[2004, Faundez et al. 2004} (Contreras et al.|2017)), which we refer as ‘clumps’. However,
how high-mass protostars acquire mass during their formation process is not understood
well. The current models of high-mass star formation, such as competitive accretion (e.g.,
Bonnell & Bate2006), turbulent core accretion (e.g., |[Padoan & Nordlund|2002), hierarchical
gravitational fragmentation (e.g., Vazquez-Semadeni et al. 2009, 2017)), differ primarily in
the fragmentation process of the clumps and the ensuing mass accretion process.

All theories assume that a high-mass star begins its life in a dense clump, which collapses
and fragments to form cold pre-stellar cores, which evolve into high-mass protostars. Once the
high-mass protostar enters the main sequence phase, feedback processes such as ionization
and outflows/stellar winds are likely to terminate further star formation. This phase is
observable as ultra-compact H II regions and hot molecular cores. Despite the theoretical
expectations, the clump evolutionary phases remain poorly understood, mainly because the
processes involved are difficult to observe. Clearly, new observational studies to characterize
the clumps physical and chemical evolutionary properties are sorely needed.

Recent Galactic plane surveys of dust continuum emission (e.g. ATLASGAL - |Schuller
et al.[2009; BGPS - Dunham et al.|2010; Hi-GAL - Molinari et al.|2010) and molecular line
emission (e.g., MALT90 - Foster et al.|2011} |Jackson et al.|2013; |Rathborne et al.|2016) have
provided a rich database of massive and dense clumps in the Galactic plane. In particular
the Millimetre Astronomy Legacy Team 90 GHz (MALT90) survey, a large molecular line
survey conducted with the Mopra telescope, has been a key first step into systematically
determining the physical characteristics of high-mass star forming clumps (e.g., [Jackson
et al.|2013; Hoq et al.|2013; (Guzman et al|2015; [Rathborne et al.|2016]). MALT90 obtained
3’ x 3 maps in 16 spectral lines in the 3mm atmospheric spectral window toward more than
3500 ATLASGAL clumps. While MALT90 provides the global morphology, chemistry, and
kinematics of the dense star-forming gas within each of these clumps (at an angular resolution
of ~38” - 0.7 pc at distance of ~4 kpc) it cannot, alone, provide a robust measurement
of the gas temperatures and column/volume densities. Only with a multi-level excitation
analysis, a reliable determination of clump temperatures, densities, and column densities can
be obtained, parameters which are crucial to ascertain the physical and chemical differences
among clumps in different evolutionary stages.

In this paper we present the SuperMALT surveyl] a follow up of the MALT90 survey. The
paper is organized as follows: in Section we describe the motivation of the survey, the
sources targeted, and the molecular lines observed; in Section [3.3 we describe the observations
made with the APEX telescope and the data reduction; Section [3.4] presents the observational
results, including the characteristics of the line profiles and the morphology of the emission in
the different lines. In Section we discuss the analysis of the data, including the derivation
of the physical parameters, kinematics and chemistry of the clumps. The main conclusions
of this work are summarized in Section B.6l

Thttp: //www.yanettcontreras.com /supermalt.html
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3.2 The survey

The aim of the SuperMALT survey is to provide a new legacy database to characterize the
evolution of high-mass star forming clumps. In order to do this, we observed a sample of 73
high-mass star forming clumps in the Galactic plane in a range of evolutionary stages in key
molecular species and high excitation lines, with the intention to be complementary to the
MALT90 survey which observed these molecular species in the J =1 — 0 transition.

3.2.1 Targets
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The SuperMALT targets comprise of 73 clumps, taken from the MALT90 sample
et al|]2011; Jackson et al.2013; [Rathborne et al|2016)), selected by having bright dust
continuum emission at 870 pm (> 250 mJy/beam), significant emission (signal-to-noise
ratio > 5) in the main four molecular lines detected in MALT90: HCO™ J = 1 — 0,
HNC J=1— 0, HCN J =1 — 0 and NoH"* J =1 — 0, and by covering a wide range of
evolutionary stages determined by mid-infrared Spitzer emissions (Foster et al.|2011; |Jackson|

et al] 2013).
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Figure 3.1: Distribution in temperature (left panel), mass (middle panel) and density (right
panel) of the SuperMALT clumps.

The SuperMALT targets span a wide range of early evolutionary states in high-mass star
formation. Twenty one objects correspond to ‘Quiescent’ or ‘Pre-stellar’ clumps, which rep-
resent the earliest stage of clump evolution. These clumps are characterized as having little
or no emission in the infrared Spitzer GLIMPSE ( 3.6 to 8 um; e.g., (Churchwell et al.|2009))
images and MIPSGAL 24 pym (Carey et al[2009) image, suggesting that star formation has
not yet begun within them. Thirty-four objects correspond to ‘Proto-stellar’ clumps, which
represent clumps in an intermediate stage where star formation activity has just begun.
These clumps are characterized by the presence of infrared emission in the GLIMPSE and
MIPSGAL images. Typically the infrared emission seen toward these clumps is in the form
of 4.5 pm extended emission, 8 pm bright emission or 24 um point like emission. The 4.5
pm extended emission is commonly associated with shocks (e.g., (Cyganowski et al.|2008)),
produced by the outflows of newly formed high-mass proto-stellar objects, whereas the 8
pm and 24 pm emissions are from warm dust grains heated by the radiation from newly
formed embedded stars. Fifteen objects correspond to ‘H II region’ clumps, which represent
the latest stage of evolution, in which the high-mass proto-stars start to ionize their sur-
roundings. These clumps are characterized by bright diffuse infrared emission at 8 and 24
pm in the GLIMPSE and MIPSGAL images. Of the remaining 3 objects, one corresponds
to a PDR and two have uncertain classification.

Table summarizes the known characteristics of each clump. The MALT90 name of the
observed clumps is given in col. 1 of Table[3.1I] Cols. 4 to 10 list, respectively, the kinematic
distance (Whitaker et al| 2017)), average dust temperature, effective radius, mass, virial mass,
average volume density and bolometric luminosity (Contreras et al., |2016; Guzman et al.

2015). The distributions in mass, density and dust temperature are presented in Figure
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Table 3.2: Parameters of the observed molecular lines.

Molecule Transition Rest Freq. Res. E./k Nerit® Observation Beam n,,
(GHz) (MHz) (K) (em™3) mode )

HCO™* J=3—>2 267.557 0.076  25.68 1.4 x10° 2" x 2/ Map 23.3  0.67

J=4—3 356.734 0.076  42.80 3.2 x 10° 2" x 2/ Map 17.5  0.59

HNC J=3—=2 271.981 0.076  26.11 4.0 x 106 2" x 2" Map 229 0.67
J=4-=3 362.630 0.076  43.51 1.0 x 107 2" x 2" Map 172 0.59
HCN J=3—=2 265.886 0.076  25.52 1.0 x 107 2" x 2" Map 23.5 0.67

J=4-3 354505 0076 4253 23x107 2 x2 Map 176 0.59
NLH* J=3-2 279512 0076 26.82 12x10° 2 x2 Map 223 0.67
J=4-3 372673 0076 4471 28x10° 2 x2 Map  16.7 0.59
H3COt J=3—-2 260255 0.076 24.98 1.3x10° Single pointing 24.0  0.67

@ Critical densities derived by [Shirley| (2015)), calculated using a gas kinetic temperature of 20 K.

The masses range from 200 to 4200 M, the densities from 1.6x10? to 2.2x10° cm ™ and the
dust temperatures from 13 to 31 K. The later range from 13 to 20 K for prestellar clumps,
from 15 to 28 K for protostellar clumps and from 15 to 31 K for H II clumps. The average
dust temperature steadily increases from prestellar to H II clumps (c.f.,(Guzman et al.|2015])

3.2.2 Molecular lines

SuperMALT targeted the emission in the J =3 — 2 and J = 4 — 3 rotational transitions of
the four main molecular species detected in MALT90 in J = 1 — 0 transition: HCO*, HNC,
HCN and NoH*. In addition, it also targeted the emission in the J = 3 — 2 transition of
H¥CO™T. Table 3.2 lists the parameters of the molecular lines observed in this survey.

3.3 Observations and data reduction

The observations were carried out using the Atacama Pathfinder EXperiment (APEX) 12-m
single dish telescope, located at Llano de Chajnantor in the Chilean Atacama desert. The
observing runs took place in the austral winter and spring seasons from 2013 to 2017. We
used the Swedish Heterodyne Facility Instrument (SHeFI) receivers Apex-1 (213-275 GHZ)
and Apex-2 (267-378 GHz). The system temperatures were typically in the range of 300-400
K and the precipitable water vapour (PWV) between 0.5 to 1.5 mm.

We mapped the emission in the J = 3 — 2 lines of HCO™, HNC, HCN and N,H* toward
73 clumps and the emission in the J = 4 — 3 lines toward 15 clumps. The observations were
made using the On-The-Fly (OTF) mode, covering a region of 2’ by 2" in size, centred at the
position of the peak of the continuum emission in ATLASGAL given in columns 2 and 3 of
Table|3.1l To avoid striping, all maps were observed in both longitude and latitude scanning
directions.

The root mean square (rms in T%) noise level achieved in the J = 3 — 2 maps at the
velocity resolution of 0.08 km s™! is 0.17 K and in the J = 4 — 3 maps at the velocity
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resolution of 0.06 km s~! is 0.23 K. The single point observations of the J = 3 — 2 transition

of H3CO™ were made in the On-Off mode, integrating until an rms sensitivity of 0.07 K at
a velocity resolution of 0.08 km s~! was achieved. For all the sources the OFF position was
chosen to be 1 degree below their galactic latitude and at the same galactic longitude.

Cols. 3 to 9 of Table [3.2] list the rest frequency, spectral resolution, upper level energy,
critical density, observing mode, FWHM beam diameter and main beam efficiency for each
of the observed molecular transition.

100
100 A J=4-3
o
2
] 10-
g 10
Z
14 1.
0.05 0.10 0.15 0.20 0.25 0.05 0.10 0.15 0.20 0.25
rms T, (K) rms T, (K)

Figure 3.2: Histogram of the rms noise in T% (K) achieved in the HCO*, HNC, HCN, and
NoHT J =3 — 2 and J =4 — 3 observations. At 0.2 km/s spectral resolution, the typical
rms noise in T% (K) is ~0.10 K and ~0.14 K 'in J =3 — 2 and J = 4 — 3 observations,
respectively.

We used the GILDAS] (Pety] 2005; Gildas Team![2013) software packages to reduce and
analyse the data. The CLASS and GREG packages were utilised to produce the spectra,
subtract baselines, fit profiles, and make maps. For a uniform analysis of the emission in the
different transitions, we produced final spectra at a velocity resolution 0.2 km s~! in 12 x 12
pixel maps with a pixel size of 10” x 10”. At 0.2 km/s spectral resolution, the typical rms
noise in T% (K) achieved in the HCO*™, HNC, HCN, and NoH* J =3 — 2 is ~0.1 K and
and J =4 — 3 is ~0.14 K (see Figure [3.2).

In what follows we refer to the “Central spectra" as those obtained toward the emission
peak of the clumps in 870 um ATLASGAL images and averaged over a circular region of 20”
in diameter (similar to the beam size of the J = 3 — 2 observations).

Zhttp://www.iram.fr/IRAMFR/GILDAS
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3.4 Results

3.4.1 Line detection

Emission in the J = 3 — 2 lines of HCO™, HCN, HNC, NyH* and H®¥CO* was detected,
when observed, toward all clumps, except HCN in one clump. Emission in the J =4 — 3
lines of HCO*, HCN, HNC and N,H" was detected toward most of the observed clumps.
Table summarizes the number of observed clumps in a given molecular line and the
detection rate.

Table 3.3: Line detection rate.

Species J=3—=2 J=4—-3

Observed clumps Detection rate Observed clumps Detection rate
HCO™ 72 100% 15 100%
HCN 72 99% 14 93%
HNC 73 100% 13 100%
NoH+ 70 100% 15 80%
H3CO+ 68 100% - -

3.4.2 Spectra

AGAL333.566 N2H+ J=3-2

T'(K)

AGAL333.068 HCN J=3-2

T'(K)

80 60 e 20
v (km/s)
Figure 3.3: Top: Spectra of the NoH' J = 3 —2 emission observed toward the prestellar
clump AGAL333.566. The red marks at the bottom indicate the velocities of the three HF
components. Bottom: Spectra of the HCN J = 3 —2 emission observed toward the prestellar
clump AGAL333.068. The red marks at the bottom indicate the velocities of three distinct
hyperfine transitions.
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Figure 3.4: Central spectra of the J = 3 — 2 emission from clumps in different evolution-
ary stages. Left: AGAL333.566-0.296 S pre-stellar clump; Middle: AGAL332.986-0.489 S
proto-stellar clump; Right: AGAL333.068-0.447 S H II clump. Rest frame source velocities
are shown in dotted red lines.

Figures A1, A2 and A3 of the Appendix [3.7.1 show the Central spectra in the J =3 — 2
lines of HCO*, HCN, HNC, NoHT and H*¥CO™ from, respectively, prestellar, protostellar
and H I clumps. The profiles of the HCO' and HCN lines show a wide range of features, such
as self-absorption, red and blue skewness, and wings. The line asymmetric features are seen
more often toward the evolved (protostellar and H IT) clumps. On the other hand, the profiles
of the HNC and H!*CO™ lines from most clumps are typically Gaussian, indicating that they
are optically thin. In addition, the profiles of the NoH* and HCN emission show complex
shape due to their hyperfine (HF) structure. The NoH' J = 3 — 2 transition consists of
16 HF components (Caselli et al.2002)), however, due to the overlap of closely spaced HF
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Figure 3.5: Central spectra of J =4 — 3 the emission from clumps in different evolution-
ary stages: Left: AGAL333.566-0.296 S pre-stellar clump; Middle: AGAL332.986-0.489 S
proto-stellar clump; Right: AGAL333.068-0.447 S H II clump. Rest frame source velocities
are shown in dotted red lines.

components (rest frequencies from 279.509 to 279.514 GHz), only three distinct components
are observed (see Figure . The HCN J = 3 — 2 line consists of six hyperfine components
(rest frequencies from 265.884 to 265.888 GHz) (Ahrens et al. 2002). The blending of the
HCN hyperfine lines typically produces a single broad component which is noticeably broader
than the HCO' and HNC lines (see Figs. Al to A3 of the Appendix [3.7.1). However, in
some cases we are able to see three components (see Figure illustrating hyperfine line
anomalies (e.g., Loughnane et al.2012).

In general the strength of the line emission increases from early to late evolutionary stages.
This is illustrated in Figure 3.4 which plots the J = 3 — 2 spectra, in all five observed species,
from three clumps in different evolutionary stages, showing that the intensity is lower at the
quiescent stage (left panel) and increases toward later stages (middle and right panels). We
analyze the increment in line emission with evolutionary stage more quantitatively in Section
3.5.1] The HF structure of the NoH' J = 3 — 2 line is most easily discerned in the spectra

of the quiescent clump.
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Figures B1 to B4 of the Appendix show the central spectra of the J = 4 — 3 lines
of HCO*, HCN, HNC and N,H* toward all 15 observed clumps. The J = 4 — 3 lines are
typically weaker than the J = 3 — 2 lines of the same species. This is illustrated in Figure
3.5 which plots the profiles of the J = 4 — 3 emission from the same clumps as in Figure
B.4

3.4.3 Velocities and line widths

8 13 + 81 °
H*”CO* J=3-2 o HNCJ/=3-2

7 7

6 6 o
T'm 54 ° Tm 5 - B
§, 4 2 § 41 |:A:|
S S
< 3 _ < 3 _ []

A
2 - é 2 _ o
1 1 -
. . . 0 . . .
Prestellar Protostellar HII Prestellar Protostellar HII

Figure 3.6: Whisker plot of the J = 3 — 2 line widths of clumps in different evolutionary
stages. Left: HB¥CO™. Right: HNC. The boxes show interquartile range and the horizontal
orange lines inside the boxes show median values and the green triangles show mean values.
The open circles show outliers that are outside 1.5 times the interquartile range from the
boxes’ limit.

To determine the systemic velocity and line width of the clumps, we fitted Gaussian profiles
to the observed spectra in the optically thin H¥*CO™ and in the HNC J = 3 — 2 lines. The
fitted parameters are listed in Table[5.6] As illustrated in Figure [3.6] which presents whisker
plots of the line widths (FWHM) in HNC and H'3CO™ for the three type of clumps, the
line widths of the emission from quiescent clumps are significantly narrower than those of
protostellar and H II clumps. The K-S test p-value associated with the null hypothesis that
the distribution of line widths in prestellar versus ptotostellar and H II are same, is 2x 1074,
The average widths in the H¥CO" J = 3 — 2 line are 2.04+0.82, 2.6740.87 and 2.42+0.71
km /s for, respectively, prestellar, protostellar and H IT clumps and 2.65+1.08, 3.824+1.39 and
3.32+0.81 km/s in the HNC J = 3 — 2 line. The explanation for the larger line widths
observed toward protostellar and H II clumps is not straightforward. Possible reasons for
the larger line widths are an increase in turbulence due to star formation activities e.g.,
outflows/jets and shocks, or an increase in the gas motions due to the gravitational collapse
of the clumps.

Figure [3.7 shows a comparison of the line widths and velocities determined from both
lines for all clumps. Whereas the velocities are similar, the HNC J = 3 — 2 line widths are
larger than the H¥*CO™ J = 3 — 2 line widths for most clumps. This suggests that the HNC
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Figure 3.7: Left: Comparison of line widths of prestellar, protostellar and H II clumps
determined from Gaussian fits to the central spectra of optically thin H¥COT J =3 — 2
and HNC J = 3 — 2 lines. Typical error in line widths is shown on the bottom right corner.
Right: Comparison of source velocities determined from H*¥*CO* and HNC J = 3 — 2 lines.

J = 3 — 2 line emission may not be optically thin, the larger line widths being possibly due
to optical depth effects.
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3.4.4 Morphologies

To investigate the morphology of the clumps in the different molecular lines we made maps
of the velocity integrated emission using, for a given clump, the same velocity interval for all
lines. Figures to in the Appendix present contour maps of the J =3 — 2
velocity integrated emission (moment zero maps) in HCO™, HCN, HNC and NoH™ for all
clumps. While most of the clumps as seen with the Mopra telescope (38" angular resolution)
show a single structure in the J =1 — 0 lines, the morphology of the J = 3 — 2 emission as
seen with APEX (angular resolution of 20”) is generally more complex, typically exhibiting
the presence of more than one component. Of the 73 clumps, 34 exhibit a single component,
13 show two components, 2 show three components and the rest of the clumps show either
arc-like, filamentary or complex morphologies.

To compare the morphologies of the molecular and dust emissions, observed with similar
angular resolutions, we retrieved the 870 um images from the ATLASGAL survey (Schuller
et al|2009). This survey was made with an angular resolution of ~19.2”, similar to that
of the molecular line observations. From the visual inspection, the spatial distribution of
the J = 3 — 2 emission in all four mapped molecular species is similar to that of the 870
pum dust continuum, with HCO' and N,H" exhibiting the best agreement with the dust
continuum morphology. This is illustrated in Figure [3.8 which shows contour maps of the
velocity integrated line emission in all four mapped J = 3 — 2 transitions, superimposed
on grey scale images of the 870um continuum emission, for the same clumps of which the
spectra are presented in Figure [3.4]

Contour maps of the velocity integrated J = 4 — 3 emission in HCO™, HCN, and HNC
for all observed clumps, except the PDR clump, are presented in Figures to of
the Appendix Not shown are the HCN and NyH' maps toward a few clumps (e.g.,
AGAL3410.401) for which no or very weak emission was detected. The extent of the emission
in the J =4 — 3 lines is always smaller than that in the J = 3 — 2 lines, a result consistent
with the clumps being centrally condensed, the J = 4 — 3 emission arising from the higher
density central region. An example is displayed in Figure [3.9] which shows maps of the
velocity integrated emission in the J =3 — 2 and J = 4 — 3 lines toward the AGAL333.068
clump.

3.4.5 Sizes

To investigate a possible dependence of clump size with evolutionary stage we determined
sizes from the moment zero maps of the HCO' and NoH' J = 3 — 2 emission. We selected
these lines because they are the ones that exhibit the stronger emission. To compute sizes we
used the Astrodendro packageﬁ (Robitaille et al.|[2019). This algorithm allows us to extract
the clump substructures when the clumps are embedded in filamentary structures or associ-
ated with complex/multiple structures. The Astrodendro requires three input parameters:
the minimum value of the emission to be considered (/,,i,), the separation between the neigh-
bouring peaks (0) and the minimum number of pixels (A,,;,) in the substructure. We adopt

3https://dendrograms.readthedocs.io/en/stable/index.html
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Figure 3.8: Contour maps of the J = 3 — 2 velocity integrated line emission over-

layed on a grey scale image of the 870um continuum emission (from ATLASGAL) for three
clumps in different evolutionary stages. Left: AGAL333.566-0.296 pre-stellar clump; Mid-
dle: AGAL332.986-0.489 proto-stellar clump; Right: AGAL333.068-0.447 H II clump. Top
to bottom: HCO™, HCN, HNC, N,H". The green circle is centered at the peak position
of the ATLASGAL dust emission and has a diameter of 20", roughly the beam size of the
SuperMALT observations. The lowest contour is drawn at 40 and the contour step is shown
in the bottom left corner of each box.

Inin=50, 0=50 and A,,;,= six pixels (similar to the area of one beam). From Astrodendro
we extracted the major-sigma (ay,,;) and minor-sigma (am:,) sizes of the clump structure
which are derived from the intensity-weighted second moments perpendicular to the major-
axis and minor-axis in the position-position plane. Then we computed the effective angular
radius of the clumps as Resf = 7v/Gmin X Gma; (see Rosolowsky et al[2010; Contreras et al|
2013)). We adopted the value of = 2.4.
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Figure 3.9: Contour maps of the J =3 — 2 and J = 4 — 3 velocity integrated line emission
overlayed on a grey scale image of the 870um continuum emission (from ATLASGAL) toward
the clump AGAL333.068-0.447. Left: J = 3 — 2 maps; Right: J =4 — 3 maps. Top to
bottom: HCO™, HCN, HNC, NoH*. The lowest contour is drawn at 40 and the contour step
is shown in the bottom left corner of each box. Green circle: same as in Figure .

We note that Dendogram extracted a single component from fourty-nine HCO' maps and
fifty NoH' maps, and two components from sixteen HCO™ maps and twelve NoH'T maps.
The sizes of the molecular component associated with the ATLASGAL clump extracted
from the HCO™ and NyH™ maps are given in cols. 2 and 4 of Table of Appendix ,
respectively. Table lists the mean and median values of the molecular sizes for clumps
in prestellar, protostellar and H II stages. Clearly the HCO™ sizes are larger than the NoH™
sizes. This is illustrated in the left panel of Figure which shows a plot of the HCO™*
versus NoH™ sizes. Typically HCO™ sizes are 1.5 times larger than NoH™ sizes. Since the
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Figure 3.10: Comparison of the sizes from HCO™ and NoH' J = 3 — 2 emission and the
sizes from the ATLASGAL 870um maps.

critical densities of the J = 3 — 2 transitions of these two molecules are similar (see Table

, this result can not be attributed to the presence of density gradients. The larger sizes
of the HCO™ emission are most likely due to the [HCO™ /H,| abundance ratio being larger
than the [NoH™ /Hs| ratio. In this case, for a similar detection level, HCO* traces lower Hy

column densities than NoH™.

We find that among the four mapped species the line emission that shows the good agree-
ment in morphology with that of the dust emission is that from NoH™. This is illustrated in
the right panel of Figure which shows a plot of the NoHT size versus the 870 pum dust
emission size reported in the ATLASGAL catalogue.

Table 3.5: Clump physical sizes.

Type No. of clumps R.ss (pc)
HCO™ (3 — 2) NoHT (3 — 2)
Mean Median Mean Median
Prestellar 16 1.36 1.04 0.83 0.58
Protostellar 32 1.39 0.86 0.92 0.66
HII 13 1.11 1.00 0.83 0.69

To investigate the degree of central condensation of clumps we use as a proxy the ratio of
integrated intensities over two areas, enclosing, respectively, the 30% (Iso%) and 90% (Iggy)
contour levels of the peak emission. For this, we consider the emission in the HCO™ J = 3 — 2
line, which is the brighter and most extended one among the four mapped species. In addition,
to avoid difficulties with the presence of multiple components and/or filamentary structures,
we only consider those clumps in which a single component was extracted by Dendrogram.
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Figure 3.11: Distribution of the I5yy to Iggy integrated intensity ratios. Isgy, and Iggy are
computed within the regions enclosed by the 30% and 90% contour levels of the peak emission
in HCO™, respectively. The orange lines indicate the median values.

Figure [3.11] shows Whisker plots of the distribution of the I3y /Igoy ratios for clumps in
different evolutionary stages. Clearly the median value of the ratio in quiescent/prestellar
clumps is higher than for the proto-stellar and H II clumps suggesting that the prestellar
clumps have shallower density profile than more evolved clumps.

3.5 Analysis and discussion

3.5.1 Integrated line intensities

Table lists the velocity integrated J = 3 — 2 line emission, measured from the central
spectra (central 20” x20” region) of the clumps, in the four mapped molecular species. Recall
that the velocity integrated J = 3 — 2 line emission in H*¥COT is given in Table [5.6]
The integrated line intensities of prestellar clumps, in all observed molecular species, are
distinctively weaker than that of protostellar and H IT clumps. This is illustrated in Figure
[B.12] which presents Whisker plots of the velocity integrated line emission in the four molecular
species. Figure [3.12] also shows that on average the HNC emission is the weakest among the
four mapped species for clumps in all evolutionary stages.

Figure presents a plot of the velocity integrated J = 3 — 2 line emission versus
the dust temperature for all clumps. Clumps with higher dust temperatures typically have
higher values of J = 3 — 2 line fluxes in all species. This is as expected since clumps with
higher dust temperatures, likely due to embedded star formation, should have higher gas
kinetic temperatures (e.g., Hacar et al.2020|) and larger molecular abundance due to a richer
chemistry (e.g., Sanhueza et al.[2012]).
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Figure 3.13: Velocity integrated J = 3 — 2 emission of four molecular species versus dust

temperature for all clumps.
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Table 3.6: Velocity integrated J = 3 — 2 line emissions from the central 20" x 20" region
of the clumps.

Name Vel. Range JTdV (K kms™1)
(km s—1) HCOT NoHT HCN HNC
Quiescent /Prestellar clumps
AGAL331.639+00.501 S [-62.7-42.7] 2.324+0.23 1.89+0.17 281 +0.26 1.72+ 0.22
AGAL332.737-00.621 S  [-60.0,-40.0] 5.93 £0.20 4.75 +0.11 442+ 0.18 2.94 + 0.19
AGAL332.892-00.569 S  [-62.5,-49.5] 1.74 £0.17 1.11+0.15 1.05+0.16 0.80 &+ 0.20
AGAL333.014-00.521 S [-62.0,-44.0] 7.18 £0.21 9.61 +£0.24 581 +0.19 4.19 +0.21
AGAL333.016-00.751_S [-61.7,-47.7]  3.74 + 0.16 1.22 £ 0.15 1.46 4+ 0.15 1.40 £+ 0.16
AGAL333.071-00.399 S  [-66.1,-41.4] 10.66 +0.23 837 +£0.14 7.30 £0.18 521 £+ 0.28
AGAL333.179-00.396 S  [-60.4,-40.4] 3.83 +£0.16 4.91+0.21 3.62+0.15 227 +0.18
AGAL333.198-00.352_ A [-56.0,43.0] 3.06 £ 0.17 1.11 +0.15 1.60 +£0.16 1.34 + 0.26
AGAL333.449-00.182_ S [-53.0,-35.0] 4.25 £0.22 258 £0.22 1.53+0.18 2.05 + 0.24
AGAL333.481-00.224 S [-58.5,-45.5]  1.94 + 0.16 NO ND 0.74 £ 0.15
AGAL333.566-00.296 S  [-58.0,-36.0] 7.18 £0.22  9.27 £0.27 582+ 0.18 295 £ 0.25
AGAL333.669-00.349 S [-55.241.2] 3.294+0.17 199+0.19 1.77+0.16 1.19+0.24
AGAL335.592+00.184 S [-57.4,41.4] 3.114+0.19 158+ 0.16 1.17+0.18 1.29 4+ 0.21
AGAL340.179-00.242 S [-62.0,-44.0] 4.39 £0.19 0.82+0.17 1.24+0.17  0.86 + 0.21
AGAL340.232-00.146_S  [-55.0,-45.0] 2.41 £0.16 0.82+0.13 0.77 +£0.16 1.09 &+ 0.17
AGAL340.301-00.402_S [-59.0,-42.0] 2.78 + 0.19 1.71 4+ 0.26 1.33 + 0.17 1.33 £ 0.16
AGAL340.304-00.376_ S  [-58.0-43.0] 4.37 £0.14 4.26 +£0.14 496 +£0.14  2.31 + 0.16
AGAL340.398-00.396 S  [-52.0,42.0] 2.124+0.16 0.78 =0.09 043 +0.15 1.07 + 0.13
AGAL341.039-00.114 S [-48.4,-38.4] NO 0.75 + 0.13 NO 0.80 + 0.17
AGAL341.181-00.277 S [-55.0,-35.0]  3.96 + 0.18 NO 3.36 +£ 0.22  2.62 + 0.17
AGAL341.196-00.221_S [-50.0,-36.0] 3.41 + 0.20 NO 2.03 + 0.19 2.22 + 0.22
Protostellar clumps

AGAL304.886+00.636 S [-46.7,-27.6] 6.63 £+ 0.20 7.05 + 0.26 4.14 £ 0.20 1.94 4+ 0.37
AGAL309.154-00.349 S  [-48.7,-33.7] 3.95+0.18 3.99+0.25 1.524+0.15 157 +0.15
AGAL309.236-00.457 S [-52.5,-30.5] 9.62 +0.20 9.88 +0.24 4.07+0.21  3.55 £ 0.17
AGAL318.049+00.086_S [-69.3,-32.3] 29.73 +0.26 9.52 + 0.29 27.66 + 0.27 9.62 £+ 0.26
AGAL322.1584+00.636_S [-75.5,-37.5] 72.72 +0.44 59.76 + 0.48 92.98 + 0.42 27.00 + 0.39
AGAL331.724-00.204_S [-56.0,-38.0] 6.96 + 0.24 5.25 £ 0.17 6.02 £ 0.24 3.57 £ 0.20
AGAL332.226-00.536_S  [-64.0,-41.0] 5.21 £0.49 3.52+0.22 3.39+0.31 231 +0.23
AGAL332.281-00.547 S [-69.4-37.4] 19.65 +£ 0.28 10.21 £ 0.17 17.67 +£0.24 6.48 + 0.23
AGAL332.559-00.147 S [-56.0,-38.0] 6.46 +0.23 546 +£0.19 6.15+0.20 2.83 +£0.24
AGAL332.559-00.591 S  [-58.5,-41.5] 3.73 £0.24 3.26 £0.18 5.63+0.16 1.84 + 0.30
AGAL332.604-00.167_S [-56.0,-34.0] 14.21 £ 0.24 11.13 +0.26 8.49 + 0.20 4.15 £ 0.20
AGAL332.726-00.621 S [-59.0,-40.0] 5.45 £0.20  3.55 £ 0.11  4.97 +0.18  2.64 £+ 0.18
AGAL332.812-00.701 S  [-66.0-40.0] 7.25 4+ 0.25 4.58 +£0.28 6.27 +0.24  3.83 + 0.19
AGAL332.942-00.686 S  [-68.7,-28.7] 17.94 +£0.30 9.52 +0.18 17.51 £0.25 8.36 + 0.53
AGAL332.986-00.489 S  [-64.5,-40.5] 14.17 +0.26 11.70 + 0.20 11.73 £ 0.28 10.02 + 0.37
AGAL332.999-00.639 S  [-57.2-38.2] 3.19+£0.24 281 +0.25 2.09+0.21 1.68+0.18
AGAL333.076-00.559 _S [-66.4,-45.4]  4.49 £+ 0.31 4.72 + 0.21 4.55 £ 0.33 2.58 £ 0.24
AGAL333.3144+00.106 _S [-65.0,-28.0] 16.73 +0.25 13.64 + 0.16 18.73 £0.23  8.40 £+ 0.29
AGAL333.721-00.207_S  [-55.4,-37.4] 3.84+0.20 6.13 +0.18 3.90 +£0.18 2.98 + 0.23
AGAL335.284-00.132_ S [-62.2-28.2] 827 4+0.24 6.75 +£0.15 11.12 £ 0.24 4.65 + 0.23
AGAL335.586-00.291 S [-64.0,-24.0] 40.96 + 0.27 20.87 + 0.27 38.97 £ 0.32 18.65 + 0.34
AGAL336.018-00.827 _S [-60.0,-30.0] 22.88 +£0.22 17.81 +0.23 29.39 + 0.19 9.48 + 0.24
AGAL336.958-00.977 S [-56.7,-30.7] 7.24 £0.22 872+0.22 6.45+0.21 410+ 0.24
AGAL337.098-00.929 S  [-53.5,-30.5] 6.69 +0.21  4.57 +£0.20 561 +£0.20 2.12 + 0.23
AGAL337.612-00.059 S  [-63.5,-38.5] 10.60 £ 0.23 6.35 = 0.15 11.75 £ 0.22  5.63 £ 0.22
AGAL337.761-00.339 S [-55.5,-25.5] 13.04 +£0.25 9.95+ 0.15 13.15 £ 0.21  4.89 £+ 0.37
AGAL339.943-00.092 S [-75.0,-40.0] 12.63 £0.29 9.54 +£0.34 10.60 + 0.27  4.81 + 0.22
AGAL340.054-00.244 S [-77.0,-35.0] 31.75 +0.45 10.89 + 0.30 24.26 + 0.41 16.42 + 0.37
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AGAL341.216-00.236_ S  [-61.4,-28.4] 14.03 £ 0.21 13.69 £ 0.15 16.89 = 0.20 7.65 + 0.30
AGAL341.217-00.212_S  [-62.5,-26.5] 16.08 £ 0.28 16.26 £ 0.15 20.18 £0.29 7.92 + 0.32
AGAL341.219-00.259 S [-58.9,-29.9] 17.15+0.25 10.95 4+ 0.18 13.83 £0.24 7.53 + 0.21
AGAL343.133-00.482_ S [-46.7,-24.7] 9.38 £0.15 5.19 +£0.10 7.88+0.16 3.49 £+ 0.18
AGAL343.521-00.519 S [-44.2,-23.2] 12.05 +0.25 9.84 £0.33 9.97 +0.20 4.96 + 0.25
AGAL343.528-00.507 S [-42.0-27.0] 4.844+0.21 5294+ 0.28 3.90+ 0.17 1.94 +0.21
HIT clumps
AGAL310.014+00.387_S [-57.0,-30.0] 18.09 + 0.23 10.65 £ 0.34 11.32 £0.26 7.31 + 0.22
AGAL312.108+00.309 S [-57.0,-40.0] 12.98 £0.19 895+ 0.26 12.42 +£0.22 5.62 £+ 0.17
AGAL314.264+00.091 S [-62.0,-43.0] 8.77 £0.13 6.28 £0.14 6.67 +0.18  3.98 + 0.17
AGAL320.6764+00.244 S [-68.9,-48.9] 814 +0.20 3.71+0.11 6.79 +0.17  3.52 £+ 0.16
AGAL331.418-00.356_S  [-71.3,-53.3] 13.74 £ 0.16 9.67 +£0.16 13.29 £ 0.16 3.03 £ 0.21
AGAL332.094-00.421 S [-66.5,-44.5] 15.65 + 0.24 14.13 +£0.12 15.03 £ 0.23  9.45 £+ 0.19
AGAL332.584-00.559 S [-58.5,-42.5] 3.89 +£0.18 4.28 +£0.17 3.74 +£0.17  2.07 + 0.20
AGAL333.053+00.029 S [-53.5,-37.5] 6.47 £0.14 3.124+0.19 7.66 +£0.14 239 + 0.18
AGAL333.068-00.447 S [-66.3,-40.3] 17.72 +0.25 20.18 & 0.20 17.28 £ 0.27 13.27 £+ 0.27
AGAL335.687-00.812_ S [-58.5,-43.5] 4.00 £0.21  5.84 £ 0.09 349 +0.20 2.09 + 0.23
AGAL336.020-00.816 S  [-65.5,-29.5] 10.46 + 0.24 13.86 = 0.25 12.06 £ 0.21  6.16 £+ 0.26
AGAL337.284-00.159 S [-60.0-43.0] 3.99 +0.18 6.09 +0.24 3.76 + 0.15  2.06 + 0.16
AGAL340.248-00.374 S [-69.0,-31.0] 26.34 £ 0.25 20.92 £ 0.15 27.81 £0.21 11.93 £ 0.32
AGAL340.401-00.381 S [-54.0,-37.0] 5.30 £0.18 4.70 £0.21 3.72+0.15  2.53 + 0.23
AGAL343.689-00.017_S  [-52.0,-21.0] 11.28 +0.25 10.66 + 0.35 11.32 £ 0.23 4.06 £+ 0.23
PDR clump
AGAL340.319-00.227 S [-52.0,-40.0] 2.65 £ 0.15  2.26 £ 0.08 1.34 +0.13  1.13 + 0.17
Unknown type clumps
AGAL333.103-00.502_S  [-66.0,-47.0] 13.39 +0.21 7.84 £0.16 14.12 +£0.24 5.91 £+ 0.25
AGAL338.4024+00.032 S [-55.0,-28.0] 8.05 £0.21 811 +£0.12 897+ 0.24 4.68 £ 0.19

NO : not observed, ND : undetected
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Table 3.7: Velocity integrated J = 4 — 3 line emissions from the central 207 x 20” region

of the clumps.

Name Vel. Range JTdV (Kkm s )

(km s1) HCOT NoHT HCN HNC

Quiescent /Prestellar clumps
AGAL331.639+00.501 S [-55.0,-48.0]  1.204+0.13 ND 1.2840.17  0.46+0.11
AGAL333.071-00.399 S  [-60.0,-43.0] 3.39+0.22  1.00+0.24 2.13+0.22  3.31+0.31
AGAL333.566-00.296 S  [-53.0,-39.0] 3.85+0.17  0.67+0.23  2.124+0.17  1.20+0.15
Protostellar clumps
AGAL318.049+00.086_S [-62.2,-38.2] 20.62+0.24 0.72+0.37 16.63+0.24  6.89+0.50
AGAL322.158400.636_S [-72.7,-41.7] 51.224+0.19 3.954+0.22 54.814+0.27 16.78+0.27
AGAL332.942-00.686__S [-64.0,-34.0] 10.544+0.27 1.944+0.35 11.85+0.37  2.63+0.32
AGAL332.986-00.489 S  [-59.0,-46.0] 6.08+0.16 0.53+0.30  4.79+0.17 NO
AGAL335.586-00.291 S [-67.0,-27.0] 28.254+0.27 2.10+0.51 22.89+0.27 NO
AGAL337.761-00.339 S [-52.0,-32.0] 7.59+0.20  0.95+0.24  6.384+0.20  1.65+0.28
HII clumps
AGAL310.014+00.387 S [-53.0,-29.0] 18.57+0.22 ND 7.974£0.22  4.25+0.24
AGAL331.418-00.356_S  [-69.0,-57.0]  6.484+0.22 1.63+0.25 5.87+0.17  3.10+0.17
AGAL333.068-00.447 S [-63.0,-43.0] 16.084+0.22 2.61+0.62 15.97+0.22  5.944+1.12
AGAL340.248-00.374 S [-59.0,-42.0] 10.96+0.24 2.60+0.27 BS 6.25+0.35
AGAL340.401-00.381 S [-49.0,-41.0] 1.73£0.20 ND ND 0.77+0.28
PDR clump

AGAL340.319-00.227 S [-49.0,-42.0] 0.85+£0.20  0.44+0.26  0.85+0.20  0.35+0.14

NO : not observed, ND : undetected, BS: bad spectra.
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3.5.2 Line ratios

Figure [3.14] shows whisker plots of ratios of velocity integrated J = 3 — 2 line emission for
clumps in different evolutionary stages. The orange line inside the box plot indicates the
median value of the distribution. The values of the mean, median and standard deviation of
the line ratios are given in Table [3.9) The ratio of integrated intensities in lines of different
molecular species is considered as a proxy for the determination of the relative molecular
abundances. This requires that lines are optically thin. In that case, the trends seen in
Figure may indicate changes in the relative molecular abundances with clump evolution,
although the temperature of the clumps could play a role. To asses the latter, we plot in
Figure the individual J = 3 — 2 line intensity ratios for all clumps in the sample
as a function of dust temperature. This figure shows that all line intensity ratios, except
for HCN/HCO™ and HCN/HNC, show no significant correlation with clump temperature
(see Table [3.8). The Pearson correlation coefficient r and associated p — value of the linear
relationship between HCN/HCO™ and HCN/HNC versus dust temperature are 0.33, 0.01
and 0.29, 0.02, respectively.

Table 3.8: Correlation of line ratios and dust temperature.

Line ratio Pearson correlation coefficient
r p — value
N,H* /HCO* 0.10 0.44
HCN/HCO™ 0.33 0.01
HNC/HCO* 0.09 0.49
N,H*/HCN -0.20 0.12
No,H™ /HNC 0.06 0.65
HCN/HNC 0.29 0.02

In what follows we summarize our results regarding the ratios of velocity integrated inten-
sities in the J = 3 — 2 lines and compare them with those in the J =1 — 0 lines. The latter
were computed using the values of the J = 1 — 0 lines reported in the MALT90 catalogue
(Rathborne et al.[2016).

N,H*/HCO™: The mean of this ratio in the J = 3 — 2 lines increases from early to
late evolutionary stages, having values of 0.6640.31, 0.80+0.25 and 0.9140.31 for prestellar,
protostellar and H IT clumps, respectively. A similar trend is observed in the mean values of
the J =1 — 0 ratios for the objects in our sample, with values of 0.8940.35, 1.314+1.02 and
1.5640.85 for, respectively, prestellar, protostellar and H II clumps. The J =1 — 0 ratios
are, however, larger than the J = 3 — 2 ratios in all evolutionary stages.

The mean of J = 4 — 3 ratios are 0.24+0.06 for prestellar clumps, 0.10£0.05 for pro-
tostellar clumps and 0.22+0.04 for H II clumps. The values of this ratio in the higher J
transitions are smaller than in the lower J transitions.

HCN/HCO™: The mean of this ratio in J = 3 — 2 lines increases from early to late
evolutionary stages, having values of 0.61+0.26, 0.92+0.25 and 0.9140.17 for prestellar,
protostellar and H IT clumps, respectively. A similar trend is observed in the J = 1 — 0 ratios,
with values of 0.86+0.24, 1.064+0.25 and 1.1540.32 for, respectively, prestellar, protostellar
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Figure 3.14: Whisker plots of the J = 3 — 2 integrated intensity ratios for clumps in
different evolutionary stages. The boxes show interquartile range and the horizontal orange
lines inside the boxes show median values and the green triangles show mean values. The
open circles show outliers that are outside 1.5 times the interquartile range from the boxes’

limit.

and H IT clumps. The J = 1 — 0 ratios are larger than that of the J = 3 — 2 ratios for
clumps in all evolutionary stages.

The ratio in the J = 4 — 3 lines increases significantly from prestellar clumps (mean
value 0.391+0.27) to later stage clumps. In protostellar and H II clumps, the ratios are
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Figure 3.15: Line ratios of the J = 3 — 2 velocity integrated emissions versus dust
temperature for SuperMALT clumps. Different colors show clumps at different evolutionary

stages.

similar with mean values of 0.904+0.14 and 0.78+0.25, respectively. The line ratio in the
higher J transitions is smaller than in the lower J transitions.

Table 3.9: Summary of the J = 3 — 2 line ratios from SuperMALT clumps.

Line ratio Prestellar Protostellar H II

Mean Median Std. Mean Median Std. Mean Median Std.
No,HT /HCO™ 0.66 0.61 0.31 0.80 0.82 0.25 0.91 0.87 0.31
HCN/HCO* 0.61 0.57 0.28 0.92 0.90 0.25 0.91 0.96 0.17
HNC/HCO* 0.48 0.48 0.12 0.46 0.46 0.11 0.48 0.45 0.11
N,H* /HCN 1.14 1.10 0.35 0.96 0.81 0.51 1.03 0.94 0.38
No,H* /HNC 1.37 1.26 0.59 1.79 1.77 0.60 1.94 1.81 0.57
HCN/HNC 1.26 1.30 0.43 2.06 2.09 0.60 2.04 1.87  0.73
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HNC/HCO™: The mean of this ratio in the J = 3 — 2 lines is fairly constant for clumps
in all evolutionary stages, with values of 0.48+0.12, 0.46+0.11 and 0.484+0.11 for prestellar,
protostellar and H II clumps, respectively. The mean of this ratio in the J = 1 — 0 lines
are also fairly constant for clumps in different evolutionary stages, with values of 0.7840.18,
0.82+0.38 and 0.88+0.42 toward prestellar, protostellar and H II clumps, respectively. The
ratios in the J = 1 — 0 lines are higher than in the J = 3 — 2 lines by roughly a factor of 2.

In J =4 — 3, the mean values of this ratio are 0.56+0.29, 0.28+0.05 and 0.424+0.12 for
prestellar, protostellar and H II clumps, respectively.

Ny;H* /HCN: The mean of this ratio in J = 3 — 2 lines is the same, within the errors, for
prestellar, protostellar and H IT clumps, with values of 1.14+0.35, 0.96+0.51 and 1.03+0.38,
respectively. The mean values of this ratio in theJ = 1 — 0 lines shows a slight increase
from prestellar to protostellar and to H II clumps, with values of 1.04+0.36, 1.25+0.85 and
1.29+0.61, respectively.

The mean values of the J = 4 — 3 line ratios is 0.3940.08 for prestellar clumps, 0.10£0.05
for protostellar clumps and 0.22+0.06 for H II clumps.

NoH*/HNC: The mean value of this ratio in the J = 3 — 2 lines increases from early
to late evolutionary stages, with values of 1.37+0.59, 1.7940.60 and 1.9440.57 for prestellar,
protostellar and H II clumps, respectively. A similar trend is seen in J = 1 — 0 ratio
with mean values of 1.1440.29, 1.46+0.48 and 1.724+0.57 for prestellar, protostellar and H
IT clumps, respectively. The J = 4 — 3 line ratios are 0.43+0.13, 0.41£0.25 and 0.46+0.05
toward prestellar, protostellar and H I clumps, respectively.

HCN/HNC: The mean value of this ratio in the J =3 — 2 and J =1 — 0 lines
is significantly smaller for quiescent clumps than for protostellar and H II clumps, which
have similar values. The J = 3 — 2 ratios have mean values of 1.26+0.43, 2.06+0.60
and 2.0440.73, while the J = 1 — 0 ratios have mean values of 1.154+0.25, 1.48+0.55
and 1.43+0.38 for, respectively, prestellar, protostellar and H II clumps. A similar trend is
seen in J = 4 — 3 line ratios, with mean values 0.80+0.73, 3.51+0.77 and 2.15+0.38 for
prestellar, protostellar and H IT clumps, respectively. Molecular line studies toward high-mass
star forming regions have reported similar trends of the HCN/HNC ratio with evolutionary
phases (e.g., Hoq et al|22013; |Jin et al.[2015)). The reason for the observed behaviour of
the HCN/HNC ratio could be due to the decrease in HNC abundance with evolutionary
stage (Hirota et al.[[1998). The differences in the line ratio with evolutionary stages is further
enhanced in the higher J transitions. Since, the high excitation emission lines suffer less from
optical depth effects, the HCN/HNC ratios in higher J transition lines, such as J = 3 — 2
and 4 — 3, can be a robust tracer of the evolutionary phases.

As shown Figure [3.15], the HCN/HNC ratios in the J = 3 — 2 lines show an increasing
trend with dust temperature of the clump (slope: 0.53 K=1). This increase is most likely
due to the the increase in the [HCN/HNC| abundance ratio with temperature as reported for
clouds in the central ridge of the Orion Molecular Cloud (e.g., Goldsmith et al.||[1986; [Schilke
et al.||1992; Hacar et al.|[2020).

The ratio of the line emission from two species in the same rotational (e.g., J — J — 1)
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transition is given by,

Top(L1) _ E [ (Tee) = TN (T3)] 1 =™ (3.1)
Tn(L2)  fro [T (Tew) — JE(Ty)] 1— e ‘

where J, is defined as,
hv 1

JI/(T> = ? chv /KT _ {7

(3.2)
7 is the optical depth of the line, f is the filling factor and the superscripts L1 and L2 refer
to the lines considered. For optically thick lines the ratio is weakly dependent on excitation
temperature, while for optically thin lines it is mainly dependent on the abundance ratio of
the two molecules. Most of the derived ratios are close to 1, suggesting that the lines are
optically thick. For most of the line ratios shown in Fig. [3.16] the values derived from higher J
transitions are smaller than those derived from lower J transitions. Even though E,/k values
are similar for same transition line of the pair of species, the above result reflects varying
excitation characteristics of the transition lines due to their critical densities (nZl,/nl?)

crit crit

which could differ by a factor of ~2-3 in lower and upper transitions (see Table [3.2)).

3.5.3 HCO™: Optical depths, excitation temperature and column
densities

Table 3.10: Clump parameters derived from the HCO' and H¥*CO™ observations

Clump 732(HCO') T., Av (kms™') N(HCOT)
(K) (km s71) (10 cm=2 )
Prestellar
AGAL331.639-+0.501 S 8.3 6.7 2.28 1.9240.22
AGAL333.071-0.399 S 2.6 7.7 2.99 0.79+0.09
AGAL333.566-0.296 S 2.8 10.8 1.70 0.56+0.07
Average 4.6 8.4 2.3 1.09+0.08
Protostellar
AGAL318.049+-0.086_ S 8.9 8.5 2.83 2.60+0.30
AGAL322.158+0.636 S 7.3 9.6 4.53 3.55 +0.43
AGAL332.942-0.686_ S 0.6 17.6 1.95 0.23+0.04
AGAL332.986-0.489 S 1.7 10.6 2.37 0.46+0.06
AGAL335.586-0.291 S 8.0 8.9 3.68 3.07+0.36
AGAL337.761-0.339 S 2.5 12.6 2.19 0.69+0.09
Average 4.9 11.3 2.9 1.77+0.11
HII clumps
AGAL310.014+40.387_S 11.7 7.6 2.44 2.85+0.32
AGAL331.418-0.356_S 2.6 16.8 2.66 1.17+0.19
AGAL333.068-0.447 S 18.7 5.6 3.35 6.79+0.86
AGAL340.248-0.374 S 3.6 8.3 2.76 1.004+0.12
AGAL340.401-0.381 S 1.5 19.3 1.25 0.38+0.06
Average 7.6 11.5 2.5 2.44+0.19
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Combining the observations of the J =3 — 2 and J = 4 — 3 transitions of HCO* and
J = 3 — 2 transition of H¥CO™ it is possible to derive the optical depths and excitation
temperature of the lines using line ratios, making thus the estimates of these quantities
independent of filling factors, as follows. The first ratio we use is that of the observed
brightness temperatures of the H¥CO* and HCO* J = 3 — 2 lines, given by

Top(HBCO )30 [J33(Tew) — J35(T)] 1 — e ™/7 .
To(HCOY )39 [Js2(Toy) — J32(Ty)] 1 —em2 )

where, J,(T) is given by equation , 7 is the optical depth, T, is the excitation tem-
perature and Ty, is the background temperature. The subscripts ‘32" refer to quantities
associated to the J = 3 — 2 lines and superscript ‘13’ refers to quantities associated to the
H3CO™* line. The quantity 7 is the ratio of the optical depths in the J = 3 — 2 lines of

HCO™ and H¥CO™, given by,
T32 HCO"  (kT../hBis +1/3) exp(E3S/kTs) 1 — exp(—hvse/kT.,)

"= % - [Hl?’C’OJ (kTow/hBsa +1/3) exp(Esg/kT.,) 1 — exp(—hvds/kT.,)

(3.4)

where E corresponds to the energy of the lower level of a transition and [HCO™/H*¥CO™] is
the abundance ratio.

The second ratio we use is that of the observed brightness temperatures in the J =4 — 3
and J =3 — 2 lines of HCO™, given by

Tmb(HCO+)43 _ [J43(Tea:) - J43(Tb)] 1 — e T2/s
= —, (3.5)
Tmb(HCO+)32 [JgQ(Tex) — J32(Tb)] 1 — e 732

where subscripts ‘43" and ‘32’ refers to the J =4 — 3 and J = 3 — 2 lines, respectively, and
s is the ratio of the J =3 — 2 and J = 4 — 3 optical depths, given by,
_ Ts exp(Ey3/kTe:) 1 — exp(—hvsy/kTe,)
Ti3  exp(Esp/kTy,) 1 — exp(—hvys/kTy,)

(3.6)

Optical depths and excitation temperatures are then computed by an iterative process
using expressions and . First, we use equation (3.3)), which is weakly dependent on
Tez, to estimate the value of 735. This value is then used in equation to compute T,
which is in turn used in equation to compute a new value of 735 and so on, iterating
until a convergence is achieved. For the calculations we assumed an [HCOT/H!3¥CO*| abun-
dance ratio of 50 (see Savage et al.|[2002)). Table lists the optical depths and excitation
temperatures of the clumps for which observations in the three lines are available.

The total column density of a molecule can be expressed in terms of the optical depth of
a single line and the excitation temperature as (Garden et al.[[1991)),

3k T+ hB/3k  exp(E;/kl) / d
YT 8w B2 J+1 1 —exp(—hv/kTe,) e

(3.7)

where, f 7,dv is the velocity integrated optical depth for a rotational transition from upper
level J + 1 to lower level J, v is the transition frequency, u is the dipole moment of the
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molecule, B is the rotational constant, h is the Plank constant and k is the Boltzmann
constant. Col. 5 of Table list the total column density of HCO*, derived from eqn. [3.7]
using the excitation temperature and optical depth of the J = 3 — 2 line.

3.5.4 Clump physical parameters

To determine the temperature and density within the clumps, we use the 1D non-LTE ra-
diative transfer code RADEX (van der Tak et al.2007) and compute HCO™ line intensities
covering a broad range of values of temperatures and densities for the column density values
given in the Table[3.10] The code uses collision parameters from LAMBDA database (Schoier
et al.2005). The inputs of the code are the molecular gas density (ng, ), kinetic temperature
(Tk) and column density (Ngyco+). Since the model give intensities, to compare with the
observations the later have to be corrected by a beam filling factor if the source size is smaller
than the beam. The sizes derived from the J = 3 — 2 observations are typically larger than
the beams of the J =3 — 2 and J = 4 — 3 observations but smaller than the beam of the
J =1 — 0 observations (38”). Therefore we will apply a beam filling factor correction only
to the J =1 — 0 data. The correction factor we apply is equal to Q2 ./(Q2  +QF )
and adopt the source size determined from the J = 3 — 2 observations.

Table 3.11: Clump parameters derived from the HCO™ RADEX models

Clump RADEX models
Trin (K) n(Hy) (10" cm™3)
Prestellar
AGAL331.639+0.501_S - -
AGAL333.071-0.399 S 5173 0.4570:08
AGAL333.566-0.296 S 20%3 32.415%*
Protostellar

AGAL318.049+0.086_S — ~
AGAL322.15840.636_S - =
AGAL332.942-0.686_S -
AGAL332.986-0.489 S 6919 0.3870-05
AGAL335.586-0.291_S - -
AGAL337.761-0.339_S - -

HII clumps
AGAL310.014+0.387_S - -
AGAL331.418-0.356_S 327} 14.8734
AGAL333.068-0.447 S — ~
AGAL340.248-0.374 S 207% 58.9717¢
AGAL340.401-0.381 8 7710 0.4775.08

We use a Bayesian approach to fit the three independent observed line ratios obtained
from the J=1 — 0, 3 — 2 and 4 — 3 observations of HCO™ with the model values obtained
from the RADEX. The emcee (Foreman-Mackey et al.[2013) code is used to perform Markov
Chain Monte Carlo (MCMC) calculations for exploring the parameter space (eg., Magalhaes
et al.|2018]). A uniform probability is assumed within the boundaries of the input parameters
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and zero outside the boundaries. The input parameter ranges are: ng, = 10% - 105 cm™3,

and Tkin =3-100 K.
Figure [3.17] presents an example of the posterior probability distribution and marginal

distribution of the parameters made using corner plot (Foreman-Mackey et al., 2017) toward
the clump AGAL333.071.
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Figure 3.17: An example of a corner plot of the posterior distribution for prestellar clump
AGAL333.071. The histograms show marginal probability distribution of kinetic temperature
(top) and density in log value (right).

The kinetic temperature and density of the clumps obtained from the model are given
in cols. 2 and 3 of Table [3.11] Toward six clumps we were able to obtain solutions to the
kinetic temperature and the density of the clumps. They range from 20 to 69 K and 3.8x103
to 5.9x10° ecm™3, respectively. In all clumps the kinetic temperature is larger than the
excitation temperature indicating that the HCO™ emission is sub-thermal where Te, < Thin
(see |Goldsmith & Langer|/1999).

Figure shows the contour map of the line ratios of HCO™ for an average column
density of 1.77x10' cm~2 toward the clumps. Clearly, line ratios of HCO" alone are not
sufficient to constrain physical parameters of the clumps. The complexity arises from the
fact that each transition lines probe different excitation conditions toward the clumps which
are known to have complex physical structures. Observations with angular resolutions higher
than in the present work, eg., ALMA, have shown that clumps harbor complex substructures
within them (eg., Neupane et al.[2020). Since the emission in different molecular lines origi-
nate from regions with different densities and excitation conditions, the physical parameters
derived above corresponds to average values of the regions traced by HCO™ specie.
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Figure 3.18: Contour map of model line ratios of J =1 —0,J =3 —-2and J =4 — 3
transition lines of HCO™ for an average column density of 1.77 x 10* cm~2. Contour values
are labeled in different color.

3.5.5 Line asymmetries

To investigate the presence of infalling or outflowing motions within the clumps, in this section
we analyse the profiles of the two most optically thick lines: HCO™ and HCN J = 3 —2. The
spectral signature of such motions in an optically thick line is an asymmetric double peaked
profile, with a stronger blueshifted peak for infalling motions and a stronger redshifted peak
for expansion motions (e.g., |Anglada et al.||[1987; [Mardones et al.||1997; De Vries & Myers
2005)). Following Mardones et al. (1997), we compute a unit-less line shift parameter (0V)
defined as the velocity difference between the peaks in optically thick (Vi) and thin (Vi)
lines divided by the line width of the latter (Avgpiy),
~ Vinick — Vinin

oV = (3.8)

Cols. 6 and 7 of Table lists the line shift parameters computed using the peak
velocities of HCOT J = 3 — 2 and HCN J = 3 — 2 lines, respectively. As optically thin
parameters (Vipin, and Avg,) we use those determined from a Gaussian fit to the H3CO™
J =3 — 2 line. The error in the line shift parameter, which is dominated by the error in the
determination of the peak velocity of the optically thick line, is typically 0.25 (c.f., Mardones
et al.|[1997, He et al|2015] 2016). Hereafter, we consider that the gas in a clump is infalling
if 0V < —0.25 and expanding if 6V > 0.25.
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Col. 8 of Table gives a characterization of the spectra based on the computed shift
parameters. The characters B, R and ‘-’ denote, respectively, blue, red and null line shift
parameters. The first and second characters refers, respectively, to shift parameters derived
from the HCOT J =3 — 2 and HCN J = 3 — 2 lines. As a check we visually inspected
the spectra in these lines and found that the sign of the line shift is in agreement with that
expected from the visually observed self-absorption or shoulder-like line profile. Only a few
clumps (e.g., AGAL336.958-00.977 _S) which were classified as blue or red shifted from line
shift measurements do not show clear signature of self-absorption/shoulder in their HCO™
and/or HCN profiles (see Figure[3.20). We do not find clumps for which contradictory results
(i.e. BR or RB) are drawn from the analysis of the HCOt* J =3 — 2 and HCN J =3 — 2
lines. A total of 29 clumps (~ 42%) show line shift in both lines, of which 13 are blueshifted
and 16 are redshifted.

Figure [3.19 plots the line shift parameters determined from the HCO* line versus that
determined from the HCN line for all clumps in Table [3.12] We find that most of the clumps
(60 of 69) exhibit significant (i.e. [0V]| > 0.25) line shifts in either the HCO™ or HCN lines.
Of these, 18 are prestellar, 27 are protostellar, 14 are H II clumps (see Table . Blue and
red shifts are detected toward clumps in all evolutionary stages. A similar finding has been
reported by Jackson et al. (2019) in a study of HCOT J = 1 — 0 line asymmetry toward
1093 MALT90 clumps. The fraction of clumps in different evolutionary stages showing blue
and red line shifts are, respectively, 60% and 30% for quiescent clumps, 48% and 39% for
protostellar clumps and 33% and 60% for H II clumps. These results indicate that global
collapse is common in quiescent clumps. Infalling gas motions are likely to be reversed in the
later stages due to the feedback effects of newly formed massive stars.

The absolute values of the line shifts derived from HCN are typically larger than those
derived from HCO™. Whether this is an indication of HCN and HCO™ probing different
regions of the infalling gas or produced by a larger uncertainty in the determination of the
HCN line shift parameter due to its HF structure cannot be discerned at the present stage.

Table 3.13: Summary of the line shift observed in HCO™ J =3 — 2 and HCN J =3 — 2
lines toward different evolutionary stage clumps.

Clump type Number of Clumps
Collapse Expansion
[BB] |[BN] [NB] Total [RR] [RN] [NR] Total [NN]

Pre-stellar 3 5 4 12 (60%) 3 1 2 6 (30%) 2
Proto-stellar 9 1 5 15 (48%) 8 0 4 12 (39%) 4

H II regions 1 0 4 5 (33%) 5 0 4 9 (60%) 1
PDR 0 0 0 0 0 0 1 1 0
Uncertain 0 0 0 0 0 0 0 0 2
Total Number 13 6 13 32 (46%) 16 1 11 28 (41%) 9 (13%)

He et al. (2016]) analysed a sample of 732 MALT90 clumps in search of asymmetries in the
HCO™ and HNC J =1 — 0 lines. They found that 231 clumps (~32%) are infall candidates
that show blue shift in at least one line. Forty-two of the 73 SuperMALT clumps are within
the sample of He et al| (2016)) of which twenty of them were reported as infall candidates
(see Table . Toward all clumps common to our sample, eighteen clumps show consistent
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Figure 3.19: HCO" J = 3 — 2 versus HCN J = 3 — 2 line shift parameters for Su-
perMALT clumps. Dotted lines represent typical error in the line shift (6Vi..or = 0.25).

line shift (BB: 7 and RR: 11) in HCO™ and HCN J = 3 — 2 lines, twelve and six clumps
show blue shift (B—: 3 and —B: 9) and red shift (R—: 1 and —R: 5) in at least one line,
respectively, and six clumps show null shift (——: 6) in both lines. When we only consider
the infall candidates reported by [He et al| (2016) in our sample, we find that most clumps
(16 of 20) exhibit blue shift in at least one line (BB: 7, B—: 2 and —B: 7) indicating that
infall motion traced by J = 3 — 2 lines is consistent with that traced by J =1 — 0.

3.5.6 ‘Uncertain’ clumps

Based on the infrared/far-infrared dust emission we were unable to classify two clumps
AGAL333.103 and AGAL338.402. To constrain their evolutionary stages, we compare their
line fluxes, line ratios and line widths (see Table and with those of the clumps in
different evolutionary stages. The line fluxes and line widths of these ‘Uncertain’ type clumps
are comparable to those of protostellar stages indicating that they are most likely protostellar
clumps.

3.6 summary

We present a survey, made using the APEX 12m telescope, of the emission in the J =3 — 2
lines of HCO*, HCN, HNC, NoH* and HB¥CO™ toward 73 MALT90 clumps in different
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evolutionary stages. Twenty-one clumps are in the prestellar or quiescent stage, thirty-four
in the protostellar stage, fifteen in the H II stage , one is a PDR clump and two are unclassified
(Uncertain). Fifteen clumps at different evolutionary stages are also observed in J =4 — 3
lines of HCO™, HCN, HNC and No,H™. The results are summarized as follows:

1) Emission in the J = 3 — 2 lines of HCO™, H¥CO™, HCN, HNC and N,HT was
detected, when observed, toward all clumps, except HCN emission in one clump. Emission
in the J =4 — 3 lines of HCO*, HCN and HNC was detected toward most observed clumps
and only toward about two third of the clumps (10 of 15) in NoH*.

2) The brightness of the emission in all observed molecular lines (H**CO™, HCO*, HCN,
HNC, NoH™) increases from early stage clumps (prestellar) to later stage clumps (protostellar
and H IT). This can be explained by an increase of clump temperature with evolution.

3) The profiles of the emission in the J = 3 — 2 lines of HCO™ and HCN show a variety
of shapes. While the profiles of prestellar clumps are typically nearly Gaussian, the more
evolved (protostellar and H II) clumps show asymmetric features, self absorption, and line
wings.

4) The profiles of the emission J = 3 — 2 lines of H¥*CO™" and HNC from most clumps
are Gaussian. The average value of the line widths in H'3CO™ are 2.044:0.82, 2.67+0.87
and 2.4240.71 km/s for, respectively, prestellar, protostellar and H IT clumps and 2.65+1.08,
3.82+1.39 and 3.32+0.81 km/s in HNC. The increase in line widths with evolutionary stage
may reflect an increase in turbulence due to star formation activities e.g., ouflows/jets and
shocks, or an increase in the gas motions due to the gravitational collapse of the clumps.

5) The morphologies of the emission in the four mapped molecular lines (HCO™, HCN,
HNC, NoH™) are at first glance similar, but some differences can be appreciated. The HCO™
emission is the brightest and most extended. On the other hand, the NoH" emission more
closely follows the 870 pm dust emission morphology. We determined sizes from maps of the
velocity integrated J = 3 — 2 emission, using Astrodendro. We find that the sizes in HCO™
are typically 1.5 times larger than those in NoH'. In addition, we find that the NoH™ sizes
are best correlated with the sizes derived from 870um emission maps.

6) We find that the ratio of velocity integrated HCO" J = 3 — 2 emission computed
over areas enclosing the 30% and 90% levels of the peak emission, is higher for quiescent
clumps than for proto-stellar and H II clumps, indicating that the prestellar clumps have
shallower density profile than more evolved clumps. This is consistent with the prestellar
clumps being in the initial process of building up a central density region and therefore show
shallow density profiles while at more advanced stages the clumps have already gathered
considerable amounts of gas towards its centers becoming centrally condensed and in the
case of H II clumps entering in an active phase of star formation.

7) Ratios of velocity integrated emission. The mean values of the NoH™ /HCO™ and
HCN/HCO"ratios in the J = 3 — 2 and J = 1 — 0 lines increases from early to late
evolutionary stages. The J =1 — 0 ratios are, however, larger than that of the J =3 — 2
ratios for clumps in all evolutionary stages. On the other hand, the mean values of the
HNC/HCO™T and N,H'/HCN ratios in the J = 3 — 2 and J = 1 — 0 lines are fairly
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constant for clumps in all evolutionary stages. The ratios in the J = 1 — 0 lines are higher
than in the J = 3 — 2 lines by roughly a factor of 2.

8) Combining the data obtained from the H'*COT J = 3 — 2, HCOT J = 3 — 2
and J = 4 — 3 observations, we estimated the optical depth, excitation temperature and
column density of HCO™ towards 14 clumps at different evolutionary stages. We find that
the average values of optical depths, excitation temperatures and column densities increase
with evolutionary stage.

9) We model the integrated line intensities of HCO™ in J = 3 — 2and J = 4 — 3 com-
bining the J = 1 — 0 data from MALT90 survey toward clumps at different evolutionary
stages using 1D radiative transfer model RADEX. We were able to estimate kinetic tem-
perature and density of six (of fourteen) clumps. The derived kinetic temperature (Ty;y,)
ranges from 20 to 69 K and the density ranges from 3.8x103 to 5.9x10° cm ™3 for the clumps.
The derived kinetic temperature are larger than excitation temperature (Te, < Tii,) for
all clumps suggesting HCO™ emission is sub-thermal. Using 1D radiative transfer model,
we also demonstrate that density tracer molecules like HCO™ line ratios may not provide
good results in constraining the physical parameters of the clumps that manifest complex
substructures within them at higher resolution observations.

10) We used the line shift parameter, defined by 6V = (Vipiek — Vinin)/Avspin, to estimate
blue-red asymmetries in the HCO' and HCN line profiles. Blue and red line shifts are
detected towards clumps in all evolutionary stages. The number of clumps showing blue and
red line shift are 60% and 30% for prestellar clumps, 48% and 39% for protostellar clumps
and 33% and 60% for H II clumps, respectively. This result, showing that global collapse is
more common in early type clumps while expansion motions, signposted by the redshifted
asymmetries, are more common in later evolutionary stages, may indicate a reversal of line
asymmetries as clumps evolve.

Acknowledgements: GG and SN acknowledge support from ANID through Basal project
AFB 170002. This publication is based on data acquired with the Atacama Pathfinder Experi-
ment (APEX). APEX is a collaboration between the Max Planck Institut fur Radioastronomie,
the FEuropean Southern Observatory, and the Onsala Space Observatory.

3.7 Appendix

3.7.1 Central spectra of J =3 — 2

The “Central spectra" refers those obtained toward the emission peak of the clumps in 870
pum ATLASGAL images and averaged over a circular region of 20” in diameter.
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Figure 3.20: Central spectra of the J = 3 — 2 emission from prestellar clumps. The clump
name are given on top of each box. Different lines are plotted in distinct colors and labelled
at the bottom right corner of the plot. The H'*CO* antenna temperature are multiplied by
factor of three for all clumps.
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Figure 3.21: Same as Fig. |3.20
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Figure 3.22: Central spectra of the J = 3 — 2 emission from protostellar clumps. The
clump name are given on top of each box. Different lines are plotted in distinct colors
and labelled at the bottom right corner of the plot. The H¥*CO* antenna temperature are
multiplied by factor of three for all clumps.
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Figure 3.23: Same as Fig. 3.22

70



AGAL337.612-0.059_S AGAL337.761-0.339_3
I B

O oo P~ () @8

AGAL339.924-0.084_S
B R

" (K)
S v o @

AGAL341.217-0.212_5
L R

e
=5

AGAL343.521-0.519_5
L R

O AV, P~ oy e}

S A N—

HCN

MWWWWW HNC

13 +

o N s~ O o

—75 —50 —25
Figure 3.24: Same as Fig. [3.22
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Figure 3.25: Central spectra of the J = 3 — 2 emission from HII clumps. The clump name
are given on top of each box. Different lines are plotted in distinct colors and labelled at the
bottom right corner of the plot. The H3CO™T antenna temperature are multiplied by factor
of three for all clumps.
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Figure 3.26: Same as Fig. |3.25
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Figure 3.27: Central spectra of the J = 3 — 2 emission from a PDR clump (left panel) and
two unknown type clumps (middle and right panel). The clump name are given on top of
each box. Each lines are plotted in different color and labelled at the bottom right corner of
the plot. The H¥CO™" antenna temperature are multiplied by factor of three for all clumps.
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3.7.2 Central spectra of /=4 — 3
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Figure 3.28: Central spectra of the J = 4 — 3 emission from prestellar clumps. The clump
name are given on top of each box. Each lines are plotted in different color and labelled at

the bottom right corner of the plot.
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Figure 3.29: Central spectra of the J = 4 — 3 emission from protostellar clumps. The
clump name are given on top of each box. Each lines are plotted in different color and labelled

at the bottom right corner of the plot.
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Figure 3.30: Central spectra of the J =4 — 3 emission from HII clumps. The clump name
are given on top of each box. Fach lines are plotted in different color and labelled at the

bottom right corner of the plot.
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Figure 3.31: Central spectra of the J = 4 — 3 emission from a PDR clump. The clump
name is given on top of the box. Each lines are plotted in different color and labelled at the

bottom right corner of the plot.
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3.7.3 Contour maps of J =3 — 2
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Figure 3.32: Contour maps of the velocity integrated J = 3 — 2 line emission from
prestellar clumps overlayed on grayscale images of the Atlasgal 870um emission. Left:
AGAL331.639. Middle: AGAL332.737 and AGAL332.726. Right: AGAL332.892. From
top to bottom: HCO™, HCN, HNC and NoH™ maps. The velocity range of integration for
each clump is given in cols 2 of Table [3.6] The lowest contour level correspond to 4 times the
rms noise (o) in the map and the contour step, dI, is given inside each box. Emission line
contours drawn at 3o level are shown in blue. The green circle, with a diameter of ~ 207,
indicates the peak position of the clump. Emission line contours drawn at 3o level are shown
in blue.
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Figure 3.33: Same as Fig. Left: AGAL333.014. Middle: AGAL333.016. Right:
AGAL333.071.
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Figure 3.34: Same as Fig. [3.32] Left: AGAL333.179. Middle: AGAL333.198. Right:
AGAL333.449
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Figure 3.35: Same as Fig. [3.32] Left: AGAL333.481. Middle: AGAL333.566. Right:
AGAL333.669.
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Figure 3.37: Same as Fig. [3.32] Left: AGAL340.301. Middle: AGAL340.304. Right:
AGAL340.398.
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Figure 3.38: Same as Fig. [3.32] Left: AGAL341.039. Middle: AGAL341.181. Right:
AGAL341.196.
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Figure 3.39: Contour maps of the velocity integrated J = 3 — 2 emissions in four molec-
ular lines overlayed on grayscale Atlasgal 870um maps toward protostellar clumps. Left:
AGAL304.886. Middle: AGAL309.154. Right: AGAL309.236. rom top to bottom: HCO™,
HCN, HNC and NoH" maps. The velocity ranges of integration for each clumps are given in
col. 2 of Table [3.6] Clump names and species are given inside each box. The lowest contour
levels correspond to the 40 level and the steps (61) are given inside each box. Emission line
contours drawn at 3o level are shown in blue. The green/yellow circles in each maps, of size

~ 20”7, show peak position of the clumps.
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Figure 3.40: Same as Fig. [3.39] Left: AGAL318.049. Middle: AGAL322.158. Right:
AGAL331.724.
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Figure 3.41: Same as Fig. Left: AGAL332.226. Middle: AGAL332.281. Right:
AGAL332.559-00.147.
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Figure 3.42: Same as Fig. Left: AGAL332.559-00.591. Middle: AGAL332.604.
Right: AGAL332.812.
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Figure 3.45: Same as Fig. Left: AGAL335.284. Middle: AGAL335.586. Right:
AGAL336.958.
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Figure 3.46: Same as Fig. [3.39 Left: AGAL337.098. Middle: AGAL337.612. Right:
AGAL337.761.
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Figure 3.48: Same as Fig. [3.39] Left: AGAL340.054. Middle: AGAL341.216. Right:
AGAL341.217.
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Figure 3.49: Same as Fig. Left: AGAL341.219. Middle: AGAL343.133. Right:
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Figure 3.50: Contour maps of the velocity integrated J = 3 — 2 emissions in four molecular
lines overlayed on grayscale Atlasgal 870um maps toward HII clumps. Left: AGAL310.014.
Middle: AGAL312.108. Right: AGAL314.264. From top to bottom: HCO*, HCN, HNC and
NoH™ maps. The velocity ranges of integration for each clumps are given in col. 2 of Table
3.6, The lowest contour levels correspond to the 4o level and the steps (d1) are given inside
each box. Emission line contours drawn at 3¢ level are shown in blue. The green/yellow
circles in each maps, of size ~ 20”, show peak position of the clumps.
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Figure 3.51: Same as Fig. Left: AGAL320.676. Middle: AGAL331.418. Right:
AGAL332.094.
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Figure 3.52: Same as Fig. [3.50] Left: AGAL332.584. Middle: AGAL333.053. Right:
AGAL333.068.
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Figure 3.54: Same as Fig. [3.50l Left: AGAL340.248. Middle: AGAL340.401. Right:
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Figure 3.55: Contour maps of the velocity integrated J = 3 — 2 emissions in four molecular
lines overlayed on grayscale Atlasgal 870um maps toward PDR clump (Left: AGAL340.319)
and unknown clumps (Middle: AGAL333.103. Right: AGAL338.402). From top to bottom:
HCO™, HCN, HNC and NoH" maps. The lowest contour levels correspond to the 40 level
and the steps (1) are given inside each box. Emission line contours drawn at 3¢ level are
shown in blue. The green/yellow circles in each maps, of size ~ 20”, show peak position of

the clumps.
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3.7.4 Contour maps of J =4 — 3
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Figure 3.56: Contour maps of the velocity integrated J = 3 — 2 emissions in four
molecular lines overlayed on grayscale Atlasgal 870um maps toward prestellar clumps. Left:
AGAL331.639; Middle: AGAL333.071; Right: AGAL333.566. Name of the species are given
inside each box. The velocity ranges of integration for each clumps are given in col. 2 of
Table The lowest contour levels correspond to the 4o level and the steps (41) are given
inside each box. The green circles in each maps, of size ~ 20", show peak position of the
clumps.
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Figure 3.57: Contour maps of the velocity integrated J = 3 — 2 emissions in four molec-
ular lines overlayed on grayscale Atlasgal 870pum maps toward protostellar clumps. Left:
AGAL318.049; Middle: AGAL332.158; Right: AGAL332.942. Name of the species are given
inside each box. The velocity ranges of integration for each clumps are given in col. 2 of
Table . The lowest contour levels correspond to the 4o level and the steps (41) are given
inside each box. The green circles in each maps, of size ~ 20", show peak position of the
clumps.
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Figure 3.58: Same as Fig. [3.57 Left: AGAL332.986. Middle: AGAL335.586. Right:
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Figure 3.59: Contour maps of the velocity integrated J = 4 — 3 emissions in four molecular
lines overlayed on grayscale Atlasgal 870um maps toward HII clumps. Left: AGAL310.014;
Middle: AGAL331.418; Right: AGAL333.068. Name of the species are given inside each
box. The velocity ranges of integration for each clumps are given in col. 2 of Table [3.7] The
lowest contour levels correspond to the 4o level and the steps (01) are given inside each box.
The green circles in each maps, of size ~ 20”7, show peak position of the clumps.
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3.7.5 HCO" and N,H" J =3 — 2 sizes

Table 3.14: Clump size.

Clump HCO™ NoH™

Rers (pc) No. of comp. Rerr (pc) No. of comp.
Quiescent /Prestellar clumps

AGAL331.639+00.501_S 0.62 3 0.38
AGAL332.737-00.621 S 0.34 2 0.37
AGAL332.892-00.569 S 1.15 0.56 2
AGAL333.014-00.521 S 0.52 2 0.47 4
AGAL333.016-00.751 S 1.10 0.58
AGAL333.071-00.399_S 1.33 0.46 2
AGAL333.179-00.396 _S 3.63 1.66
AGAL333.198-00.352_ A 0.44 0.35
AGAL333.449-00.182_S 0.99 0.79
AGAL333.481-00.224 S 1.06 -
AGAL333.566-00.296__S 0.36 2 0.80
AGAL333.669-00.349 S 2.98 2.12
AGAL335.592+00.184 S 0.95 0.42
AGAL340.179-00.242 S 0.85 2 0.57
AGAL340.232-00.146 S 4.07 2.17
AGAL340.301-00.402_S - 3 - 2
AGAL340.304-00.376 _S 1.08 0.77
AGAL340.398-00.396 S 1.31 0.77 3
AGAL341.039-00.114 S - 0.86

AGAL341.181-00.277 S 1.07 -
AGAL341.196-00.221 S - -

Protostellar clumps

AGAL304.886+00.636 S 0.74 0.49
AGAL309.154-00.349 S 0.58 2 0.47
AGAL309.236-00.457_S 0.48 2 0.42 2
AGAL318.049+00.086_S 1.10 0.85
AGAL322.158+00.636 S 0.66 2 0.84 2
AGAL331.724-00.204 S 0.55 0.47
AGAL332.226-00.536 S 2.28 2 1.26
AGAL332.281-00.547 S 2.65 1.90
AGAL332.559-00.147_S 0.60 0.49
AGAL332.559-00.591 S 0.81 0.53
AGAL332.604-00.167_S 0.90 0.52

AGAL332.726-00.621 S 0.28 -
AGAL332.812-00.701 S 2.23 -
AGAL332.942-00.686 S 0.47 2 0.34 2

AGAL332.986-00.489 S 1.24 1.00
AGAL332.999-00.639 S 0.72 0.39
AGAL333.076-00.559 S 4.08 2.13
AGAL333.314+00.106 S 0.67 0.52

105



AGAL333.721-00.207 _S 0.93 0.63
AGAL335.284-00.132_S 3.53 1.53
AGAL335.586-00.291 S 3.07 2.27
AGAL336.018-00.827 S - -

AGAL336.958-00.977 S 0.80 0.65
AGAL337.098-00.929 S 2.80 1.57
AGAL337.612-00.059 S 3.06 2.57
AGAL337.761-00.339 _S 1.12 0.83
AGAL339.924-00.084 S 0.73 2 0.61
AGAL340.054-00.244 S 3.23 2 2.28
AGAL341.216-00.236 S 1.18 1.05
AGAL341.217-00.212_S 0.53 2 0.56
AGAL341.219-00.259 S 0.49 2 0.82
AGAL343.133-00.482 S 0.81 0.66
AGAL343.521-00.519 S 1.03 0.78
AGAL343.528-00.507 S - -

HII clumps
AGAL310.014+00.387 S 1.00 0.64
AGAL312.108+00.309 S 2.15 1.88
AGAL314.264+00.091 S 1.43 0.68
AGAL320.676+00.244 S 1.12 0.73
AGAL331.418-00.356 S 1.06 0.80
AGAL332.094-00.421 S 0.91 0.69
AGAL332.584-00.559 S 0.94 0.62
AGAL333.053+00.029 S 0.75 0.37
AGAL333.068-00.447 S 1.27 0.96
AGAL335.687-00.812_ S 0.81 0.62
AGAL336.020-00.816 S - 0.30
AGAL337.284-00.159 S 1.65 1.39
AGAL340.248-00.374 S 0.77 1.05
AGAL340.401-00.381 S — 3 2.12
AGAL343.689-00.017 _S 0.55 0.34
PDR
AGAL340.319-00.227 S 0.62 2 0.30
Unknown

AGAL333.103-00.502 S 1.26 1.00
AGAL338.402+00.032 S 3.11 2 1.63
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Chapter 4

Artemis survey: fragmentation of
massive and dense clumps at the 0.1 pc
scale

We observed 23 massive and dense clumps (MDCs), chosen from the MALT90 survey, at
350 pum with spatial resolution of ~8", using the Artemis+ receiver at the APEX telescope.
The observed MDCs covers all evolutionary stages (Quiescent, Proto-stellar, H II and PDR
regions) and are all located at ~ 3.6 kpc, allowing to investigate their structure at scales of ~
0.1 pc and possible differences with evolutionary stage. While the MDCs are seen as single
structures with at ATLASGAL and MALTI90 survey, the 350 um Artemis+ observations show
that they are resolved into typically 2-3 substructures.

4.1 Introduction

Fragmentation of molecular clouds from large scale (> 10pc) to clumps (~1pc) and to cores
(~0.1 pc) has important consequences in understanding star formation process. Recent stud-
ies have shown that fragmentation of clouds to smaller scales is a hierarchical process (e.g.,
Pokhrel et al.2018; Palau et al. 2018, and references therein). In each scale of fragmentation
different mechanisms, for example, gravity, turbulence, magnetic field, feedback etc., may
dominate the process acting alone or combined. A series of observational studies at different
spatial scales have argued in favor and against the Jeans fragmentation. Palau et al. (2015)
studied 19 massive dense clumps (~0.1pc scale) in OMC-1S (~1000 au) and argued in favor
of thermal Jeans fragmentation in both scales. On the other hand, Pokhrel et al.| (2018)) in
a multi-scale analysis of the Perseus molecular cloud suggested that Jeans fragmentation is
inconsistent with observation based on either thermal or thermal plus non-thermal motions.
Fontani et al. (2016) studied IRAS16061-5048¢c1 with ALMA at ~278 GHz and reported a
dominant role of magnetic support in fragmentation process. The inconsistency in the ex-
pected versus observed number of substructures (e.g., [Pokhrel et al.|2018) with Jeans masses,
fragments exceeding Jeans mass criteria (e.g., Csengeri et al.[|2017)), and in addition the likely
role of magnetic fields (e.g., [Fontani et al.|2016) in the process suggests that we need more
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observational and theoretical studies to understand the fragmentation properties of molecular
clouds. Pre-stellar stage cores that can form high-mass star has been illusive (e.g., Louvet
et al.|2019). How clumps/cores fragments has obvious implications in discerning between
the current star formation theories and in connecting low mass and high mass star formation
processes.

We selected massive and dense clumps from the MALT90 survey, likely to give birth to
massive stars, to study the fragmentation properties from the scale of ~1 pc to ~0.1 pc. The
clumps are in different evolutionary stages as defined in the MALT90 survey (Rathborne
et al.[2016, (Guzman et al.[2015). The goal is to determine the number of cores at the scale
of 0.1 pc and their physical characteristics, and correlate these with the bulk properties of
the ‘parent’ clump (i.e. Atlasgal clumps) such as turbulence, virial mass, density etc. In the
following sections we describe the sample, the observations, method of analysis, the results
and finally a discussion.

4.2 The sample

The sample consists of 23 massive dense clumps taken from the MALT90 survey, covering dif-
ferent evolutionary stages ( five prestellar, ten protostellar, six H II, one PDR and one clump
with ‘unknown’ classification). Fifteen of which are also observed in the SuperMALT survey.
The clump identification, masses, sizes and evolutionary stages, taken from the MALT90 cat-
alogue, are presented in Table 1. The MDCs are at similar distances of 3.3-3.9 kpc (Whitaker
et al.|2017)), have sizes of ~0.5 - 1 pc, and masses of the order >200M,, therefore the sample
provide homogeneous physical scale and different evolutionary stage clumps to study the link
between fragmentation, evolutionary stage and other physical properties. The clumps in the
sample have dust temperatures ranging from 14.0 to 28.0 K, with an increase in tempera-
ture from prestellar to H II clumps consistent with increase in star formation activity with
evolution (e.g., Guzman et al.[2015).

4.3 Observations

Table lists summary of our observations. The observations were made during June 2016,
June 2017 and June 2018 using the Artemis camera on the Atacama Pathfinder Experiment
(APEX) Telescope. Artemis, a larger format bolometer camera, provides 4608 pixels observ-
ing at 350 pm and 450 pm emission simultaneously. The mapping was undertaken in spiral
on-the-fly mode covering a region of ~ 5" x 5" centered on the coordinates given in col. 3 of
Table We observed 14 fields, which contained 23 MDCs. The data were reduced using
an standard Artemis data reduction pipeline (Roussel 2013)).

In this work we only use the 350 pm maps for the derivation of dust properties of the
cores and analisis of the morphologies. The rms sensitivity in the final mosaics ranges from
~ 0.20-0.81 Jy/beam (see col. 4 of Table[d.2). The spatial resolution of the observations is
8" (~0.1 pc at ~3.6 kpc).
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Table 4.1: Physical properties of the clumps.

Clump Dist. Temp. Size Mass M Density Comments
(kpe) (K) (pe) (10°Ms) (10° M) (10" cm™?)
Prestellar clump
AGAL331.639+00.501 S 3.6 14.0 0.86 1.44 0.63 0.92 (a)
AGAL333.481-00.224 S 3.5 18.9  0.50 0.59 0.53 1.91 (a)
AGAL333.483-00.246 S 3.5 21.0 0.61 1.03 0.85 1.56
AGAL333.566-00.296 S 3.4 20.2  0.71 0.87 0.50 1.00 (a)
AGAL341.196-00.221 S 3.7 172 043 0.89 0.92 4.48 (a)
Protostellar clump
AGAL318.049+00.086_S 3.6 28.0 0.76 1.50 0.95 1.43 (a)
AGAL322.158+00.636_S 3.9 25.7  1.59 5.52 6.97 0.56 (a)
AGAL329.184-0.314 S 3.5 28.0 0.32 0.94 0.77 1.00
AGAL332.986-00.489 S 3.7 25.7  1.43 3.21 1.68 0.45 (a)
AGAL333.473-00.236 S 3.5 21.0 041 0.32 0.66 1.64
AGAL337.761-00.339 S 3.3 14.8 0.84 2.12 1.52 1.49 (a)
AGAL341.216-00.236 S 3.7 16.0 1.15 2.69 1.58 0.62 (a)
AGAL341.217-00.212 S 3.7 24.0 0.54 0.84 1.21 1.88 (a)
AGAL341.219-00.259 S 3.7 18.0  0.50 1.48 0.70 4.87 (a)
AGAL341.236-00.271 S 3.7 18.0 0.84 1.47 1.99 0.85
H IT clump
AGAL310.014+00.387 S 3.6 28.0 0.68 1.12 0.75 1.44 (a)
AGAL322.164+00.622 S 3.7 28.0 1.04 0.98 0.30 2.95
AGAL331.626+00.526 S 3.6 21.0  0.75 0.87 0.72 1.38
AGAL333.068-00.447 S 3.7 26.0 1.55 4.65 2.28 0.51 (a)
AGAL333.553-00.291 S 3.4 22.0 0.35 0.23 0.56 1.90
AGAL340.248-00.374 S 3.9 22.0 1.6 6.27 3.13 0.58 (a)
PDR clump
AGAL340.319-00.227 S 3.7 22.5 0.75 0.87 0.84 0.86 (a)
Unknown type clump
AGAL340.299-00.222 S 3.7 17.0 0.84 1.59 1.35 0.93

(a) Clumps observed in the SuperMALT survey.
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Table 4.2: Summary of observations.

Observing group

Urms

No. Date (1°, b°) Clumps (Jy/beam)
1 2017-06-23 331.639, 0.501 AGAL331.639, AGAL331.626 0.20
2 2017-06-23 333.481, -0.224 AGAL333.481, AGAL333.483, AGAL333.473 0.33
3 2017-06-22 333.566, -0.296 AGAL333.566, AGAL333.553 0.20
4 2016-06-19 341.196, -0.221 AGAL341.196, AGAL341.216, AGAL341.217 0.32
5  2017-06-22  318.049, 0.086 AGAL318.049 0.30
6  2016-06-19 322.158, 0.636 AGAL322.158, AGAL322.164 0.81
7 2018-08-27 329.184, -0.314 AGAL329.184 0.64
8  2017-06-22 332.986, -0.489 AGAL332.986 0.33
9 2017-06-22 337.761, -0.339 AGAL337.761 0.20
10 2017-06-22 341.219, -0.259 AGAL341.219, AGAL341.236 0.20
11 2017-06-22 310.014, 0.387 AGAL310.014 0.15
12 2016-06-19 333.086, -0.447 AGAL333.068 0.35
13 2017-06-22 340.248, -0.374 AGAL340.248 0.20
14 2017-06-22 340.319, -0.227 AGAL340.319, AGAL340.299 0.23

Ancillary data

The MALT90 clumps were selected from the Atlasgal project, a survey of the dust continuum
emision at the wavelength of 870 um (Schuller et al.|2009; |Contreras et al.2013) conducted
using the LABOCA receiver at the Apex telescope with an angular resolution of 19.5” . We
downloaded archival ATLASGAL continuum maps as calibrated and reduced fits images of
size 4.9'X4.9’. We also made use of the MALT90 molecular line catalogue (Rathborne et al.
2016), specifically the NoH J =1 — 0, and, in addition, HCO™ and H3CO™ (3-2) spectra
from the SuperMALT survey (Neupane et al.[|2018, Neupane et al. in submission) toward a
few clumps to infer the gas kinematics.

4.4 Results

4.4.1 Artemis 350pum emission

Figure to present the 14 full images of the 350m emission which included 23 MDC
clumps in different evolutionary stages. Also shown are the ATLASGAL 870 pum images
toward the clumps. The spatial resolution is ~8” in the Artemis maps which is about three
times higher than provided by the ATLASGAL survey. Contour levels (grey) on both images
start from 3o level and drawn increasingly at levels of 50, 100 and 500. The morphologies
of emission varies from simple to complex shapes. The detected 350um emission is always
within the lowest contour of the 870 ym emission maps.
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Figure 4.1: Artemis 350um maps (left panel) and Atlasgal 870pum maps (right panel). Top:
AGAL331.626 and AGAL331.639. Bottom: AGAL333.473, AGAL333.481, AGAL333.483.
Contour levels (white) on both maps start from 3¢ level and drawn increasingly at levels
of 50, 100 and 500. The cyan contours in both maps show substructures determined from
Artemis maps using Astrodendro.
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Figure 4.2: Same as Fig. [4.1l Top: AGAL333.553 and AGAL333.566.
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Figure 4.4: Same as Fig. [L.1] Top: AGALB329.184, Bottom: AGALB332.986.
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4.4.2 Astrodendro: core identification

To identify structures (also referred as cores) within the Artemis maps we used the Astro-
dendroﬂ algorithm based on the dendogram method (Rosolowsky et al.|2008). The algorithm
has three variables as an input for the identification of substructures; minimum flux to be
considered (F,.i,), step () that defines separation of neighboring peaks and minimum pixels
(Ain) to be included in a defined structure. For a robust extraction of cores we adopted
Foin=30, 0=10 and A,,;, equal to half the beam area. These parameters allows the selection
of cores with a minimum peak value of 40 and minimum size equal to half the beam size.
Although the algorithm is able to detect cores at the edges of the maps we did not considered
them for further analysis.

The substructure identified using the Astrodendro algorithm in the Artemis images are
shown in cyan contours and are also overlayed in the ATLASGAL images to visualize the po-
sition of the substructures within the clumps. Cols. 2 to 8 of Table present, respectively,
number of substructures, flux density, radius, and position angle of the cores.

Most clumps, defined by the 30 contours in ATLASGAL images, exhibit a central core
surrounded by smaller cores within the clump region. The central core observed in the
350pum image coincide with the peak position of the clump in ATLASGAL. Exception are
a few clumps in which two cores are detected around the peak position of the clump (e.g.,
AGAL333.481) or clumps with few cores but no central substructure (e.g., AGAL333.483).

We identified 55 substructures within the 23 observed clumps. Eight clumps show no
fragmentation (meaning single structure in Artemis map), seven clumps exhibit 2 cores and
three clumps exhibit 3 cores. We also found clumps with either 4, 5 and 6 cores. With
respect to the number of substructures in the different evolutionary stages, we found 1 to 4
cores in prestellar clumps, 1 to 5 in protostellar clumps, and 1 to 6 in H II clumps. The PDR
and unknown clumps exhibit four and one core, respectively.

Thttp: //www.dendrograms.org/
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4.5 Analysis and discussion

4.5.1 Core parameters

The physical parameters of the cores are listed in Table 4.4.2] In the following we describe
the derivation of the physical parameters.

Sizes

Cols. 6 and 7 of Table [4.4.2] present size of the cores in arcsec and pc. The latter is derived
using the clump distance given in col. 2 of Table 1.1} In prestellar clumps the core radii
range from 0.03 to 0.13 pc with an average value of 0.06 pc, for in protostellar clumps the
core radii range from 0.03 to 0.14 pc with an average value of 0.07 pc, and in H II clumps
the core radii range from 0.03 to 0.14 pc with an average value of 0.12 pc.

Masses

The mass of the cores were calculated from the continuum flux density, S,,, using the expres-
sion,

S,D?*Ryq
k,B,(T)’
where k,, is the dust mass absorption coefficient at frequency v, B(T) is the Planck function at

temperature T, D is the distance and Rgyq is the gas-to-dust ratio. We use ks50m = 0.07 cm?
gm~! (e.g.,|André et al|2016) assuming a gas to dust ratio of R,q=100.

M = (4.1)

Col. 9 of Table lists the mass of the cores. We assume temperature of the parent
clump given in col. 3 of Table and distance given in col. 2 of Table for the mass
determination of the cores. The masses range from 4.6 to 109 Mg, in prestellar clumps, 6.6
to 1544 Mg in protostellar clumps and 2 to 989 Mg in H II clumps. The PDR clump has
cores with masses ranging from 2 to 34 Mg and the unknown clump has one substructure
with mass of 154 M. The average mass of the combined sample is 131 M.

Densities
The molecular hydrogen density of the cores is obtained from the expression,

M

n—=-—m——-
4 3
FTUMET

(4.2)

where radius r is the core radius, p is the molecular weight per hydrogen molecule and
my is the mass of hydrogen. Col. 10 of Table lists the densities of the cores, which
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range from 1.0x10° to 3.6x10% cm™3.

4.5.2 Mass distribution

Figure presents the mass distribution of the whole sample of cores detected towards the
23 clumps. The minimum mass is 2 Mg and the most massive core has a mass of 1.5x103
Mg. The average core mass is 131 M, (indicated by the dotted black line in the plot). Also
shown in the plot (indicated by the dotted red line) is the Jeans mass (13.3 M) estimated
using an average density (1.53x10* cm™) and average temperature (21.6 K) of the sample
clumps.

Number of cores

1 2 3
log Mcore (M o)

Figure 4.8: Mass distribution of the combined sample of cores in all 23 clumps. The dotted
red line indicates Jeans mass for clumps with average density and temperature. The dotted
black line shows the mean mass of the cores.

The fragmentation properties of clumps in the prestellar, protostellar and H II stages
are summarized in Table In addition to the average number of observed substructures,
average clump temperature and average line widths, Table lists the core mass fraction defined
as total mass in the form of cores divided by the clump mass as well as the fraction of the
mass of the central core relative to the clump mass.

The core mass fraction range from 3% to 13% for prestellar clumps, 2% to 65% for proto-
stellar and 12% to 42% for H II clumps. The average value of the core mass fraction increases
from prestellar (8%) to protostellar (21%) and H IT clumps (20%). This result suggests that
at early stages the fragmented cores are smaller in mass while at later stages they have gath-
ered a significant fraction of the clump mass. In addition, we find that most of the mass is
contained in the central or most massive substructure as indicated by the central core mass
fraction with respect to the clump mass given in line 6 of Table [£.4]
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4.5.3 Fragmentation properties

In the following we explore possible correlations between the fragmentation level of a clump
with its physical properties, such as line width (proxy for the non thermal motion or turbu-
lence), dust temperature, molecular hydrogen density and virial parameter. No correlations
are found between the number of cores in a clump and its bulk properties. On the other
hand, correlations are found between the fraction of the mass of the central core relative to
the clump mass and clump parameters.
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Figure 4.9: Line widths from NoH" (1—0) toward the clumps versus mass fraction of the
central core.

Figure presents a plot of the mass fraction of the central core versus clump line width.
Clumps containing central cores with large mass fraction tend to have larger line widths (>
3 km s7!). This suggests that the central cores may be supported against fragmentation by
high levels of turbulence. We note that given our small sample we can not draw general
conclusions. The larger line widths could also be due to increased star formation activity

Table 4.4: Fragmentation properties.

Properties Clump type
Prestellar Protostellar H II
No. of substructures 1to4 1toh 1to6
Average no. of substructures 2.4 2.4 2.3
Average Tqus (K) 18.3 21.9 24.5
Average line widths (dv km s71) 2.7 3.3 3.1
Core mass fraction (f = > Meore/Meump) 8% 21% 20%
Central core mass fraction (Meentraicore/Metump) 7% 20% 19%
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Figure 4.10: Line widths from NoH" (1—0) toward the clump versus mass fraction of the
central core.

and global gravitational collapse.
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Figure 4.11: Left: Molecular hydrogen density of clumps versus number of cores. Right:
virial parameter of the clump versus number of cores.

Fig [4.10] shows that the mass fraction of the central core seems to be correlated with
clump temperature. This result may reflect that the more massive central core in the clump
is likely in an active accretion phase heating up the surrounding dust and gas that results in an
increase in temperature. Although Jeans mass is higher for clumps with higher temperature
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and predicts less number of fragmentation, the high mass fraction of central core can not be
explained solely by Jeans fragmentation analysis.

Fig plots the number of cores in a clump as a function of its density (left panel) and
virial parameter (right panel). It shows that clumps containing higher number of cores are
at sub-virial and virial state (left) and that clumps with higher densities contain less number
of fragments.

To investigate a possible relationship between the clump fragmentation characteristics,
evolutionary stage and global kinematics, we list in Table the 15 Artemis clump for
which their overall kinematics was reported in the SuperMALT survey (see of Chapter
3). Col. 1 lists the large scale motion of the clump, as determined from the shape of the
HCO™(3-2) and/or HCN (3-2) line profiles, col. 2 gives the fragmentation characteristics,
cols. 3 and 4 give, respectively the fraction of the total mass of the cores relative to the clump
mass and the fraction of the mass of the central core relative to the clump mass. Of the 15
Artemis clumps, 9 exhibit infalling motions and 5 exhibit expansion motions. Considering
only the collapsing clumps, protostellar clumps show considerable larger total core to clump
mass fraction and central core to clump mass fraction than prestellar clumps. The average
value of the total core to clump mass ratio is 8% for prestellar clumps and 22% for protostellar
clumps. These results strongly support the global collapse scenario for the evolution of the
clumps with the cores in the protostellar phase accreting mass from the clump environment.

Table 4.5: Global gas motion and fragmentation characteristics of the clumps.

Clump Gas motion® Fragmentation characteristics Ve TC iraleore
Prestellar stage
AGAL331.639+00.501 S Infall 1 central core and 2 less massive cores ™% 5%
AGAL333.481-00.224 S Infall 2 central cores, similar mass 5% 3%
AGAL333.566-00.296 S Steady 1 central core and 1 less massive core 13% 12%
AGAL341.196-00.221 S Infall Single core 11% 11%
Protostellar stage
AGAL318.049+4-00.086 S Infall 1 central core and 1 less massive core 27% 26%
AGAL322.158+400.636_S Infall 1 central core and 4 less massive cores 31% 28%
AGAL332.986-00.489 S Expansion 1 central core and 1 less massive core 8% %
AGAL337.761-00.339 S Infall 1 central core and 4 less massive cores 10% 9%
AGAL341.216-00.236_ S Expansion 2 central core and 1 less massive core 12% ™%
AGAL341.217-00.212_S Infall Single core 35% 35%
AGAL341.219-00.259 S Infall 2 cores centrally located, one less massive 5% 4%
H II stage
AGAL310.014+00.387_S Infall Single core 16% 16%
AGAL333.068-00.447 S Expansion 1 central core and 2 less massive cores 22% 21%
AGAL340.248-00.374 S Expansion 1 central core and 5 less massive cores 12% 10%
PDR
AGAL340.319-00.227_S Expansion 1 central core and 3 less massive cores 6% 4%

@ Large scale motion of the clump observed in SuperMALT survey (See Table[3.12).
b fcore - Z Mcore/Mclump

c
fcentralcore centralcore/Mclump
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Limited number of fragmentation

The Jeans mass in a clump with an average density of 10* cm™ and temperature of 20 K is
Mj; = 15 Mg. Therefore a clump with a mass of 1000 M, is expected to fragment, under
the Jeans criteria, into ~70 cores with Jeans masses. In our observations we achieved an
average rms noise level of 0.32 Jy/beam allowing to detect cores with masses of ~2 Mg,
assuming an average distance of 3.6 kpc and dust temperature of 20 K. However, the number
of detected fragments range from 1 to 6 per clump with an average number of 3 fragments
per clump. 35 % of the clumps show no fragmentation (that is to say one single structure is
detected), 30% of clumps exhibit 2 substructures, 13% show 3 substructures, and 22% show
more than four substructures. In summary, we only observe 2-3 fragments per clump at the
scale of our observations (0.1pc at 3.5 kpc). |Csengeri et al. (2017) made ALMA 7m array
observations towards a sample of clumps with similar physical properties than those in our
sample reporting a fragmentation level of 2-3 cores per clump consistent with our findings.
The low level of fragmentation can be attributed to large levels of turbulence, the presence
of magnetic fields or to the presence of large scale kinematics of the clump, such as global
gravitational collapse.

Core mass function
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Figure 4.12: The normalized cumulative distribution function (CDF) for the combined
sample of cores within 23 clumps observed in Artemis survey. The red line and purple
shaded area show the maximum likelihood estimation of the power law index fit and its 90%
confidence interval, respectively. The yellow line shows the initial mass function distribution
from Kroupa (2001)

Fig. [£.12] shows the normalized cumulative mass distribution of the full sample of cores.
Assuming that the core mass function is such that dN/dM o« M®, the best fit to the empir-
ical cummulative distribution function (eCDF), using a maximum likelihood method (e.g.,
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Servajean et al|2019; Neupane et al|2020) gives a power law index a = -1.13£0.07. The
90% confidence interval is from -1.01 to -1.25. Also shown in the plot is the Kroupa (2001)
initial stellar mass function (IMF') slope for stars with masses greater than 1 Mg of o = - 2.3
(Kroupal[2001)). The slope of the core mass function is much shallower than the Kroupa IMF
slope. This reflects that the fragmentation process of massive and dense clumps is a complex
process. They typically exhibit high-mass core forming efficiency higher at the early stages
of their evolution.

4.6 Summary

We observed the 350 continuum emission from 23 MALT90 MDCs in different evolutionary
stages (5 prestellar, 10 protostellar, 6 H II, 1 PDR and 1 Unknown clump) using the Artemis
camera mounted at the APEX telescope located in the Chajnantor plateau in the Atacama
desert, Chile. The spatial resolution is 8’ (~0.1 pc at the average distance of the sample of
3.6 kpc) and the sensitivity is 0.32 Jy/beam. The results of the Artemis observations are
summarized as follows.

1) While the clumps exhibit singular structure in the Atlasgal 870 pum maps (19.5 ”), the
emission at 350u is typically resolved in a few (2-3) subtructures. The substructures (or
cores) are found within the minimum (3¢) contour level in Atlasgal emission maps, but are
not necessarily located near the peak position of the clump.

2) The number of cores, extracted using the Dendogram algorithm, range from 1 to 4 in
prestellar clumps, 1 to 5 in protostellar clumps and 1 to 6 in H IT clumps. A PDR clump
harbour 3 substructures and an unknown type clump harbour one core. On average, we
observed 2 to 3 substructures per clump, similar to the findings of (Csengeri et al. (2017)).

3) The sizes of the cores range from 0.03 to 0.14 pc, the masses from 2 to 1544 M, and the
densities from 1.0x10° to 3.6x10% cm™3. The average values of the size, mass and density
are 0.08 pc, 131 M, and 7.3 x 10° ecm ™3, respectively.

4) We investigated possible correlations between number of cores within a clump and
its physical properties such as line width (turbulence), dust temperature, density and virial
parameter. We do not find significant correlation between the clump physical properties and
number of substructures. On the other hand, we find that clumps with large line widths
and high temperatures exhibit more massive core at their centers. The clumps with more
fragments are the less dense ones and are at virial or sub-virial state.

5) The average core mass fraction, defined as the total mass in the form of cores divided
by the clump mass, is 8% for prestellar clumps, 21% for protostellar clump and 20% for H II
clump. This result can be explained as an evolutionary effect, in which the core mass fraction
increases with the clump evolution.

We conclude that clump fragmentation takes place during the early stages of evolution,
giving rise to cores with masses close to the Jean mass. Thereafter the cores accrete more
mass from the clump environment. The centrally located cores become more massive because
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they gather mass at a higher rate due to their preferential location in the gravitational poten-
tial well. The profiles of the molecular line emission from the central core show blueshifted
asymmetries, indicating infall signatures, as well as strong wing emission indicating outflow-
ing motions. It is in these cores that a single or a cluster of high-mass stars will form.

Acknowledgements: This work is based on data acquired with the Atacama Pathfinder
Ezxperiment (APEX). APEX is a collaboration between the Maz Planck Institut fur Radioas-
tronomie, the Furopean Southern Observatory, and the Onsala Space Observatory.
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Chapter 5

ALMA observations of two massive and
dense MALT90 clumps

This work has been published in Neupane et al 2020, ApJ, 890, 76.

We report Atacama Large Millimeter Array observations of 3 mm dust continuum emission
and line emission, in HCOY, H3COt, NyH" and CH;CN, towards two massive and dense
clumps (MDCs) in early but distinct evolutionary phases (prestellar and protostellar), made
with the goal of investigating their fragmentation characteristics at angular scales of ~1".
Towards the prestellar clump we detected ten compact structures (cores), with radius from
1200 to 4500 AU and masses from 1.6 to 20 M. Half of these cores exhibit inverse P Cygni
profiles in HCO" and are subvirialized indicating that they are undergoing collapse. Towards
the protostellar clump we detected a massive (119 Mg, ) central core, with a strong mass infall
rate, and nine less massive cores, with masses from 1.7 to 27 My and radius from 1000 to
4300 AU. CH3CN rotational temperatures were derived for 8 cores in the protostellar clump
and 3 cores in the prestellar clump. Cores within the prestellar clump have smaller linewidths
and lower temperatures than cores within the protostellar clump. The fraction of total mass
in cores to clump mass is smaller in the prestellar clump (~6%) than in the protostellar
clump (~23%). We conclude that we are witnessing the evolution of the dense gas in globally
collapsing MDCs; the prestellar clump illustrating the initial stage of fragmentation, harboring
cores that are individually collapsing, and the protostellar clump reflecting a later stage in
which a considerable fraction of the gas has been gravitationally focused into the central region.

5.1 Introduction

A wealth of observations have shown that filamentary structures are ubiquitous within molec-
ular clouds (e.g., Schneider & Elmegreen!|1979; [Myers||2009; Molinari et al.|2010; |André et al.
2010). These long molecular structures are inhomogeneous and present over-densities, most
likely a result of fragmentation (e.g., Takahashi et al.2013; Teixeira et al.|2016; |Contreras
et al.[2016)). It is in the most massive (~10% M) and dense (~10* cm™3) overdensities, which
we refer as massive and dense clumps (or MDCs), where high-mass stars form (Fatndez et al.
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2004; Contreras et al.2017). However, the early evolution of MDCs and the ensuing frag-
mentation leading to the formation of cores is not well understood. The relative importance
of primordial clump fragmentation versus large-scale accretion in determining the distribu-
tion of core masses still remains to be assessed. Recent ALMA observations with moderate
angular resolution (~3.5”) towards a sample of MDCs in early evolutionary stages (infrared
quiet) with masses in the range from 200 to 2000 M, revealed limited fragmentation at the
scale of ~0.1 pc, showing typically ~3 cores, and a high efficiency in the formation of high-
mass cores (Csengeri et al. 2017). Observations with higher resolution (~0.03-0.05 pc) of
clumps with similar characteristics show a range of substructures — from a few fragments
(e.g., Peretto et al.|2013; Sanhueza et al.|2017)) to ten or more fragments (e.g., Lu et al.[[2018,
Contreras et al.[[2018). Some works concluded that the fragmentation properties of clumps
are described by gravo-turbulence (e.g., Zhang et al.|2015) while others find them consistent
with pure thermal Jeans fragmentation (e.g., [Palau et al.[2015] 2018)). [Teixeira et al. (2016])
found that the separation of clumps within a filamentary cloud is consistent with the Jeans
length of the filament while the separation between the individual cores within the clumps
is smaller than the Jeans length of the clump, which they suggest indicates that the local
collapse of the clumps ocurrs at a much faster pace than the global collapse of the filament.

Determining the physical and kinematical properties of the molecular gas in MDCs at
both, the large clump scale (~ 1 pc) and small core scale (5000 AU), will permit to inves-
tigate the presence of global or localized collapse and the characteristics of the primordial
fragmentation. These properties together constitute a key discriminator between current
models of the fragmentation and evolution of MDCs, such as Competitive accretion (Bonnell
& Bate|2006), Turbulent fragmentation (Padoan & Nordlund, 2002), Hierarchical gravita-
tional fragmentation (Vazquez-Semadeni et al.[2009, 2017)).

In this work we present a study of two MDCs, one in the prestellar stage and the other
in the protostellar stage of evolution, using high resolution ALMA Band 3 continuum and
molecular line observations with the goal of identifying and determining the physical char-
acteristics of the dense and compact structures within the MDCs and to test models of the
fragmentation and evolution of MDCs, and possibly to guide future theories. In section
we briefly review the characteristics of the observed MDCs. In section [5.3| and section [5.4] we
describe the observations and present the results, respectively. In section we discuss the
analysis of the continuum and molecular observations. In section [5.6| we compare our results
with the predictions of different models.

5.2 The targets

The two MDCs studied in this work were selected from the MALTQqH catalog (Rathborne
et al./2016]), one AGAL333.014-0.521 (hereafter AGAL333) classified as been in the prestellar
stage and the other AGAL329.184-0.314 (hereafter AGAL329) classified in the protostellar
stage of evolution (see Figure . The MALT90 project (Foster et al.|[2011} lJackson et al.
2013) surveyed, with the Mopra telescope, the emission in 15 different molecular lines (mostly

!The Millimetre Astronomy Legacy Team 90 GHz Survey: http://malt90.bu.edu
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Figure 5.1: Three colour Spitzer images (blue: 3.6 um, green: 8 pum and red: 24 ym)(IRAC:
Fazio et al.[2004, MIPS: Ricke et al.[|2004) of the MALT90 targets overlaid with contours of
the 870 pm emission from the Atlasgal survey (FWHM~20"). The magenta circle indicate the
ALMA primary beam (FWHM) of ~62” in Band 3. Left panel: Prestellar clump AGAL333.
Contour levels are drawn at 3o, 50, 70, 90 and 110 (o = 93.3 mJy beam™!). Right panel:
Protostellar clump AGAL329. Contour levels are drawn at 3o, 60, 120, 240 and 480 (o =
89.3 mJy beam™1).

J=1—0 transitions) and one recombination line towards ~3200 MDCs. Towards AGAL329
and AGAL333 emission was detected in, respectively, 9 and 8 lines, including the high density
tracers HCO', HNC, HCN and N,H". The J=1—0 transitions of these four species have
critical densities?] of the order of 10°-10° cm™ for a temperature of 20 K, indicating that
the clumps indeed have high densities, a requisite for the formation of high-mass stars. The
spectra of the optically thick HCO™ emission from the protostellar clump shows a double peak
profile, with the blueshifted peak being stronger than the redshifted peak, while the spectra
of the optically thin H'3CO™ emission shows a single line with a peak velocity in between
the velocities of the blue and red peaks of the HCO™ line. These profile characteristics
are signposts of infall motions (e.g, |Anglada et al.|[1987; Mardones et al.|[1997; De Vries &
suggesting that AGAL329 is undergoing a large scale collapse. On the other
hand, the profiles of the HCO' and H3CO™ emission from the prestellar clump are nearly
Gaussian, indicating a more static, quiescent region. As expected, SiO emission, which traces
outflow /shocked gas (e.g., Martin-Pintado et al.||1992), is only detected towards AGAL329.

Table [5.1] lists observed and derived parameters of the clumps. The velocities and line
widths correspond to those determined from the hyperfine (HF) fitting of the NoH™ emission
as observed with the Mopra telescope in the MALT90 survey. The dust temperatures were
determined by us from a fit to the spectral energy distributions (SEDs), shown in Figure
using a single temperature modified blackbody model (c.f., Guzméan et al.|[2015; Konig et al.|

,

S, = QB (Ty)(1 —e™) (5.1)

where S,,, B,, Tq and €2, are, respectively, the flux density, Planck function, dust temperature
and effective solid angle subtended by the clump. We assume that the dependence of the

2Defined as, nepi¢ = Aui/Yui, where A, is Einstein coefficient and ,,; is the collisional rate.
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Table 5.1: Observed and derived parameters of the clumps.

Parameter AGAL333.014-0.521 AGAL329.184-0.314 Reference
Clump type Prestellar Protostellar (1)
Distance (kpc) 3.72 3.46 (2)
Vig (km s™) -53.8 -50.5 (1)
Line width (km s™') 3.1 3.4 (1)
Fatoum (Jy) 16.42 23.02 (3),(4)
0 (" x") 43x17 24x15 (3),(4)
Size (pc) 0.49 0.32 (5)
Mot (M) 1080 940 (5)
n(Hy) (105cm™3) 0.32 1.00 (5)
M, (M) 980 770

iy 0.91 0.82

Jeans mass (My) 6.8 5.5

Jeans radius (pc) 0.09 0.06

(1) [Rathborne et al.|[2016; (2) [Whitaker et al|2017; (3) |Contreras et al.|[2013;
(4) Urquhart et al.||2014; (5) this work.

optical depth, 7,, with frequency v can be expressed as
= (v/v,)" | (5.2)

where v, is the frequency at which the dust opacity is unity and g is the spectral index of
the dust absorption coefficient.

The data points at infrared wavelengths (70 to 500 pm; red circles) were obtained from
the Hi-Gal images (Molinari et al. 2010) available in the Herschel Science Archive and the
data point at 850 pm (black square) was obtained from ATLASGAL images (Schuller et al.
2009). The fluxes were extracted using simple aperture photometry of a circular region with
radii of 27” and 20” for the prestellar and protostellar clumps, respectively. Errors in the
flux densities, mostly due to calibration uncertainties, are less than 30%. Error bars are then
smaller than the size of the symbols. Also incorporated in the SED are the flux densities
measured at 100 GHz using the ACA array alone (present work; blue stars) and for the
protostellar clump the 1.2 mm flux density reported by Beltran et al|2006 (open square).
A least squares fit to the SED, using the SciPy optimize module in Python (Virtanen et al.
2019), gave values of Ty and /5 of 22 K and 2.1 for the prestellar clump and 28 K and 1.6 for
the protostellar clump. Shown in the SED of the protostellar clump (Figure - left panel)
are the flux densities at 18 GHz and 22 GHz observed with ATCA (Sanchez-Monge et al.
2013; triangles). These flux densities are well above those expected from the dust emission
model, and most likely correspond to free-free emission from either an ultra-compact H II
region or a region of shocked gas.

The clump size, mass, and density, given in lines 7, 9 and 10 in Table [5.1 were derived
from the 870 um continuum emission. The last two parameters were computed using the dust
temperatures derived from the SED, a dust absorption coefficient of 1.85 cm? gr=! (Ossenkopf
& Henning||1994), and a gas to dust ratio of 100. The virial masses, M, = 50*>R/G, where
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o = AV/(8n2)"/2, are 980 M, for the prestellar clump and 770 My for the protostellar
clump. The virial parameter, defined as ayi,. = M/ Mayst, is 0.91 for the prestellar clump
and 0.82 for the protostellar clump, suggesting that both of them are gravitationally bound.
Also given in Table are the Jeans mass and Jeans radius at the average temperature and
density for both clumps.
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Figure 5.2: Spectral energy distribution of clumps AGAL329 (left) and AGAL333 (right).
Symbols are described in the text. The continuous lines (blue) correspond to the SEDs fit
obtained from a least squares method. The fitted parameters are given inside each box.

In summary, the clumps selected for this study, which are at similar distances fom the
Sun, have masses, sizes and densities characteristics of high-mass star forming regions and
their virial parameters indicate that they are gravitationally bound. The IR and molecular
line observations suggest, however, that they are in different evolutionary stages. AGAL329
harbors a strong 24 um point source and show line profiles characteristics of infalling motions,
indicating it is in a more advanced stage of evolution than AGAL333, which exhibits Gaussian
profiles and no energy sources at IR wavelengths.

5.3 Observations

We made ALMA Band 3 (86-116 GHz) dust continuum and molecular line observations
towards the MDCs AGAL333 and AGAL329. Since the sizes of these MDCs are smaller than
the ALMA field of view at 3 mm (~62"), single pointing observations were carried out, as
part of Cycle 4, during Dec 2016 and Jan 2017 using both the 12 m array and 7m Atacama
Compact Array (ACA). We used two different spectral set ups (see Table . In the first
one, five separate spectral windows (SPW) were used, three for continuum observations and
two for observations of the NoH"J=1—0 and CH3CN J=5—4 lines. In the second set up,
the bandwidth was separated into four SPWs, two for continuum observations and two for
observations of the HCO*J=1—0 and H¥*CO* J=1—0 lines. The observed molecular species
were chosen for the following reasons. NoHT suffers little depletion and is one of the best
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Table 5.2: Observational parameters.

SPW Center Freq. Bandwidth Vel. res. On source integration time

(MHz) (MHz) (km s7!)  (12m Array) (ACA)
Observing setup I
NoH* 93173.402 117.19 0.393 23 min 32 min
CH3;CN 91985.284 117.19 0.398

Cont. 1 92500.000 1875.00 101.262
Cont. 2 103500.000 1875.00 90.500
Cont. 3 105400.000 1875.00 88.869
Observing setup II
HCO™ 89188.526 117.19 0.205 23 min 32 min
HBCOT  86754.288 117.19 0.211
Cont. 4 99000.000 1875.00 94.614
Cont. 5 100900.000 1875.00 92.832

tracers of the dense and cold gas (Bergin & Langer 1997; |Caselli et al.[2002). The emission
in the HCOT and H'¥CO™ lines are, respectively, usually optically thick and thin towards
dense clumps and therefore their simultaneous observations are useful to probe the presence
of infall or expansion motions. The CH3CN molecule is a good temperature probe, of both
the large scale diffuse gas and small scale dense gas (e.g., Glsten et al.||1985; Blake et al.
1987: |Araya et al.|2005; |Jones et al. 2008]).

Table 5.3: Synthesized beam and rms noise from 7m-+12m combined maps.

Maps AGAL329 AGAL333
rms noise Beam PA rms noise Beam PA
(mJy/beam) ("x") (°) (mJy/beam) ("x") (°)
Continuum 8.5x1072 1.5x 1.3 155 4.7x1072 1.5x1.3 138
HCO* 4.0 1.6x1.3 155 4.0 1.6x1.3 147
H3CO+ 3.7 1.7x 1.3 155 3.7 1.7x 1.3 146
NoH™ 4.0 21x17 66 4.0 21x 1.7 67
CH3CN 3.9 21x1.8 68 3.7 21x1.8 68

The integration time on source in each of the setups was 23 and 32 minutes for the 7m and
12m array observations, respectively. The bandpass and flux calibrations were carried out
using multiple quasars (J1603—4904, J1617—5848, J1427—4206, J1603—4904, J1312—0424,
J1617—5848, J1650—5044, J1924—2914, J2131—1207), Mars and Callisto. Data calibration
and reduction were made using the Common Astronomy Software Application (CASA: Mc-
Mullin et al.|[2007) version 4.7 package. Independently calibrated 12m and 7m dataset were
concatenated and cleaned together using the CASA tclean task with a Briggs weighting of
0.5. We used a multi-scale clean deconvolver (Cornwell|2008]), with scale values of 0, 6, 10 and
30 times the image pixel size (0.3”). For the continuum imaging we concatenated all 5 con-
tinuum spectral windows. We used interactive mode for continuum imaging while spectral
cubes were made using continuum subtracted spectra with automated masking procedure
auto-multithresh using noise threshold parameter noisethreshold of 2 sigma. This parameter
corresponds to the minimum signal-to-noise value that is masked. This technique mimics
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what we would do in manual masking in interactive cleaning procedure. From the final
spectral line cubes, integrated intensity and velocity maps were made using casa task tmmo-
ments. The angular resolution achieved in the continuum observations are 1.46” x 1.34” (P.A.
155°) and 1.46"x1.33"” (P.A. 138°) for AGAL329 and AGAL333, respectively. The rms values
achieved in the continuum and line maps are listed in the Table [5.3] For the molecular lines
the root mean square values of the noise reported is that determined from line-free channels.

5.4 Results

5.4.1 Continuum emission

Figure[5.3| shows our ALMA images of the 3 mm continuum emission towards AGAL329 and
AGAL333. The emission from AGAL329 arises from an extended, bright central source and
a handful of compact, weaker structures. The emission from AGAL333 arises from several
compact structures spread out across the region, most of them being aligned in a NE-SW
direction.

Table 5.4: Observed parameters of the cores.

Core Peak position Clumpfind Astrodendro Remarks
RA DEC Flux Ang. size Flux Ang. size
hh:mm:ss dd:mm:ss (mJy) (HWHM ") (mJy) (HWHM ")
AGAL329
mm-1  16:01:48.62 -53:11:45.47 4.69 0.65 3.78 0.65
mm-2  16:01:48.59 -53:12:02.87 0.49 0.29 0.50 0.41
mm-3  16:01:47.99 -53:11:54.17 5.12 0.75 5.17 1.09
mm-4  16:01:47.99 -53:11:46.07 9.84 1.14 5.60 0.84
mm-5 16:01:47.95 -53:12:04.07 1.04 0.50 1.05 0.61
mm-6  16:01:46.95 -53:11:43.67 102.15 1.77 93.55 1.66
mm-7  16:01:46.22 -53:11:37.67 1.00 0.51 0.61 0.45
mm-8  16:01:44.88 -53:11:15.17 2.48 0.77 2.50 1.06
mm-9  16:01:44.72 -53:11:24.77 2.74 1.24 - - (a)
mm-10  16:01:44.62 -53:11:27.17 8.88 0.67 11.74 1.42
AGAL333
mm-1  16:20:56.83 -50:44:01.98 0.32 0.31 0.33 0.43
mm-2  16:20:56.01 -50:43:59.88 1.77 0.61 1.81 0.74
mm-3  16:20:55.31 -50:44:01.69 0.46 0.53 0.31 0.50
mm-4  16:20:54.99 -50:44:07.39 3.12 1.22 2.44 1.23
mm-5  16:20:54.43 -50:44:03.49 4.25 0.91 3.76 0.97
mm-6  16:20:53.83 -50:44:17.29 1.38 0.50 1.41 0.60
mm-7  16:20:53.48 -50:44:09.19 0.58 0.78 0.60 0.77
mm-8  16:20:52.28 -50:44:18.78 0.57 0.39 0.59 0.50
mm-9  16:20:52.02 -50:44:20.28 0.42 0.34 0.43 0.45
mm-10 16:20:51.52  -50:43:45.18 0.68 0.87 0.22 0.45
mm-11  16:20:51.71  -50:43:46.62 - - 0.25 0.43 (b)

(a) Core not detected by Astrodendro. (b) Core not detected by Clumpfind.

In order to be quantitative in the identification of structures in the images we used two
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Figure 5.3: Images of the 3 mm continuum emission observed with ALMA towards the
protostellar clump AGAL329 (upper panel) and prestellar clump AGAL333 (lower panel).
The magenta crosses indicate the cores extracted in common by Astrodendro and Clumpfind.
The ‘“+’ symbols in red indicate cores identified only by Clumpfind or Astrodendro. The
scale bar in the bottom right corner indicates the Jeans radius of the clumps. Also shown are
contour levels of the 3mm emission, drawn at 3, 5, 10 and 30 o, where o are 4.7x1072 and
8.5x1072 mJy/beam for AGAL333 and AGAL329, respectively. The black ellipse shown at
the bottom left corner indicates the beam size.

commonly employed methods: Astrodendrd®| and Clumpfind (Williams et al|[1994). We note
that, in general, the number of extracted features and their parameters depend on the applied
method (e.g., Pineda et al.[[2009). To identify structures in the Astrodendro algorithm, based
on a dendrogram analysis (Rosolowsky et al. 2008), requires three inputs parameters: the

3http://www.dendrograms.org/
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minimum flux to be considered (F,,,), the separation between neighboring peaks (J) and
the minimum number of pixels (A,,;,) an structure should have. For a robust extraction of
structures we adopted F,,;,=30, 0=10 and A,,;, = 1 beam. The key characteristic of this
algorithm is its ability to track hierarchical structures over a range of scales. The Clumpfind
algorithm (Williams et al.|[1994) is based on contouring the data array at different levels.
The three input parameters are: the minimum flux level to be considered (T}, ), the contour
step (AT) and the minimum number of pixels (S,;,) required to be defined as a unique
substructure. For core extraction we adopted T,,=30, AT=20 and S,,;, = 1 beam.

Towards AGAL329, Astrodendro identified 9 cores while Clumpfind recovered 10. Towards
AGAL333, Astrodendro identified 11 cores while Clumpfind identified 10 cores. The list of
cores and their observed parameters are presented in Table 5.4 Cols. 2 and 3 give the peak
position, cols. 4 and 5 give, respectively, the flux densities and deconvolved angular sizes
(HWHM) determined from Clumpfind and cols. 6 and 7 those determined using Dendrogram.
We find that the flux densities and angular sizes of the structures (cores) obtained from both
methods are similar. Given the similarities, in the remaining of this paper we will use the
parameters of the cores determined from the Clumpfind method (labeled in Figure .

5.4.2 Molecular line emission

Molecular line emission was detected in all four observed species towards both MDCs. We
note that the spectrum of the J=1—0 transition of NoH* consists of 7 hyperfine (HF) com-
ponents (Caselli et al.|[1995), however, due to the overlap of closely spaced HF components,
only 3 distinct lines are observed. This is illustrated in Figure which shows the NoH™
spectrum observed toward core mm-4 in AGAL333. The lower velocity component of these
three lines, centered at the frequency of 93176.265 MHz, corresponds to a single HF compo-
nent whereas the other two lines are blends of HF components. Also shown in Figure is
the spectrum of the rotational J=5—4 transition of CH3CN observed toward core mm-6 in
AGAL329. This rotational transition consists of 5 K components (marked in red), with K
being the projection of the total angular momentum of the molecule about the principal rota-
tion axis of the molecule. Their line frequencies, upper state energy levels and line strengths
are given in Table 5.5

Table 5.5: CH3CN J =5 — 4 rotational lines.

Transition Frequency Velocity shift a Eu/k  Strength  S(LK)

(MHz) (km s1) (K) (J2=K*»/J qrgr
59 — 4o 91987.09 ... 13.2 5.0 1/2
51 > 44 91985.31 5.79 20.4 4.8 1/2
59 — 45 91979.99 23.14 41.8 4.2 1/2
53 — 43 91971.13 52.04 77.5 3.2 1
54 — 44 91958.73 92.50 127.6 1.8 1/2

(a) Shift with respect to the 5y — 4q line

To describe the emission at each position within the MDCs we performed moment analysis
of the data (Sault et al., |1995), computing the zeroth (integrated intensity), first (intensity
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Figure 5.4: Top panel: NoH"(J =1 —0) spectrum from core mm-4 in AGAL333. The red
vertical lines at the bottom mark the velocities of the seven hyperfine components. Bottom
panel: CH3CN(J =5 — 4) spectrum from core mm-6 in AGAL329. The red vertical lines
at the bottom mark the velocities of the five K components, labeled at the top.

weighted velocity field) and second (intensity weighted velocity dispersion) moments. This
approach allows an easy comparison of the characteristics of the emission in the different
molecular transitions. The moments of the NoH* emission were computed using the lower
velocity component of the three observed lines because it corresponds to a single HF com-
ponent. To make moment maps of the CH3CN J=5—4 emission towards AGAL329 we used
the emission observed in the K = 2 component which is the stronger unblended component.
Emission in this line was not detected towards AGAL333 and therefore we used the emission
in the 5y — 4y component for the moment analysis.

Morphology

AGAL329: Figure show images of the velocity integrated line emission (moment 0)
in all four observed species towards AGAL329. The peak position of the continumm cores
are marked with crosses. The velocity range of integration is from -84.0 to -32.0 km s~ for
HCO™, -64.0 to -40.0 km s~! for H¥*CO™, from -64.0 to -54.0 km s~ for NyH™ (corresponding
to the lower velocity component of the hyperfine structure) and from -41.0 to -23.0 km s™!
for the CH3CN corresponding to the Jx = 55 — 45 component. The morphology of the
line emission is noticeably different in the four transitions, most likely due to differences in
optical depths, excitation conditions and chemistry.

The emission in the NoHT line (upper left panel) is the brightest and most extended
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Figure 5.5: Images of the velocity integrated line emission towards AGAL329. Superim-
posed are contours of the continuum emission. Black crosses mark the peak position of the
continuum cores. The black ellipse shown at the bottom left corner indicates the beam size.
Top left: NoHT; top right: HCO™T, bottom left: H¥CO™, bottom right: CH3CN. Labeled in
the different panels are conspicuous features discussed in the text.
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Figure 5.6: Spitzer 8um image towards AGAL329 overlaid with contours of the velocity
integrated NoH™ emission observed with ALMA. Contour levels are drawn from 10% to 90%
of the peak emission of 0.70 Jy beam™! km s™!, with a step of 10%.
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one of the four observed species. It exhibits a bright central region, with a radius of ~ 6”,
surrounded by weaker emission from a region of ~ 20" in radius, and an extended region
of emission seen toward the northwest of the image (labeled Northwest) which is associated
with the GLIMPSE source G329.1845-00.3045 (Robitaille et al. |2008]). The bright central
region exhibits a clumpy ring-like structure with three distinct condensations. The two
westernmost condensations are associated with the mm-6 core, but their peak positions do
not agree with the peak position of the continuum source, and the easternmost condensation
is associated with the mm-4 core. All continuum cores are associated with NoH™' emission. A
conspicuous feature of the NoH*' image, is a region ~ 15” north of the central cores (labeled
North), with a size of ~ 11” in diameter, which is not present in the other images and does
not harbor continuum sources. Figure presents an Spitzer image of the 8um emission
towards AGAL329, which clearly shows that this MDC is associated with an infrared dark
cloud, superimposed with contours of the NoH' emission. The morphology of the later
closely follows the 8um dark features, indicating that NoH™ is tracing gas with high column
densities. Interestingly the North NoH™ region is well correlated with an 8um dark feature.
This, together with lack of emission in the HCO', H'3CO™ and CH3CN lines suggests that
this region is composed of dense and cold gas, which has undergone high levels of depletion.

The morphology of the HCO™ emission exhibits noticeable differences with respect to that
of the NoH™" emission. Towards the central NoH* region, the HCO™ emission shows a banana-
like morphology which is roughly coincident with the 2 westernmost NoH™ condensations,
but no HCO™ emission is seen from the eastern NoH™ condensation. The peak position
of the mm-6 core is located at the western edge of the banana. Towards the extended
Northwest region, the brighter HCO™ emission is seen at its northern end (core mm-8) while
the brighter NoH' emission is seen at its southern end (core mm-10). In addition, the HCO™
image shows two conspicuous features: a bright clumpy structure, located ~18"” south of the
central region, elongated in the NE-SW direction (labeled South), barely seen in NoH*, and
a weak V shaped feature located ~ 10” west from the central region (labeled West), not seen
in the NoH™ image.

The H®¥CO™ emission exhibits a bright central component, with a size of 5.5”, which
encompasses mm-6, diffuse emission seen towards the east, similar in extent to that seen in
N,H™, and emission from the Northwest region.

The most prominent features in the CH3CN image are a bright central region, with a size
of 6”, whose peak position coincides with the peak position of core mm-6, a bright V shaped
region coincident with the West region seen in HCO™ and an elongated, clumpy structure
of weak emission running from northwest to southeast which is closely associated with dark
lanes seen in the 8 pum Spitzer images. We note here that the moment zero map of the
CH3CN emission was made using the emission in the K = 2 component in AGAL329 in order
to avoid blending effects. The emission in the lower K components is much brighter and
extended than in the higher K components.

Figure also shows clear differences in the strength of emission from the cores in the
different lines, likely caused by differences in optical depths, excitation conditions and/or
chemistry. The differences are illustrated by considering the three cores located in the north-
west region of the clump: core mm-8 shows bright emisssion in HCO* and H'3CO™, core
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Figure 5.7: Images of the velocity integrated line emission towards AGAL333. Superim-
posed are contours of the continuum emission. Black crosses mark the peak position of the
continuum cores. The black ellipse shown at the bottom left corner indicates the beam size.
Top left: NoH™T; top right: HCO™, bottom left: H'3CO™, bottom right: CH3CN.
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mm-10 is brighter in NyH™ and CH3CN, while core mm-9 is brighter in HCO™.

AGAL333: Figure presents images of the velocity integrated emission (moment 0) in
all four observed species toward AGAL333, showing that the morphology of the line emission
is different in the four molecules. The peak position of the continumm cores are marked with
crosses. The velocity range of integration is -60.0 to -48.0 km s=! for HCO* and H'3CO™, -
67.0 to -60.0 km s~! for NoH™ and from -64.0 to -57.0 km s™! for the CH3CN corresponding to
the Jx = 59 — 49 component. The emission in NoH™ line is the brightest and most extended
one, delineating a complex network of filamentary structures across the whole region. The
main structure is a clumpy filament running from northeast to southwest, P.A. of 60 degrees.
All of the continuum cores are associated with NoH™' emission and most of them lie within the
main filament. There is a high degree of correlation between the NoH' and the continuum
emissions.

The HCO™ emission (upper right panel) clearly delineates the main filament running from
northeast to southwest. The brighter peaks of the HCO™ emission are associated with cores
mm-2 and mm-3. The morphology of the H!3COT emission shows some similarities to that
of NoH™, exhibiting a network of filamentary structures. However, the peak position of the
brighter H¥*CO™ structures do not coincide with those of the continuum cores. In fact there
is an anticorrelation between the H'*CO™ and continuum emissions. The brighter feature
in both the H¥*CO™ and NoH™ images corresponds to a region in between cores mm-3 and
mm-4. Finally, emission in the CH3CN line (lower right panel) was clearly detected only
towards core mm-2 core and weakly detected towards cores mm-1, 3, 4 and 5.

Velocity field

In order to investigate the velocity field across the MDCs we consider the emission in the
NoH™ line which is bright and optically thin and therefore less affected by self-absorption
effects. Figure shows images of the velocity field (moment 1) of the NoH™ emission
towards AGAL329 and AGAL333.

Figure (right panel) shows that there is a significant velocity gradient from northeast
to southwest across AGAL333. There is a velocity shift of 4.2 km s~ over a region of about
50”, which at the distance of 3.72 kpc corresponds to a velocity gradient of 4.7 km s~ pc™.
Assuming that the velocity gradient is due to gravitationally bound rotation of an structure
with radius R and mass M, then M = (dV/dR)?R?/G (c.f., |Armstrong et al.|[1985). The
observed velocity gradient implies a mass within a radius of 0.45 pc of 460 M. This mass is
within a factor of two from the mass derived from the dust observations, giving support to

the bound rotation hypothesis.

The velocity field towards the protostellar clump (Figure , left panel) appears complex,
with no organized motions nor clear velocity gradients seen across the clump. The redder
velocities seen towards the north and the bluer velocities seen towards the south are probably
caused by the presence of outflows, as discussed next. In several positions across this clump
the profiles of the HCO™ line emission exhibit the presence of wing emission. To investigate
the spatial distribution of the wing emission, we made contour maps of the velocity integrated
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Figure 5.8: Moment one images of the NoH" emission from AGAL329 (left) and AGAL333
(right). Crosses mark the peak position of the continuum cores.
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Figure 5.9: Contour maps of low velocity (LV), intermediate velocity (IV) and high veloc-
ity (HV) HCO™ emission towards AGAL329 overlaid in the 3 mm ALMA continuum map
(gray scale). The blue and red color contours mark blue-shifted and red-shifted emission,
respectively. The flow velocity range is shown in the top left corner of each map.

emission in three ranges of radial flow velocities. The radial flow velocity, vy, is defined as
VSR — Vo, Where vy is the systemic velocity of the clump, assumed to be -50.5 km s~!. Figure
[5.9 shows maps of the wing emission, overlaid on the ALMA dust continuum image, in three
ranges of flow velocities: 20 < |[vyj0,| < 35 km s71, referred as the high velocity (HV) wing, 12
< |vfiow| < 20 km s71, referred as the intermediate velocity (IV) wing, and 5 < |01, | < 12
km s~!, referred as the low velocity (LV) wing. The morphology of the HCO™ wing emission
is complex. Clearly distinguished in the LV map is an extended bipolar-like structure with a
wide opening angle (half opening angle of ~43°), consisting of a lobe of redshifted emission
seen towards the north and a lobe of blueshifted emission seen towards the south, located on

opposite directions from core mm-6. The position angle of the symmetry axis of the outflow
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is P.A. ~5 degrees. The linear extensions of the redshifted and blueshifted lobes along the
symmetry axis are ~0.23 pc (~14") and ~0.27 pc (~16"), respectively. Also distinguished
in the LV map is a second, more collimated, bipolar-like structure, with a position angle of
45 degrees, consisting of a redshifted lobe extending toward the southwest and a blueshifted
lobe extending toward the northeast from core mm-6. The blueshifted lobe extends ~0.12 pc
(~7") northeast while the redshifted lobe extends ~0.25 pc (~15") southwest. In addition,
seen in the LV map is a weak blueshifted feature extending towards the northeast and a weak
redshifted feature extending towards the southeast from core mm-10. These features may
correspond to streams of gas infalling towards core mm-10.

In the IV map, emission from the wide angle bipolar structure is only seen from the
blueshifted lobe. In this velocity range emission from the more collimated bipolar structure
is clearly seen at redshifted velocities. In the HV map, the blueshifted emission associated
with the mm-core 6 is compact (~3") while the redshifted emission extending west shows
three separate ‘knot’ like features, at distances of ~3”, ~6.5” and ~10” from peak position
of mm-6. It is notable that this emission region is also detected in CH3CN emission (see
Figure , labeled West). Also seen in HV map is a narrow blueshifted emission, of size ~4",
associated with mm-3.

5.4.3 Line emission from cores
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Figure 5.10: Average spectra of the NoH™ emission from cores. Left panel: AGAL329 cores.
Right panel: AGAL333 cores. The red line indicates the result of a simultaneous fit to the
whole hyperfine structure and the green line indicates the result of a Gaussian fit to the lower
velocity component.
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Figure 5.11: Average spectra of the HCO™ (black line) and H"*CO™ (red line) emission
from cores. Left: AGAL329 cores. Right: AGAL333 cores.

In this section we present the characteristics of the spectra of the molecular line emision
from the continuum cores. The spectra correspond to the average spectra of the spatially
integrated emission over the solid angle subtended by each core (hereafter refereed as the
core spectra).

Figure shows the spectra of the NoH™ J=1—0 line. Emission is clearly detected
towards all cores in both MDCs. The red line shows the result of a simultaneous fit to the
emission from the whole hyperfine structure for a single velocity component, made using the
task pyspeckit.models in PySpecKit (Ginsburg & Mirocha), 2011). This approach gave good
results for all cores in AGAL333 and for most cores in AGAL329, except cores mm-3, mm-4
and mm-6 which exhibits either self-absorption profiles or strong wing emission. Thus, for
cores mm-3 and mm-4 in AGAL329 we fitted a single gaussian profile to the lower velocity
(single HF') component (green line), while for core mm-6, two velocity components were used
to fit the spectra.

Figure shows, in the same panel, the spectra of the HCO™ (black line) and H*¥*CO™
(red line) emission. Emission in these lines was detected from all cores in both MDCs, except
toward core mm-9 in AGAL333 in which the H*CO™ line was not detected (<30). The
HCO™ profiles from several cores in AGAL329 display line asymmetries and self absorption
features. Typically the HCO™ profile shows two peaks with a strong blueshifted peak and
weak redshifted peak relative to the velocity of the optically thin H*¥*CO® line. This is a
characteristic signature of infalling gas, probably due to the global collapse of the clump (see

section [5.5.4]).

147



2:\\\\‘\\\\‘\\\\‘: L B B B
1.5 Fmm-1 AGAL329— Fmm-2

mm-—1 AGAL333

T T ‘ L ‘ L ‘7
—mm-—2

0.4 [

0.2

[

%

0.4 Fmm-3

—-0.2

;mmf4

0.2

s

702\\\\\\\\\\\\\\\’:
I

L L S
0.4

g
E
&

0.2

bbb
T (K)

T T T ‘ L ‘ L ‘7 L ‘ L ‘ L
04 —mm-7

|
<
S

—-0.2

2 ET T 177 ‘ L ‘ L ‘ | ET T 177 ‘ L ‘ L
1.5 ;rnmf? é ifmme
0.2

05 E
0
05 Eri 1
{52 L L L B s B B B

%

[
l
T i I

B =N BRI R
0.6 crrrr T T T

0.4
0.2

1.5 Emm-9
1E
05 F
Oi E

7Ov5:\\\\‘\\\\‘\\\\‘ :\\\\‘\\\\‘\\\\ \‘\\\\‘\\\\‘

—100 -50 0 50 —100 -50 0 50 —100 —-50 0 50 —100 -50 0 50
V (km/s) V (km/s)

Emm-—10 mm-9

%

E —-0.2

Figure 5.12: Average spectra of the CH3CN emission from cores. Left: AGAL329 cores.
Right: AGAL333 cores.

Most cores within the AGAL333 prestellar clump show absorption features and/or shoul-
ders in the HCO™ line. Cores mm-1, mm-2, mm-4, mm-5 and mm-10 show inverse P-Cygni
profiles, suggesting that they are undergoing contraction motions. On the other hand cores
mm-6, mm-7 and mm-8 show P-Cygni like profiles, usually taken as a signpost of outflowing
or expanding gas motions. It is possible that some of the cores formed in MDCs be transient
objects and therefore be expanding. In fact the mm-7 core has a virial parameter of 2.5,
further suggesting it is not bounded.

Figure presents the observed spectra in the Jx = 5x — 4x CH3CN K-ladder. Emis-
sion was detected from all cores within AGAL329, except mm-2. Emission was detected in
all five K components towards one core (mm-6), in four K components towards five cores
(mm-1, 3, 4, 7 and 10), in three K components towards two cores (mm-5 and mm-9), and
in two K components towards one core (mm- 8). Towards AGAL333, only weak CH3;CN
emission was detected from cores mm-1, mm-2, mm-3, mm-4 and mm-5.

Line parameters of optically thin transitions

The determination of the kinematics (velocities), turbulence (line widths) and dynamical
state of the cores (virial parameter) requires observations of the emission in optically thin
molecular lines, since they are free of self-absorption features. Table lists the parameters
of the core emission in the optically thin J=1—0 lines of H'3CO* and N,H*. The former
were determined from a Gaussian fit to the core spectra while the latter were derived in
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Table 5.6: Line parameters of the core emission in optically thin lines.

Core NoHt J=1—0 HBCOT J=1—-0
HFS Vlsr AV Ttot Vls’r' AV TA
Comp. km s~! km s~! km s~! km s! K
AGAL329
mm-1 -48.71 £0.04 235+0.09 100+ 1.4 -48.87 £ 0.04 2.11 £ 0.09 2.55 £ 0.09
mm-2 -50.72 £ 0.02 1.01 £0.05 10.1 +£1.3 -50.85 £ 0.11 1.27 £0.27 0.95 £ 0.17
mm-3¢ @ -50.76 & 0.09 1.09 4+ 0.24 — -50.92 £ 0.03 1.00 £ 0.07 2.25 £ 0.13
mm-4¢ @ -49.05 £ 0.10 2.29 £ 0.02 — -49.09 &+ 0.02 2.84 £ 0.04 2.23 £ 0.10
mm-5 -51.24 £0.02 2.00 £0.05 5.2+0.5 -51.70 £ 0.09 2.22 £0.22 1.27 £0.11
mm-6 -49.82 £ 020 348 +035 1.1+04 -50.59 &£ 0.05 4.86 £ 0.12 3.36 £ 0.04
-47.61 £0.05 1.36 £0.21 05 +£0.1 -47.57 £ 0.02 1.49 £0.07 2.53 £ 0.11
mm-7 -49.15 £ 0.02 181 £0.05 9.6 £0.9 -48.39 + 0.13 2.12 =+ 0.30 0.81 £+ 0.10
mm-8 -50.13 £ 0.05 1.86 +£0.14 2.7+ 1.0 -50.30 + 0.07 2.48 + 0.17 2.56 + 0.15
mm-9 -49.71 £ 0.03 2.72 £ 0.07 22+04 -50.03 £ 0.16 2.82 £0.38 1.29 £ 0.15
mm-10 -50.83 £ 0.02 1.97 +0.07 3.6 £0.5 -50.84 + 0.04 1.63 = 0.09 3.97 + 0.19
AGAL333

mm-1 -54.97 £0.01 0.75 £0.02 4.0+£0.5 -54.94 £ 0.06 0.81 £0.14 1.14 £ 0.17
mm-2 -55.18 £ 0.01 1.03 £0.05 4.0 £ 0.6 -55.16 £ 0.09 1.86 £0.21 1.23 £0.12
mm-3 -54.03 £ 0.02 1.46 =0.05 1.4 +0.4 -54.13 £ 0.05 1.51 £0.11 1.61 £ 0.10
mm-4 -54.07 £ 0.01 0.96 £0.02 125+ 1.3 -54.24 £ 0.02 091 £ 0.06 2.13 £ 0.12
mm-5 -53.80 £ 0.01 1.22 £0.02 4.7+0.5 -53.80 £ 0.05 1.11 £0.11 1.31 £ 0.11
mm-6 -52.81 £0.01 1.10£0.02 34+0.5 -52.78 £ 0.04 093 £0.09 1.70 £0.14
mm-7 -53.95 £ 0.03 1.46 £0.07 2.6 £0.8 -54.01 £ 0.03 1.02 £0.07 1.70 £ 0.10
mm-8 -52.37 £0.02 096 £0.05 8.0+1.3 -52.32 £ 0.10 0.86 £0.24 0.91 £ 0.22

mm-9 -52.10 £ 0.01 1.50 £ 0.05 2.8 +£0.4 — - -
mm-10 -53.28 £ 0.01 1.06 £0.02 23 +04 -53.07 £ 0.04 0.95 £ 0.10 1.91 £ 0.17

(a) NoH™ line velocity and widths is obtained from the Gaussian fit to the lower velocity component.
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Figure 5.13: Comparison between the line velocities (left panel) and line widths (right
panel) derived from the NoHT hyperfine fit and the H*CO™ gaussian fit. Blue and red
squares indicate values for cores in AGAL333 and in AGAL329, respectively.

most cases from a simultaneous fit to all hyperfine lines. For core mm-6 in AGAL329 two
velocity components were used to fit the NoHT and H*¥CO* profiles. In addition to the
central velocity and linewidth, the simultaneous hyperfine fit provides the total optical depth
in the NoH™ J=1—0 transition. The derived total optical depths range from ~1.4 to 12.5
for the cores in prestellar source and from ~0.5 to 10.1 for the cores in protostellar source.
Even though the total optical depths are >1, the individual hyperfine components are mostly
optically thin. As shown in Figure [5.13], the velocities and line widths of the cores derived
from both lines are in good agreement.

In general the line widths of the cores in the prestellar clump are smaller than those of the
cores in the protostellar clump (see Figure . The average line width of the cores within
AGAL333 and AGAL329 are 1.2 km s~! and 2.0 km s™!, respectively. The explanation of the
large linewidths in cores within the protostellar clump is not straightforward, it may reflect
either an increase in the level of turbulence due to the beginning of star formation activity
or an increase in the gas velocities due to collapse motions. In particular, |Vazquez-Semadeni
et al.| (2009)) concluded that in a cloud undergoing global gravitational collapse, the velocity
dispersion at all scales are caused by infall motions rather than by turbulence.

5.5 Analysis and discussion

In this section we discuss the physical parameters of the cores, their spatial distribution,
virial state and the fraction of the total mass in cores relative to the parent clump mass, all
of which are key properties to discern among the different models of fragmentation of MDCs.
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5.5.1 Core parameters

Table 5.7: Derived core parameters.

Derived parameters

Core Temp. Mass Radius n(Hs) Ouir | Muyir  Quir
K)  (Mg) (pc) (10°AU) (10" cm™®) (kms™') (Mg)
AGAL329
mm-1 30 14.8 0.011 2.3 3.9 1.05 14.0 0.95
mim-2 28 1.7 0.005 1.0 4.6 0.53 1.6 0.96
mm-3 41 11.6 0.012 2.5 2.3 0.59 4.9 0.42
mm-4 34 27.2 0.019 3.9 1.4 1.03 23.4  0.86
mm-5 33 3.0 0.008 1.7 2.0 0.91 7.7 2.60
mm-6 68 118.8% 0.030 6.2 1.5 1.55 84.2 0.71
mm-7 31 3.1 0.009 1.9 1.5 0.83 7.3 2.38
mm-8 28 8.5 0.013 2.7 1.3 0.85 10.9 1.28
mm-9 28 9.3 0.021 4.3 0.4 1.20 349 3.74
mm-10 41 20.1 0.011 2.3 5.3 0.91 10.7  0.53
AGAL333
mm-1 22 1.6 0.006 1.2 2.6 0.42 1.2 0.74
mm-2 31 6.3 0.011 2.3 1.6 0.54 3.8 0.60
mm-3 22 2.4 0.010 2.1 0.8 0.68 5.3 2.25
mm-4 30 11.4 0.022 4.5 0.4 0.51 6.8 0.59
mm-5 24 19.8 0.016 3.3 1.7 0.59 6.5 0.33
mm-6 22 7.1 0.009 1.9 3.4 0.54 3.0 0.43
mm-7 22 3.0 0.014 2.9 0.4 0.68 7.5 2.50
mm-8 22 2.9 0.007 1.4 3.0 0.49 1.9 0.66
mm-9 22 2.2 0.006 1.2 3.5 0.80 4.4 2.04
mm-10 22 3.5 0.016 3.3 0.3 0.52 5.1 1.46
t opir = (th + afw), where oy, is the thermal width and oy, is the turbulent width. * Computed from

the observed flux density at 3mm corrected by the contribution from the free-free emission.

The physical parameters of the cores are listed in Table[5.7/and their derivation is discussed
in what follows.

Sizes

The radius of the cores were computed from the geometric mean of the semi-major and minor
axis determined from Clumpfind and the distances given in Table For cores in AGAL329
the radii range from 0.005 to 0.030 pc (1000 to 6200 AU) with an average value of 0.014 pc
(2900 AU), while for cores in AGAL333 the radii range from 0.006 to 0.022 pc (1200 to 4500
AU) with an average value of 0.012 pc (2500 AU).

Temperatures

The detection of emission in at least two J=5x — 4 transitions of CH3CN allows to de-
termine the rotational temperature of methyl cyanide, which is known to provide a good
estimate of the kinetic temperature of the gas (e.g., |Glusten et al.||1985; |Remijan et al.
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Table 5.8: Observed and derived parameters from CH3CN observations.

Core Velocity integrated flux density (Jy km s™*) 6 Trot Ny (CH3CN)
K=0 K=1 K=2 K=3 K=4 () (K) (10" cm™)

AGAL329
mm-1 0.22 0.24 0.08 0.04 — 2.0 3043 4.4+1.0
mm-2 - - - - - - - —
mm-3 0.22 0.23 0.11 0.07 - 20 4145 6.3+£1.3
mm-4 0.33 0.34 0.13 0.07 - 2.0 3443 7.3+1.4
mm-5 0.15 0.13 0.05 — — 2.0 3344 3.0+0.7

mm-6 5.90 4.89 2.62 2.09 0.34 5.0 687 32.1£6.5
mm-7 0.12 0.12 0.05 0.02 - 2.0 31x2 2.4£0.3

mm-8 — — — - - - —

mm-9 0.17 0.13 0.05 — — 2.0 28+1 4.840.2

mm-10 0.43 0.39 0.17 0.12 — 2.0 4143 11.0+1.7
AGAL333

mm-2 0.08 0.09 0.03 — — 2.5 31+12 1.1+0.7

mm-4 0.07 0.05 0.02 — — 2.0 30%1 0.514+0.03

mm-5 0.04 0.02 0.01 — — 3.0 24+1 0.50+0.06

2004; Hernandez-Hernandez et al.|2014]). We use the standard rotational diagram analysis
(/Turner{|[1991} |Sutton et al.[[1995)) which assumes that the lines are optically thin and that
the population levels are characterized by a single excitation temperature (LTE assumption).
Integration of the transfer equation of the emission in a line with an upper energy level, E,,
leads to the expression (e.g., Blake et al.||l987; Araya et al.2005),

2
l”[mwi(;zsy?» ,ﬂS([,K)J(J? —K?) / S”d”} - l"[@(];:ot)} N [/j’ut] !

where [ S,dv is the velocity integrated flux density of the line, €, the solid angle subtended
by the source, S(I, K) the degeneracy due to spin, v and p the transition frequency and
dipole moment of the molecule, respectively, T,, the rotational temperature, Q(T,,) the
rotational partition function, and N, is the total column density. The dipole moment of
CH3CN molecule is 3.91 debye and the spin degeneracies for the J = 5 — 4 transitions are
given in Table [5.5

Rotational diagrams for AGAL329 and AGAL333 cores, for which at least three lines in
the 5k - 4x K-ladder were detected above the 30 level, are shown in Figures and
respectively. The velocity integrated flux density, obtained by integrating the flux per beam
over a circular region with angular radius given in col. 7 of Table [5.8] are given in cols. 2 to
6 for K =0, 1, 2, 3 and 4 lines, respectively. From a least squares fit to the data we derived
the rotational temperatures given in column 8 of Table [5.8] Clearly, the cores within the
protostellar clump are warmer than in the prestellar clump. The temperature of cores within
the protostellar clump range from 28 to 68 K, with an average value of ~38 K. Within the
prestellar clump only three cores (mm-2, mm-4 and mm-5) were detected in at least three 5x
- 4 lines, for which we derived temperatures of 31, 30 and 24 K, respectively. Whether the
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Figure 5.14: CH3CN rotational diagram for cores in the protostellar clump. The derived
rotational temperature is given in the upper right corner.

source of heating of the cores in the protostellar clump is due to the presence of embedded
protostellar activity or from their gravitational collapse remains to be investigated.

The fit also gives the value of % which allows to derive the CH3CN column density.

Using the following expression for the partition function of CH3CN (Araya et al.|[2005),
T1.5

rot

Q(T,o) = 3.89 (1 — e 5248/Tror)2

and the rotational temperatures of the cores, the derived the CH3CN column densities are
given in column 9 of Table [5.8] The cores in the protostellar clump have column densities
ranging from 2.4x10* cm=2 to 3.2x10'® em~2, while the mm-2, mm-4 and mm-5 cores in the
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Figure 5.15: CH3CN rotational diagram for cores in the prestellar clump. The derived
rotational temperature is given in the upper right corner.

2

prestellar clump have column densities of 1.1x10', 5.1x10'* and 5.0x10'® cm ™2, respectively.

It is worth to mention that one of the assumptions of the rotational diagram method
applied above, namely that lines should be optically thin, it is well fulfilled by the emission
in the J=5x — 4k lines from all cores. For instance, for core mm-6 in AGAL329, the most
extreme case since it exhibits the largest column density, the optical depths in the CH3CN
J =5 =4k, K=0,1, 2,3, 4 lines are 0.23, 0.19, 0.11, 0.04 and 0.02, respectively. If we use
the more general rotational diagram method which takes into account optical depth effects
(c.f., |Goldsmith & Langer 1999), the differences in the derived temperatures and column
densities are well within the errors determined from the “traditional" approach.

Due to the large spatial extent of the CH3CN emission from the central region of AGAL329,
whose peak position coincides with the peak position of core mm-6, it was possible to de-
termine the dependence of the rotational temperature with radius. Figure (left panel)
shows rotational diagrams of the CH3CN emission integrated over six different regions: from
top to bottom, an inner disk with a radius of 1” and 5 circular annuli with inner radius from
1”7 to 5” and width of 1”. The derived rotational temperature and column densities are given
in cols. 8 and 9 of Table[5.9] respectively. The rotational temperature decreases from 131424
K at the peak position to 3043 K at a radial distance of 6” from the center. Also shown in
the middle and right panels of Figure [5.16| are, respectively, the rotational temperature and
CH3CN column density dependence with radius. Power law fits to the rotational temperature

154



Table 5.9: Observed and derived parameters from CH3CN observations toward core mm-6

in AGAL329.
Region Velocity integrated flux density (Jy km s™') Qg @ T, ot N;(CH3CN)
K=0 K=1 K=2 K=3 K=4 (" (K) (10" cm™?)
1 0.65 0.46 0.36 0.39 0.09 3.1 131+£24  25.448.1
2 1.03 0.77 0.52 0.50 0.10 9.1 94+12 8.4+1.9
3 0.94 0.81 0.41 0.31 0.06 15.2 6318 2.8+0.7
4 1.14 1.00 0.46 0.31 0.05 21.2 53+6 2.0+0.5
5 1.10 0.95 0.45 0.30 0.03 28.3 42+1 1.2+0.1
6 1.04 0.90 0.41 0.28 0.01 31.2 30+3 0.8 £0.2
@ Effective solid angle of the region.
30 : : 107 ‘
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Figure 5.16: Left: Rotational diagram of the CH3CN emission from six different regions
within core mm-6 in AGAL329 (see text for the description of the regions). The derived
rotational temperatures are shown in the lower left corner. Middle: Rotational temperature
dependence with radius. Right: CH3CN column density dependence with radius.
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profile (T, o %) and column density profile (N o 7*) give power law indices of —0.8 £ 0.2
and —2.0 £ 0.4, respectively.

Masses

The mass of the cores were calculated from the continuum flux density, .S, using the expres-
sion,

S,D?Rq
k,B(T,v) ’
where k, is the dust mass absorption coefficient at frequency v, B(T,v) is the Planck function
at temperature T, D is the distance and R,q is the gas-to-dust ratio. We assume R,q—100
and kigoar. = 0.21 cm? g~ ! corresponding to the dust grains with ice mantles at gas densities
of 10% em™ (Ossenkopf & Henning |1994). For the temperatures we used the values of the
rotational temperatures derived from the CH3;CN observations (see section [5.5.1]). For cores
in which no rotational temperature is available we adopted the temperature of the clump.
The masses, listed in col. 3 of Table [5.7, range from 1.6 to 20 M, for cores in the prestellar
clump and from 1.7 to 119 M, for cores in the protostellar clump. The uncertainties in the
mass are estimated to be ~40%, considering errors in the flux density, temperature, distance
and dust mass absorption coefficient (c.f., Sanhueza et al.|[2017)). It is worth to note that
to compute the mass of the central core in AGAL 329, we subtracted from the observed
flux density at 100 GHz the expected contribution from free-free emission. The latter was
determined from an extrapolation of the observed flux densities at 18 GHz and 22 GHz
(Sanchez-Monge et al.[2013). The total mass in the form of cores is ~6% of the clump mass
in the prestellar clump and ~23% in the protostellar clump (see Table [5.11)).

M = (5.3)

Column densities

The source averaged Hy column densities of the cores can be computed from the continuum
flux density, S,, using the expression,

Sy Rgq

Nits = Qepig,mpk, B(T,v) (54)
where pp, = 2.8 is the molecular weight per hydrogen molecule, my is the H-atom mass, €2, is
the solid angle subtended by the core. Col. 4 of Table lists the source averaged column
densities, computed using the flux density measured in circular regions with the angular
radius given in col. 3 and as dust temperature the CH3CN rotational temperature of the
cores (or clump temperature for cores in which rotational temperature is not available). They
range from 6.0x10%2 — 2.6x10% cm~2 for cores in the prestellar clump and from 1.0x10%3
~ 7.5%x10% cm~2 for cores in the protostellar clump. The highest values of the Hy column
densities are found towards the centrally located cores, mm-6 in AGAL329 and mm-5 in
AGAL333. The uncertainties in the column densities are estimated to be ~35%.

From the observations of the NyH™ line emission it is possible to compute the source
averaged column densities using the expression (e.g.,|Garden et al.[|1991; Mangum & Shirley
2015),
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Table 5.10: Source averaged Hy and NoH™' column densities.

Core S, 0 N(Hy) N(N.HT)  X(N,HT)
(mJy) (") (102 em™2) (10 em™2)  (1079)
AGAL329
mm-1 51 2.5 3.9 16.1 4.2
mm-2 0.9 2.0 1.1 6.2 5.4
mm-3 5.8 3.0 2.2 - -
mm-4 10.7 3.0 4.9 - -
mm-9 2.1 3.0 1.0 8.6 8.9
mm-6 93.8 5.0 7.5 12.4 1.7
mm-7 1.5 2.0 1.8 2.1 1.2
mm-8 3.3 3.0 1.9 3.0 1.6
mm-9 1.7 1.5 3.9 3.6 0.9
mm-10 8.4 2.0 7.1 8.9 1.3
Average 3.5 7.6 3.1
AGAL333
mm-1 0.7 2.5 0.7 1.1 1.6
mm-2 2.4 3.0 1.2 3.0 2.5
mm-3 1.4 3.0 1.0 0.8 0.8
mm-4 2.8 3.0 1.5 8.3 5.9
mm-5 3.8 3.0 2.6 2.6 1.0
mm-6 1.7 2.5 1.8 1.4 0.8
mm-7 1.3 3.9 0.7 1.4 2.1
mm-8 0.9 2.0 1.4 3.0 2.1
mm-9 0.7 2.0 1.1 0.8 0.7
mm-10 1.1 35 0.6 0.9 1.6
Average 1.3 2.3 1.9
3k (Twe+hB/3k)  exp(z-)
Ntot(N2H+) _ 871_3“23 ( 7 / ) exp(hy/]j;:z;) — /T,,dv , (55)

where, E, is the upper level energy, B is the rotational constant of the molecule, T, is the
excitation temperature, v is the frequency, p is the dipole moment, Q,, is the partition
function, k is the Boltzmann constant, h is the Planck constant and 7 is the total optical
depth. For observations of the J=1—0 line,

exp 4T'47)
Niot(NoHT) = 3.10 x 10" (1o, + 0.74) — 2= — /Tydv em™? (5.6)

where dv is in km s,

Col. 5 of Table lists the NoH™ column densities of the cores computed from the above
relation using the line widths and total optical depths determined from the HF fit. For the
temperature, we adopted the CH3CN rotational temperature of the cores. For cores for which
no rotational temperature is available the temperature of the clump was used. As shown in
Figure[5.17, which plots the Hy versus NoH* column densities, cores in the protostellar clump
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Figure 5.17: H, column densities versus NoH™ column densities for prestellar cores (blue
squares) and protostellar cores (red squares). Typical errors in column densities are shown
in the lower right corner.

have typically larger Hy and NoH™' column densities than cores in the prestellar clump. The
average NoH™ column density of the cores in the prestellar and prostellar clumps are, respec-
tively, 2.3x10" cm™2 and 7.6x10" ¢cm~2 and the average Hy column density are 1.3x10%
cm~? and 3.5x10%* cm~2. The average abundance of NoH™ relative to Hy, computed as the
ratio of the respective column densities, are 1.9x107? and 3.1x107? for cores in the prestellar
and protostellar clumps, respectively, indicating that in protostellar cores the abundance of
NoH™ is typically larger than in prestellar cores. An increase in the NoH' abundance with
evolutionary stage has also been reported for clumps (e.g., Sanhueza et al.[[2012; |Hoq et al.
2013).

5.5.2 Mass distribution

Figure[5.18|shows the distribution of the core masses in each clump. The dotted line indicates
the value of the Jeans mass at the average clump conditions (see Table [5.1)). The masses of
the cores are of the order or slightly higher than the clump Jeans mass, except for the central
core in AGAL329 which highly exceeds the Jeans mass. The number of cores detected in
each clump (~10) is much smaller than the number of thermal Jeans masses contained in
the clumps, of ~ 160, showing that fragmentation is not efficient during the early stages of
evolution. This conclusion was previously reported by Csengeri et al.| (2017), who found that
the fragmentation of infrared quiet MDCs at scales of 0.06 to 0.3 pc is limited, with most
clumps hosting typically 3 cores with masses of > 40 M.
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Our observations with spatial resolution of ~0.03 pc, ten times smaller than that of
Csengeri et al.| (2017), show that the number of cores per clump increases to 10, suggesting
that we are resolving further fragmentation within MDCs. Recent studies of clumps with
similar characteristics to those observed by |Csengeri et al. (2017) have reported levels of
fragmentation ranging from 5 to 20 cores when observed at scales of 0.03-0.05 pc (e.g., |[Lu
et al.| 2018} |Contreras et al.|[2018).
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Figure 5.18: Core mass distribution. Upper panel: AGAL333. Bottom panel: AGAL329.
The dotted line indicates the Jeans mass at the average conditions of the clump.

Figure shows the normalized cumulative distribution function (CDF), also known
as empirical cumulative distribution function (eCDF). We prefer to use the eCDF over the
differential form of the core mass function because the later approach contains the numerical
bias introduced by binning. Given the relatively small number of cores detected in each
clump, we considered the combined sample of cores in the prestellar and protostellar clumps
including, in addition, the cores detected by Servajean et al. (2019)) towards the prestellar
clump (AGAL305), which have similar characteristics to the clumps considered here. We
adopt here as mass sensitivity limit the mass computed using a flux density equal to the 3o
noise level and the temperature of the clump. The mass sensitivity limits are 0.9, 0.7 and
1.4 Mg, for AGAL329, AGAL333 and AGAL305, respectively.

Assuming that the core mass function (CMF) can be described by a power-law dN/dM
M*, the value of the o index that best reproduces the eCDF, using the maximum likelihood
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Figure 5.19: The normalized cumulative distribution function (CDF) for the combined
sample of cores within clumps AGAL333, AGAL329 and AGAL305. The red line and purple
shaded area show the maximum likelihood estimation of the power law index fit and its 90%
confidence interval, respectively. The yellow line shows the initial mass function distribution
from |[Kroupa)[2001|

method (see Servajean et al.[2019), is —1.33+0.15, and the 90% confidence interval is —1.58
to —1.08. This power-law index is much shallower than that of the initial stellar mass function
(IMF) for stars with masses greater than 1M, of —2.35 (Kroupa|2001)), suggesting that in the
early stage of fragmentation of clumps, high mass cores are more efficiently formed than low
mass cores. Our result is alike to that of the recently reported ALMA study of CMF towards
the high-mass star forming region W43-MM1 (Motte et al.2018b) and towards infrared dark
clouds (IRDCs) (Liu et al.|2018) indicating the top-heavy nature of CMF in high-mass star
forming regions.

5.5.3 Dynamical state

To assess the dynamical state of the cores we compute the virial parameter, a.;., defined as
Qyir = Myir /Mayse, where My, is the virial mass defined as

502 R
My, = UG (5.7)
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Table 5.11: Summary of core characteristics.

Prestellar clump  Protostellar clump

AGAL333 AGAL329
Number of cores 10 10
Mean core size 0.012 pc 0.014 pc
Mean velocity dispersion 0.50 km s7* 0.85 km s71
YMiores 60 Mg 218 Mg
f(EMcores/Mclump) 0.06 0.23
Mcentralcore 20 M@ 119 M@
f(Mcentralcore/EMcores) 033 055
f(Mcentralcore/Mclump) 002 013

where 0 = /(02 + 0},.), ow and oy, are the thermal and turbulent velocity dispersions,
respectively, R is the radius and G the gravitational constant. The turbulent velocity disper-
sion was computed from the observed NoHT or H'¥CO™ line widths and the thermal velocity
dispersion was computed using the temperature given in col. 2 of Table for a particle
with a molecular weight of 2.33 (e.g., Bertoldi & McKee[1992). The virial mass and virial
parameter of the cores are given in columns 8 and 9 of Table [5.7] respectively. Given the
uncertainties in the values of the quantities that enter in the calculation of «,;. we consider
that cores which have 0.71 < a;,- < 1.4 are in virial equilibrium (i.e. we are considering an
error of up to 40%).

In the prestellar clump, five cores are sub-virial (i.e. au, < 0.7) indicating that their
gravitational energy dominates their kinetic energy and, in absence of other means of support
(e.g. magnetic energy), they are likely to be undergoing gravitational collapse. Two cores are
in virial equilibrium and the three others have «,;. > 1.5 suggesting that they may correspond
to transient features. In the protostellar clump, five cores are in virial equilibrium, two are
sub-virial and three have «,;, > 1.5.

5.5.4 The massive core at the center of the protostellar clump

The massive (119 M) core located at the center of the protostellar clump has a virial pa-
rameter of 0.71, suggesting it is gravitationally bound and could be undergoing gravitational
collapse. This hypothesis is strongly supported by the observed profiles in the optically thick
HCO™ line, which exhibits a double-peaked profile with the blue-shifted peak being brighter
than the red-shifted peak, and in the optically thin H'3CO™ line, which shows a single peak
profile with a peak velocity near the dip in HCO™ (see Figure . These characteristics of
the line profiles are a classical signature of infalling motions (c.f. Mardones et al.[[1997)).

To estimate the infall velocity we fitted the observed HCO™ core spectrum with analytical
infall models presented by De Vries & Myers (2005). The best fit is attained with the “Hill5"
model (see Figure [5.20), which assumes that the excitation temperature increases inwards as
a linear function of the optical depth, indicating an infall velocity, vy, of 1.6 km s~. We note
that none of the simple models is able to reproduce the observed deep absorption feature
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Figure 5.20: Average spectra of the HCO™ (black line) and H*CO™ (red line) emission from
the central massive core in AGAL329. The blue line shows the best fit using the analytical
infall models of De Vries & Myers/2005. Fitted parameters are given in the upper left corner.
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(reaching zero intensity). To reproduce it requires a more sophisticated modeling, which is
beyond the scope of this work. From the derived values of the infall speed (1.6 km s71), core
radius (0.03 pc), molecular weight g, (2.8), and molecular hydrogen density (1.5x107cm™3)
we estimate a mass infall rate M (= 4w R? n(Hy) pupz,mpvi,) of 1.9x1072 Mg /yr, value similar
to those reported in other high-mass star forming regions (e.g., |Garay et al.|2002; Beuther
et al.|2002; Contreras et al.|[2018).
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Figure 5.21: Radial intensity profile of the massive core (mm-6) at the center of AGAL329.
The dotted red line correspond to a fit with a Plummer-like profile. Error bars correspond
to 10% errors in the observed intensities.

The observed radial intensity profile of the massive core, shown in Figure deviates
significantly from a Gaussian profile but is well approximated with a Plummer-like radial
intensity profile of the form,

Iy

I(Io, Ro,p) = RENE35H

(5.8)

where p is the power law index, Ij is the peak intensity and Ry is the Plummer radius. The
best fit (shown as a red line) indicates a power law index p of 2.24+0.1 and R of 0.954+0.05".
Whitworth & Ward-Thompson (2001)) have already shown that the density profile of cores

undergoing collapse can be successfully fit with Plummer-like profiles.

In summary, the observed and derived properties of this massive core, e.g., collapse and
outflow signatures, high mass infall rate, and Plummer-like density profile, are consistent
with a picture in which large-scale collapse is feeding gas into this core which is forming a
massive protostar at its center.
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5.5.5 Comparison with models of the fragmentation of clumps and
the formation of high-mass stars

The formation of a cluster of stars is thought to proceed through a sequence of fragmentation,
merging and collapse process within massive and dense clumps (e.g., Vazquez-Semadeni et al.
2009; [Motte et al.|2018a). Given the complexity of this process most of the recents advances
in this field have been made through numerical simulations. To better constrain the models,
and hence to understand the formation of stars, it is crucial to know the initial conditions
of the sequence. In particular, the properties of the cores at the early stages of evolution of
MDCs are poorly known.

Our ALMA observations of the two MDC in early stages of evolution, with spatial reso-
lutions of ~0.02 pc, allowed us to determine the characteristics of the fragmentation at early
stages of evolution, such as the number of cores, their physical and kinematical characteris-
tics and the initial core mass function (CMF). Both clumps have masses of ~ 10% My, and
therefore can potentially form a cluster of stars, and in particular, from the empirical mass-
size relationship (Kauffmann et al|2010) will probably give rise to high-mass stars. Thus
we can compare our findings with models of massive star and cluster formation, although we
note that few of them have made predictions concerning the fragmentation at early stages
of clump evolution. We recall that one clump is in the prestellar stage and the other in the
protostellar stage, thus we can investigate differences in the cores due to evolution.

The Competitive accretion model (Bonnell 2002; |Bonnell & Bate||2006) proposes that a
clump initially fragments into cores of thermal Jeans masses. These cores then accrete mass
from the reservoir material in the clump via Bondi-Hoyle accretion. Cores located near the
center of the gravitational potential accretes at a higher rate leading to the formation of a
high mass protostar. In the competitive accretion scenario cores in an early stage after the
fragmentation are expected to be subvirial.

The turbulent core accretion model (McKee & Tan|2003|) proposes that stars form via a
monolithic collapse of cores in virial equilibrium supported by the internal pressure due to
turbulence and /or magnetic fields and hence should have masses much larger than the thermal
Jeans mass. In this model the core mass distribution is then set at early evolutionary times,
and therefore shall be similar to the initial stellar mass distribution (Tan et al.2014)). In
addition, in this scenario cores are expected to be virialized (McKee & Tan [2002; Krumholz
& Bonnell/2009).

We found that the number of cores detected in both clumps is considerably smaller than
the number of thermal Jeans masses contained in the clumps (M/M; ~ 160) showing that
fragmentation is not efficient during the early stages of evolution. In addition, the fraction
of total core mass to clump mass is 6% in the prestellar clump and rises to ~23% in the
protostellar clump. Since the number of cores in both clumps is similar, and the fact that
the masses of the cores in the protostellar clump are typicaly higher than the masses of the
cores in the prestellar clump, which are of the order of the clump Jeans mass, supports the
hypothesis of a continuous increase in core masses due to accretion from the prestellar to the
protostellar stage.
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A large fraction of the cores within the prestellar clump (5 out of 10) are sub-virial
(v < 0.7), two are virialized (0.7 < a < 1.4) and the remaining three (with o > 1.5) are
most likely transient features. On the other hand, five out of ten cores in the protostellar
clump are virialized and two are in sub-virial states.

These results support the view of a globally collapsing turbulent clump undergoing grav-
itational fragmentation. In this scenario, during the early stages of evolution (AGAL333
clump) most of the formed cores should have masses typical of the thermal Jeans mass and
be in sub-virial states. In a more advance stage (AGAL329 clump), the gas is funneled down
to the center of the potential and the centrally located core continue to accrete gas at a high
rate, becoming the most massive one.

5.6 Summary

We carried out ALMA band 3 observations of 3mm dust continuum and molecular emission,
in lines of HCO*, H¥CO™*, NoHT and CH5CN, towards two massive and dense clumps in
early, but distinct, stages of evolution, one in a prestellar stage (AGAL333.014-0.521) and the
other in a protostellar stage (AGAL329.184-0.314). The goal was to reveal the physical and
dynamical characteristics of the small-scale structures (or cores) within these clumps. Table
[6.17] summarizes the characteristics of the cores. The results are summarized as follows.

1) From the 3mm continuum images we identified, using the Clumpfind and Dendogram
algorithms, about 10 cores within each clump. The cores in the prestellar clump, which are
mainly distributed in a long filamentary structure running from NE to SW across the clump,
have dust derived masses from 1.6 to 20 Mg, sizes from 0.006 to 0.022 pc (1200 to 4500
AU) and densities from 3.0x10° to 3.5 x107 cm™3. The cores in the protostellar clump have
dust derived masses from 1.7 to 119 Mg, sizes from 0.005 to 0.030 pc (1000 to 6200 AU )
and densities from 4.0x10° to 5.3 x107 cm™3. The fraction of total core mass relative to
the clump mass is ~6% in the prestellar clump and ~23% in the protostellar clump. Most
cores in the prestellar clump have masses within a factor of a few from the Jeans mass of the
clump. However, the total number of cores is significanty smaller than the number of Jeans
masses in the clump indicating that fragmentation is inefficient during the early stages of
evolution of clumps.

2) Molecular emission was detected towards both clumps in all four observed species. Of
these, the NoH™' emission is the brightest and most extended one and the one that best
correlates with the continuum emission morphology.

Prestellar clump. The morphologies of the NyH' and H!3CO™ emission from AGAL333
are similar, delineating a complex network of filamentary structures across the whole region.
The velocity field of the NyHT emission shows a significant velocity gradient, of 4.7 km s—*
pc ! in a NE to SW direction, across the whole clump. The mass required to explain this as
due to gravitationally bound rotation is 460 M, within a radius of 0.45 pc. CH3CN emission
is only detected towards the NE region of this clump.
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Protostellar clump. The morphologies of the line emission from AGAL329 are noticeably
different in the four observed transitions. The NoH™ emission arises from a bright central re-
gion, with three distinct condensations, and an extended envelope of emission which is highly
correlated with the absorption feature seen in the 8 ym Spitzer image. The HCO™ emission
towards the central region, shows a banana-like morphology which is roughly coincident with
the two westernmost NoH™ condensations, but no HCO™ emission is seen from the eastern
NoH™ condensation. In addition, the HCO™ image shows two conspicuous features: a bright
clumpy structure, located ~18” south of the central region, elongated in the NE-SW direc-
tion, (the South feature), and a weak V shaped feature located ~ 10” west from the central
region (the West feature). The most prominent features in CH3CN are a bright central region
whose peak position coincides with the peak position of the central core mm-6, and a bright
V shaped region coincident with the West feature seen in HCO™.

3) Emission in the NoHT, HCO' and H*CO™ lines was detected towards all continuum
cores within AGAL329 and all cores, except mm-9, in AGAL333. The line widths, determined
from observations of the optically thin H*¥CO" and NoH™ lines, are usually smaller for cores
within the prestellar clump than for cores within the protostellar clump. The average line
widths are 1.2 km s~ and 2.0 km s™! for AGAL333 and AGAL329 cores, respectively. The
explanation for the large line widths in cores within the protostellar clump is not straight-
forward, it may reflect an increase in the level of turbulence due to the beginning of star
formation activity, magnetic fields, or an increase in the gas velocities due to collapse mo-
tions. Emission in CH3CN was detected from all continuum cores in the protostellar clump
and only weak emission was detected towards five cores in the prestellar clump. The tem-
peratures, derived from a rotational diagram analysis of the emission in the CH3CN J=5 -
4k lines, range from 28 to 68 K for cores in protostellar clump and from 24 to 31 K for cores
in the prestellar clump.

4) Five cores within AGAL333 exhibit inverse P-Cygni profiles in the HCO™ line and
five are sub-virial (virial parameters smaller than 0.7), indicating that most cores within
the prestellar clump seem to be undergoing contracting motions. Within AGAL329, most
cores exhibit double peak profiles in HCO™, with a stronger blueshifted peak, and single
peaked profiles in H¥CO™, with a velocity in between those of the HCO* peaks. These
pair of profiles in optically thick (HCO™) and optically thin (H*CO™) lines are signature of
infalling gas, which we suggest is associated to the global collapse of the protostellar clump.

5) The core at the center of the protostellar clump is the most massive one, has a Plummer-
like intensity profile and exhibits line profiles which are characteristic of infalling gas, indi-
cating an infall velocity of 1.6 km s~ and a mass infall rate of 1.9x1072 Mg /yr. These
results convey the idea that this core is still acquiring mass via the gravitational focusing of
gas from a globally collapsing clump towards its large potential well. In addition, this core is
associated with a bipolar outflow in HCO™ possibly driven by a recently formed high-mass
protostar at its center.

6) The core mass function for the combined sample of cores within three clumps (AGAL329,
AGAL333 and AGAL305 from Servajean et al[2019)) has a power law index of —1.3340.15,
much flatter than that of the IMF for stars with masses greater than 1 M. The top-heavy
nature of the CMF suggests that at an early stage of clump fragmentation, high mass cores
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are more efficiently formed than low mass cores.

In summary, we conclude that we are witnessing the evolution of the dense gas in globally
collapsing MDCs, with AGAL333 showing the initial stage of fragmentation, producing cores
that are individually collapsing, while in AGAL329 we are seeing a later stage in which a
considerable fraction of the gas has been gravitationally focused into the central region.
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and KASI (Republic of Korea), in cooperation with the Republic of Chile. The Joint ALMA
Observatory is operated by ESO, AUI/NRAO and NAOJ.
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Chapter 6

Summary

In this thesis, I investigated physical, chemical and fragmentation characteristics of massive
and dense clumps (MDCs), which are the maternities of high-mass stars, in different evo-
lutionary stages (from quiescent to protostellar to H II) to provide a better observational
perspective about the process of formation of high-mass stars. First, I observed at the clump
scale (angular resolution of 17-24”; ~ 0.3 pc at 3.5 kpc) the emission in high-excitation
(J=3—=2and J =4 — 3) molecular lines of HCO™, HCN, HNC and NoH™ and H*CO™
J =3 — 2 line toward 73 MALT90 clumps in different evolutionary stages. Second, I ob-
served the 350 pum continuum emission towards 23 MDCs in different evolutionary stages
using the Artemis camera mounted at the APEX telescope in order to investigate their frag-
mentation properties at the ~ 0.1 pc scale. Finally, I made ALMA 3 mm continuum and
molecular lines (HCO*, HB¥CO™, NyHT J = 1 — 0 and CH3CN 5 — 4) observations to-
wards two MDC, one in a prestellar stage and the other in a protostellar stage, to study the
fragmentation properties and gas kinematics at the scale of 0.02 pc. The results from each
project, presented in separate chapters in this thesis, are summarized here.

6.0.1 SuperMALT: physical and chemical properties of massive and
dense clumps

In chapter 3, I presented the SuperMALT project, a survey of the emission in high excitation
(J=3—=2and J =4 — 3) lines of HCO™, HCN, HNC and N,H™ and H3CO™ (J = 3 — 2),
towards 73 MDCs in different evolutionary stages (prestellar, protostellar and H II phase).
The objective of the survey was to investigate the bulk physical and kinematical properties
of the clumps (spatial resolution of ~ 20”; ~ 0.3 pc at ~3.5 kpc) and look for possible
dependences with clump evolutionary stage. The main results and take aways from this
project are listed here.

Line detection and profiles: Emission in the J =3 — 2 and J = 4 — 3 lines was
detected from all observed species in most clumps. The line profiles show a variety of shapes
such as Gaussian, asymmetric/skewed and wings. The profiles of the H3CO™ (J = 3 — 2)
emission are Gaussian for all clumps. The profiles of the HNC emission in the J = 3 — 2
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and J = 4 — 3 lines from most clumps are also Gaussian. On the other hand, the profiles of
the HCO* and HCN lines are considerably broader than the H3COT profiles and typically
show line asymmetric features.

Line emission morphology and sizes: The morphologies of the emission in the J =
3 — 2 lines are similar to the 870um continuum ATLASGAL emission. Among the four
main species, NoH™ is the one that best traces the cold dust emission, exhibiting sizes very
similar to the 870um sizes. On the other hand, the HCO™ sizes are typically 1.5 times larger
than the NoH™ size , most likely due to the larger optical depths of the HCO™ emission. The
average size of the clumps in different evolutionary stages are similar. The morphologies of
J = 4 — 3 emission are more compact than those in the J = 3 — 2 lines in all molecular
species. Since the J = 4 — 3 lines have higher critical densities, they maybe probing more
denser regions within the clump.

Line widths: The line widths determined from the optically thin H3CO* J = 3 — 2
transition, as well as those determined from the HNC J = 3 — 2 line, increase from prestellar
to protostellar to H II clumps. This result suggests that non-thermal motions in evolved
clumps are larger, possibly due to star formation activity or due to the globally collapsing
gas motions. In general, the line widths of HNC are larger than those in H3CO™, indicating
that HNC is only relatively optically thin despite its near Gaussian line profile.

Line intensity and ratios: For all observed lines, the intensity increases from prestellar
to protostellar to H IT clumps. This reflects the increase in temperature with clump evolution,
the later stage clumps being hotter due to the formation of stars within them.

We computed ratios of velocity integrated line intensities in different species and analized
them as a function of clump evolutionary stage. In general the ratios are similar, except
for HCN/HNC which shows an increasing trend with evolutionary stage. We find that for a
given pair of species, the ratios are different when using lines with different excitation (i.e.
different Js).

Infall and expansion motions: We investigated large scale motions of the gas within
the clumps, by analyzing asymmetries in the line profiles of optically thick lines (HCO™ and
HCN) in comparison with the optically thin H!3CO* profile. We found that blueshifted
asymmetries, indicative of infall motions, are more common in the prestellar stage, while
redshifted asymmetries, indicative of expansion motions, are more common in evolved clumps.

6.0.2 Fragmentation properties of MDCs at 0.1 pc scale

In chapter 4, I presented observations of the 350 pm continuum emission towards 23 MDCs in
different evolutionary stages. This project, called the Artemis survey, focused on studying the
fragmentation properties of the clumps at the 0.1 pc scale and investigate possible differences
with clump evolutionary stage. The main results are summarized as follows.

Fragmentation level: At the scale of the observations (~0.1 pc), 66% of the clumps
exhibit more than one substructure. The number of substructures (or cores) per clump ranges
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from 1 to 4 for prestellar clumps, 1 to 5 for protostellar clumps, and 1 to 6 for H II clumps.
On average clumps exhibit 2-3 substructures at the scale of 0.1 pc.

Fragmentation level versus clump physical properties: We investigated the level of
fragmentation (or number of cores) per clump versus the clumps physical properties derived
from molecular lines and dust emission. We did not find clear correlation between number of
fragments per clump and their average molecular hydrogen density, virial parameter and line
widths. We find that clumps with more fragments have larger line widths and lower densities
than the average density of the sample.

Mass distribution Considering together the total number of cores extracted from the 23
MDCs, we find that the mass distribution of the cores is bimodal. There is a large population
of cores with masses close to the Jean mass of the clump. The second population consists of
more massive cores located near the center of the clump.

6.0.3 ALMA observations of two MDCs at the 0.02 pc scale

In chapter 5, I presented ALMA band 3 observations of 3mm dust continuum and molecular
line emission, in HCO™, H3CO™T, NyH* and CH3CN, towards two massive and dense clumps
in early, but distinct, stages of evolution, one in a prestellar stage (AGAL333.014-0.521)
and the other in a protostellar stage (AGAL329.184-0.314). Both clumps have masses of ~
1000 M, and densities of ~ 10° cm™. The goal was to reveal the physical and dynamical
characteristics of the small-scale structures (or cores) within these clumps. The results are
summarized as follows.

Level of fragmentation: We found a similar number of cores (~10) within the prestellar
and protostellar clumps. However, the mass of the cores in the protostellar clump are larger.
In addition, the protostellar clump harbours a massive dense core at its center.

Molecular line emission: Emission was detected in all the observed lines towards most
cores, except CH3CN in which emision was only detected from the lower excitation rotational
lines, K = 0, 1 and 2 toward about half of the cores in the prestellar clump. The morphology of
the NoH™ emission best traces the cold dust emission in both clumps. Emission morphologies
in HCO*, H¥CO* and NyH* show differences, however, the former two show relatively
similar morphologies exhibiting clumpy emission around the central cores. CH3CN probes
warm and hot regions around the cores allowing us to derive core temperatures. These results
illustrate the complex chemical changes that take place as the clumps evolve.

Line widths: The line widths of the cores in the prestellar clump, determined from the
optically thin H®¥CO™ transition, are smaller than those of the protostellar cores.

Core temperatures: Core temperatures were determined from a rotational diagram
analisis using the observed lines of CH3CN. Cores in the prestellar clump have smaller tem-
peratures than cores in the protostellar clump. The temperature of the central massive core
in the protostellar clump exhibits a strong dependence with radius, with a peak value of 131
K and a power law slope of —0.8 4+ 0.2.
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Core kinematics: The profiles of the HCO' emission from most cores, in both the
prestellar and protostellar clumps, are asymmetric and show self-absorption and/or wing
features. Inverse P Cygni profiles are commonly seen in prestellar cores. Self-absorption
profiles in HCO™ are observed toward all protostellar cores. Using the line widths determined
from the optically thin H'¥*CO™ line and temperatures derived from CH3;CN rotational lines,
we computed the virial mass and virial parameters of the cores. Most cores in the prestellar
clump are sub-virial while most cores in the protostellar clump are virialized. The central
massive core of the protostellar clump exhibits large scale infall motions as well as outflow
features.

Mass distribution of the cores: The cores in the prestellar and protostellar clumps
have, respectively, masses ranging from 1.6 to 20 M and from 1.7 to 119 Mg. For the clump
average density and temperature, Jeans mass for prestellar clump and protostellar clumps
are 5.5 and 6.8 Mg, respectively. While the masses of the most cores are close to Jeans mass
(within a factor of few), the number of cores observed is much lower than the "expected"
Jeans number. The combined sample of cores follow core mass function of the form (dN/dM
x M?) with a power law index of -1.3340.15. The results suggest high-mass core formation
efficiency is higher in the MDCs at early stages.

We also estimated the mass in the form of cores, which we defined as core mass fraction,
toward the prestellar and protostellar clump. In prestellar clump, the core mass fraction is
6%. In protostellar clump, the core mass fraction is 23%. In addition, most massive core
in the clump have 33% and 55% of total mass of the clump. Our findings demonstrate that
fragmented cores continue to accrete more mass from the clump environment as the clump
evolves.
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Figure 6.1: Maps of AGAL329 from ATLASGAL (left), Artemis (middle) and ALMA 3mm
(right). Red box in left maps show regions zoomed in the maps shown in the right. Cores
identified in ALMA maps are numbered in black color and marked in red crosses.

6.0.4 Conclusions

In this thesis, I investigated the physical, kinematical and fragmentation properties of massive
and dense clumps, which are the sites of the formation of high-mass stars, in different stages

171



Table 6.1: Properties of clumps, and their cores, in different evolutionary stages.

SuperMALT survey: ~0.3 pc scale

Prestellar Protostellar H IT clump
Mass (Mg, ) 0.2-1.1 %103 0.2-42 x103 0.2 - 6.3 x103
Mean size * ( Refy pc) 0.83 0.92 0.83
Dust emission IR-dark IR bright IR bright

= 24 pym and 4.5 = 3.5, 4.6, 8, 24 um

Dust temperature (K) 13-20 15-28 15-31
Line widths * (km s~ ) 2.0440.82 2.67+0.87 2.42+0.71
Kinematics ¢ Blue or red-shifted line asymmetry

Infall motions dominate
Expansion motions dominate
Artemis survey: ~0.1 pc scale

Fragmentation per clump 1-4 cores 1-5 cores 1-6 cores
Core mass range (Mg) 5-110 7 - 1500 2-990
Mean core size (pc) 0.03-0.12 0.03-0.14 0.03-0.14
Core mass fraction 8% 22% 21%
ALMA study: ~0.02 pc scale
AGAL333 AGAL329
Clump mass (Mg) 1080 940
Clump temperature (K) 22 28
Fragmentation per clump ~10 cores ~10 cores
Core mass range (Mg ) 1.6 - 20 1.7-119
Mean core size (pc) 0.012 0.014
Core temperature (K) 24 - 31 28 - 68
Average line widths (km s™1) 1.2 2.0
Core mass fraction ~6% ~23%

@ Sizes from NoHT J =3 — 2.
b Line widths of H'3CO* J =3 — 2.
¢ Kinematic signature of optically thick HCOT J =3 — 2.
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of evolution from prestellar stage to protostellar and H II stages. For this, I performed dust
and molecular line observations at millimeter wavelengths using the APEX telescope and
ALMA interferometer, providing spatial resolutions from 0.3 pc to 0.02 pc, (i.e. clump to
core scales). A summary of the results is presented in Table

From the observations of 73 massive and dense clumps in different evolutionary stages in
the high-excitation molecular lines of multiple species we characterized properties of molec-
ular line emission for each phases.

Prestellar Protostellar

Figure 6.2: Schematic model of clump evolution from prestellar phase to protostellar phase.
Prestellar stage clumps have fragmented substructures, relatively less massive and they are
still in the process of gathering more mass from the Clump environment. At protostellar
stage, cores have gathered more mass and some cores have already begun active phase of
star formation. The central protostar in this phase accrete more mass from the globally
collapsing gas. Signature of infall and outflows (shown in dotted lines) are common toward
the cores and also at clump scale driven by the central massive core at this stage. Following
this stage compact H II regions are formed around the protostar that is forming a high-mass
star, consequently that becomes an extended H II region and bubble like H II region.

To explore the fragmentation processes of massive and dense clumps we observed them
in three different spatial scales, from ~ 0.3 pc to ~ 0.1 pc to ~ 0.02 pc, the later achieved
using the state of art facility ALMA interferometer. At the scale of ~ 0.3 pc the Supermalt
clumps typically exhibits a single structure. When observed with ~ 0.1 pc resolution (the
Artemis observations) we find that the clump fragments into two to three substructures.
When looked at higher resolution of ~ 0.02 pc scale, we observed more substructures (of the
order of 10) (see Figure , the findings consistent with a few other recent works reported in
the literature. The key insights from the results are that clump fragmentation is hierarchical
and fragmentation happens at very early stages.

Finally, combining the results presented in this work, I propose the following scenario
(sketched in Figure [6.2)) for the evolution of MDCs and their fragmentation processes. Our
20" angular resolution observations show that the formation of high mass stars takes place
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in clumps with sizes of 0.5 - 1 pc and densities of > 10* cm?®. We envision that these clumps
are being feed by the filaments in which they form. Clumps in early stages of evolution
usually exhibit large scale infalling motions, strongly supporting a global collapse model.
The observations with 8" angular resolution shows two type of substructures within the
clumps, first a population of fragments with masses of typically the clump Jean’s mass (of 10
M) and central structures with larger masses ( 200 M ). The number of observed fragments
in a given clump is considerable smaller than the number of Jean’s fragments expected from
the Jeans criteria, showing that fragmentation is not a very efficient process during the early
phases of evolution of clumps. As the clump evolves, the cores become more massive as
they accrete mass from the surroundings. Cores near the center of the clump gravitational
potential accretes mass at a higher rate to become massive and finally give birth to a high-
mass star/s. Our observational results favor the view of a simultaneous evolution of large
scale (clumps) and small scale (cores) structures and do not support a static model of a
clump that fragments to form stars and give rise to the stellar mass distribution.

A clear shortcoming of this work is that we have not considered the role of magnetic field
nor the role of filaments in the formation of the clump. A handful of studies reported in
the literature have emphasised the role of the magnetic field in the fragmentation process
(eg. Fontani et al. 2016) and role of filaments in the formation and evolution of clumps (eg.,
André et al. 2014, Contreras et al. 2017, Lu et al.|2018]). This work sets the stage for a more
quantitative investigation of the role of magnetic field, turbulence, filamentary accretion and
global collapse in the evolution of MDCs.
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