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THE PHYSICAL AND KINEMATICAL STRUCTURE OF MASSIVE AND DENSE
COLD CORES

A pesar de los esfuerzos enfocados en el estudio de la formación de estrellas de alta masa, no
tenemos un claro entendimiento de cuales son los procesos involucrados. Para entender mejor
estos fenómenos necesitamos caracterizar objetos en estados muy tempranos de formación y
así poder inferir cuales son las condiciones iniciales de estos procesos. En esta tesis estudiamos
estos objetos desde dos frentes diferentes. Primero caracterizamos cuatro nubes masivas
frías y densas en estados previos a la formación de estrellas (G305.136+0.068, G333.125-
0.562, G18.606-0.076 and G34.458+0.121) y analizamos cuales son sus señales de colapso.
Realizamos esto con datos del Atacama Pathfinder Experiment (APEX) con una resolución
angular de ∼20”. Por otro lado estudiamos la distribución de masa dentro del objeto más
inactivo (G305.136+0.068), con datos del Atacama Large Millimeter/submillimeter Array
(ALMA) con alta resolución angular (∼2”), pudiendo detectar los pequeños fragmentos que
serán semillas de estrellas.

Los cuatro objetos observados con APEX muestran diversas características cinemáticas
señalando diferentes estados de evolución. En todos los objetos las dispersiones de velocidades
de las líneas moleculares son mucho mayores que los anchos termales implicando otro tipo
de procesos como turbulencia y/o colapso. El análisis virial de los objetos indica que se
encuentran cercanos a estar ligados. En dos de los objetos estudiados (G305.136+0.068 y
G333.125-0.562) encontramos en los perfiles de las líneas moleculares claras señales de colapso.

En el caso del objeto observado con ALMA, G305.136+0.069, los datos de continuo de
polvo muestran doce estructuras compactas con masas de 3.3 a 50.6 M� y radios de 1800
to 5300 UA. Las líneas moleculares muestran que estos pequeños fragmentos también están
dominados por movimientos no termales. El análisis virial de los fragmentos indica que
los más masivos están más cerca de colapsar. La distribución de masas de los fragmentos
detectados tiene una forma mucho más plana que la que muestra la función de masa inicial
estelar, debido a una sobrepoblación de objetos de alta masa.
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Chapter 1

Introduction

The main goal of this thesis is to investigate the physical and kinematical properties of
massive and dense cold clumps through observations. Knowing their properties, the levels of
fragmentation and which are the processes that lead to the formation of stars will help us to
understand how high-mass stars are born.

Star formation is one of the fundamental topics in astrophysics because stars and star
clusters are the building blocks of galaxies. Moreover, massive stars (M∗ >8 M�) are fun-
damental in the evolution of galaxies since they dominate their energy input, produce the
heavy elements that enrich the interstellar medium (ISM) and affect the star formation pro-
cess. Therefore, understanding how stars are formed is key to understanding other processes
in Galaxies and in our universe.

In spite of the fact that most stars, and in particular high-mass stars, form in clusters
(Lada and Lada 2003) our understanding of the star formation process is mainly limited
to isolated low-mass protostars. Thus, understanding cluster formation is necessary to un-
derstand the formation of high-mass stars. However the problem is difficult observationally
because massive star formation occurs in distant, highly obscured regions, and it is difficult
theoretically because of the many processes that must be included. The study of the earliest
stages of high-mass star formation and their environmental conditions is key to understanding
how high-mass stars are formed.

1.1 Molecular clouds

Visual telescopic observations by William and Caroline Herschel (Herschel 1785) in the late
eighteenth century led to the discovery of the first dark patches in the sky, which we now
know correspond to Molecular Clouds. Later, during the 1920s, photographic observations of
Barnard and Wolf established them as discrete, optically opaque interstellar clouds. These
observations demonstrated that the material in these clouds contained dust grains which
completely absorbed the optical emission from background stars. At the time of the detection
in the 1950s of the atomic hydrogen in the ISM using the 21-cm line, it was unclear if the
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composition of the ISM gas could be more complex. The first ISM molecules, simple as OH
and more complex as NH3 and H2O, were detected in the 1960s. During the 1970s, through
observations of CO (e.g. Wilson et al. 1970) , the data quickly lead to the realization that
dark clouds were molecular clouds, consisting almost entirely of molecular hydrogen mixed
with small amounts of interstellar dust and trace amounts of more complex molecular species.

The modern study of the ISM started with long-wavelength observations (Far-IR, sub-
millimetre and millimetre wavelengths) where the extinction of the interstellar dust is lower
allowing us to peer deep within them and study the physical processes in the colder regions.
These observations have shown that stars and planets are formed within dark clouds also
called molecular clouds.

1.1.1 Formation

Molecular clouds are not isolated, but are dense condensations within more widely dis-
tributed, mostly atomic gas, extended envelopes that typically have comparable mass (Blitz
et al. 1988). They are highly irregular structures and have complex shapes (many of them
filamentary) that do not at all resemble equilibrium configurations.

Molecular clouds are transient structures and do not survive without major changes for
more than a few times 107 years (Blitz and Shu 1980; Larson 1981). The short lifetimes of
molecular clouds are directly indicated by the fact that the range in age of the young stars
associated with them is only about 10 to 20 Myr, comparable to the internal dynamical time
scales of large molecular clouds (Larson 1981).

Two possible formation mechanisms for molecular clouds that have been considered are
cloud growth by random collisions and coalescence, i.e. building of large clouds from smaller
ones by random collisions and coalescence, and gravitational instability, i.e. large-scale gravi-
tational instability and amplification effects in the Galactic gas layer. Evidence that gravita-
tional instability effects are indeed primarily responsible for both molecular cloud formation
and star formation in galaxies is provided by the fact that star formation is observed to occur
only where the surface density of gas in galactic disks exceeds a threshold which is close to
the critical value predicted for the onset of gravitational instability (Kennicutt 1990). While
collisions almost certainly play a role in the building up of large molecular clouds, it nev-
ertheless seems clear that purely random collisions cannot build them fast enough and that
more ordered large-scale motions are therefore required.

1.1.2 Classification and Composition

Figure 1.1 and Table 1.1 illustrate and summarize the properties of the ISM cloud classi-
fication proposed by Snow and McCall (2006). Diffuse atomic clouds represent the regime
in the ISM that is fully exposed to the interstellar radiation field, and consequently nearly
all molecules are quickly destroyed by photo dissociation. Hydrogen is mainly in neutral
atomic form and very little chemistry occurs in this gas. Diffuse molecular clouds represent
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Figure 1.1: Relation between density and molecular and atomic abundance in molecular
clouds. The proposed classification of Interstellar Cloud Types from Snow and McCall (2006)
is illustrated.

Table 1.1: Classification of Interstellar Cloud Types from Snow and McCall (2006)

Diffuse Atomic Diffuse Molecular Translucent Dense Molecular
Defining Characteristic fnH2

<0.1 fnH2
>0.1 fnC+ >0.5 fnC+ <0.5 fnCO <0.9 fnCO >0.9

Av (min.) 0 ∼0.2 ∼1-2 ∼5-10
nH (cm−3) 10-100 100-500 500-5000 >104

T (K) 30-100 30-100 15-50 10-50
(fn is the local fraction, in terms of number densities, thus, fnH2

= 2n(H2)/nH , fnCO = n(CO)/nC , etc.)

the regime where the interstellar radiation field is sufficiently attenuated so that the local
fraction of hydrogen in molecular form becomes substantial. However, enough interstellar
radiation is still present such that carbon is predominantly still in the form of C+. The
translucent cloud regime is the least well understood of all the cloud types. They must, in
steady state, be surrounded by diffuse molecular cloud material. Finally, Dense Molecular
clouds are typically self-gravitating, and are most often observed by IR absorption and mm-
wave emission methods. More than 130 molecules have been detected in molecular clouds.

1.1.3 Structure

Molecular clouds are irregular structures with regions with wide range of sizes and densities
from 102 to 108 cm−3. The largest structures (sizes ∼ 10 pc), known as Giant molecular
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Table 1.2: Average properties of the different types of molecular clouds: Giant Molecular
Clouds (GMC), typical clouds, clumps and low-mass and high-mass cores (Blitz 1993; Garay
and Lizano 1999; Bergin and Tafalla 2007; Beuther et al. 2007).

GMC Clouds Clumps Low-mass Cores High-mass Cores
Mass (M�) 1-2×105 103-104 50-500 0.5-5 ∼102
Size (pc) 40 2-15 0.3-3 0.03-0.2 <0.1

Density (cm−3) ∼50 50-500 103-104 104-105 105-108
T (K) ∼10 ∼10 10-20 8-12 10-50

clouds, have masses &104 M�, are generally gravitationally bound, and may contain sev-
eral sites of star formation. However, there also exist small molecular clouds with masses
.102 M�, such as the unbound high latitude clouds discovered by Blitz et al. (1984), and the
small, gravitationally bound molecular clouds in the Galactic plane catalogued by Clemens
and Barvainis (1988). A small number of low-mass stars are observed to form in some of
these clouds but the contribution to their total star formation rate in the Galaxy is negligible
(Magnani and Onello 1995).

Clumps are high density (103 - 104 cm−3) coherent regions out of which stellar clusters
form. Although most clusters are unbound, the gas out of which they form is bound (Williams
et al. 1995). Cores are regions out of which single stars (or multiple systems such as binaries)
form and are necessarily gravitationally bound. They have sizes up to 0.1 pc and densities
from 104 to 108 cm−3. Not all material that goes into forming a star must come from the
core; some may be accreted from the surrounding clump or cloud as the protostar moves
through it (Bonnell 1997).

1.2 Star formation

Molecular clouds are the birth places of stars across the whole range of masses. The most
massive stars reach the main sequence while still accreting whereas low-mass stars must
contract for tens to hundreds of millions of years before becoming hot enough for sustained
hydrogen fusion. Hence, two categories are usually considered: low-mass star formation and
high-mass star formation. The dividing line between them is 8 M�. Our understanding of
the star formation process is mainly limited to isolated low-mass protostars due to the fact
that hig- mass stars evolve quickly making very difficult to observe their formation process.
The differences between them are explained in the following sections.

1.2.1 Low-mass star formation

The formation of low-mass stars can be studied in greatest detail because it occurs in rela-
tively nearby clouds and sometimes in isolation from other forming stars. The formation of
low-mass protostars can be summarized in four stages (Shu et al. 1987) that are illustrated
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Figure 1.2: The four stages of star formation from Shu et al. (1987). (a) Cores form within
molecular clouds as magnetic and turbulent support is lost, (b) A protostar with a surround-
ing disk forms at the center of the core collapsing from inside-out. (c) Stellar wind breaks
out along the rotational axis of the disk. (d)The infall finishes revealing a newly formed star
with a circumstellar disk.

in Figure 1.2. The process begins with the fragmentation of a molecular cloud into rotating
cores approaching a centrally concentrated state with a density profile of the type ρ ∼ r−2 .
Once the cores loose support they collapse from "inside-out". A deeply embedded protostar
and disk will appear from which it will accrete material. Both the protostar and the disk
will be surrounded by an envelope of dust and gas.

As a protostar accretes matter, deuterium will eventually ignite in the central regions
and drive the star nearly completely convective if its mass is less than ∼2 M�. As time
proceeds, the material will fall preferentially onto the disk. A stellar wind appears, which
escapes through the rotational poles, that are the ones with the weakest resistance, leading
to collimated jets and bipolar outflows. With time the opening angle of the wind will be
wider sweeping out the material of the envelope, obtaining finally a young star.

1.2.2 High-mass star formation

Unlike the low-mass scenario, the processes involved in the formation of high-mass stars are
still not well understood. High-mass stars form in clusters (Lada and Lada 2003) therefore
to understand their formation it is necessary to understand cluster formation. The hosts of
young high-mass stars and clusters are known to be massive and dense clumps with masses of
a few 103M�, sizes of ∼0.4 pc and temperatures of ∼30 K (e.g., Plume et al. 1997, Faúndez
et al. 2004). Much colder clumps (T < 14K) with similar masses, sizes and densities have
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Figure 1.3: Schematic illustration of the discussed evolutionary sequence for high-mass star
formation from Battersby et al. (2010).

also been identified (Garay et al. 2004; Pillai et al. 2006), which would correspond to the
initial conditions for the process of formation of high-mass stars and clusters (Garay et al.
2004). These clumps are expected to fragment into a group of protostellar cores which will
collapse to produce a cluster of stars. However, the way in which these massive and dense
cold clumps (MDCCs) evolve to form massive stars is still poorly known. Clumps which are
on the verge of forming protostars, but have not formed any yet, must still reflect the initial
conditions of the formation of protoclusters. Searching and studying such objects is crucial
for our understanding of star formation.

There are two main models that have been proposed to explain the formation of high-
mass stars: Competitive Accretion (Bonnell et al. 2001, Wang et al. 2010) and Core Accretion
(McLaughlin and Pudritz 1996, McKee and Tan 2003). Their principal difference is related
to how and when the mass that will form a star is gathered. In both cases an initial frag-
mentation is necessary but with different characteristics. In the competitive accretion model
the cloud fragments in Jeans-mass fragments (∼0.1 M�, for T=10K and nH2=106cm−3) that
will accrete mass. The fragments located in regions where more material can be accreted will
likely form a high-mass star which results in the segregation of high-mass stars to be formed
at the center of a cluster. On the other hand, in the core accretion model, a scaled-up version
of low-mass star formation, the high-mass stars are formed from the gravitational collapse
of individual cores. This implies that we should be able to find many high-mass pre-stellar
cores. Today there is no convincing observational evidence that can rule out any of the
two proposed models. However, recent studies based on high angular resolution observations
(e.g., Liu et al. 2013, Rathborne et al. 2015) are starting to provide better constraints on
particular objects.
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Observationally a sequence for the stages of the high-mass star formation has been pro-
posed (Chambers et al. 2009). Figure 1.3 shows a schematic version of the sequence (Bat-
tersby et al. 2010). The first stage, Stage 1, is a cold quiescent clump with no signs of active
star formation. Within the clump high-mass starless cores will be present. These cores are
cold (∼10 K), with masses ranging from 100 M� to few 1000 M�, sizes of 0.25-0.5 pc and
densities of 105 cm−3 (Beuther et al. 2007). Observationally, they are characterized by strong
cold dust emission, molecular lines at sub-millimetre to millimetre wavelength (e.g CO, CS,
N2H+) and non detection in the mid-infrared. This first stage can be split into two: a quies-
cent clump which has not yet begun to collapse (Stage 1a) and a quiescent clump that shows
collapse signatures (Stage 1b).

Stage 2 is a hotter, denser clump that shows signs of active star formation. The cores are
refered as Hot cores and are internally heated (50-250 K), have masses of 100 to 300 M� ,
sizes < 0.1 pc and densities of 105 to 108 cm−3. In this stage the cores show at least one sign
of active star formation: a 24 µm point source, a ”green fuzzy”, collimated jets/outflows, or
an H2O or CH3OH maser. Because the central objects heat their surrounding allowing more
molecules to be excited, they also exhibit a rich chemistry, showing emission from complex
molecules such as large organic carbon chains (e. g. CH3CN, HC3CN, HC13CCN and HNCO)
(Blake et al. 1987; Schilke et al. 2001) and shock tracers, such as SiO.

The third stage, Stage 3, is the ignition of an ultra-compact HII region (UCHII). The
source will have a strong (&1 Jy) 24 µm point source and possibly maser emission and
outflows. Theory (e.g., McKee and Ostriker 2007) suggests that massive stars reach the
main sequence while still accreting, because the accretion timescale is greater than the Kelvin-
Helmholtz timescale, meaning that a main-sequence B star may continue to accrete on the
main sequence, eventually becoming an O star. Stage 4 is the expansion of the HII region,
producing a diffuse ”red” clump. However, in the densest cores, the HII region may be
quenched by the remaining envelope for some time and a ”diffuse red clump” will not form.
For UCHII regions not trapped by their surrounding envelope, the UCHII region will expand
as the radiation field increases. Finally we see OB associations at the center of a much larger
HII region.

1.3 Identification and characterization of High-mass clumps

1.3.1 Basic parameters of radiation

Intensity

The intensity of the radiation is defined such as the energy, which is a measurable quantity,
carried by the rays passing through an area dA in a time dt, in a frequency range dν, and
within a solid angle dΩ is given by:

dE , IνdAdtdΩdν.
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The monochromatic intensity Iν remains constant along a ray path, irrespective of the
distance from the emitting source, as long as no absorption or emission occurs along the
path. The change in Iν is described by the equation of radiative transfer:

dIν
ds

= −κνIν + εν ,

where the term κν is the absorption coefficient or opacity, and εν is the emission coefficient or
emissivity. Introducing the optical depth τν as variable, defined as dτν = κνds, the radiative
transfer equation takes a simpler form:

dIν
dτν

= −Iν + Sν .

where the source function Sν is defined as:

Sν =
εν
κν
.

Integrating this equation we have the formal solution of the transfer equation:

Iν(τν) = Iν(0)e−τν + Sν(1− e−τν ).

This expression indicates that for large optical depths, i.e. when τν →∞, Iν → Sν(T ).

Flux Density

In terms of the monochromatic intensity Iν the power dW of radiation coming from a direction
s within a solid angle dΩ, through a cross-section of area dσ with a normal inclined by an
angle θ from the direction s, within a frequency bandwidth dν centered at ν, is given by:

dW = Iν(s) cos θdΩdσdν.

The flux density Sν is the quantity of radiation energy incoming through a cross section
of unit area, per unit frequency bandwidth, and per unit time. The flux density is related to
the intensity Iν by an integral over a solid angle Ω:
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Sν =

∫
Iν cos θdΩ.

For discrete sources the flux density can be approximated as:

Sν =

∫
IνdΩ.

Brightness temperature

The brightness temperature TB is defined as the temperature of the blackbody that would give
the same intensity as the observed one, Iν = Bν(TB). In the Rayleigh-Jeans regime (where
hν � kTb) Bν(T ) = 2ν2

c2
kT . Then the intensity Iν adopts the Rayleigh-Jeans approximation

for Bν(T ):

IRJν (T ) =
2ν2

c2
kTB.

In the Rayleigh-Jeans regime the transfer equation takes a simple form:

dTB
dτν

= −TB + T,

where T is the temperature of the material. Hence, in this regime the spectral flux density
Sν is:

SRJν (T ) =
2kν2

c2

∫
TBdΩ.

If the radio source can be described by a Gaussian brightness distribution the above expression
becomes:

[
Sν
Jy

]
= 2.65TB

[
θ
′

]2[
λ

cm

]2

,

which makes possible to determine the brightness temperature of a source by measuring the
flux and assuming, or measuring, a solid angle.
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Thermal radiation

All objects at non-zero absolute temperature emit radiation. In the case in which the object
is in thermodynamic equilibrium at temperature T the thermal radiation is such that

Sν = Bν(T ),

where Bν(T ) is the Planck function. This relation represents one of the forms of Kirchoff’s
law. This radiation field only depends on the frequency ν and on the temperature T .

1.3.2 Dust thermal emission

Interstellar gas clouds are always mixed with dust grains which absorb the UV radiation from
their surrounding and re-emits it as thermal radiation. Observing the thermal radiation from
the dust gives us important information about the physical properties, such as density and
temperature, of molecular clouds. Cold molecular clouds, which have typical temperatures
of 10 to 30 K, appear as dark regions in the sky at infrared wavelengths. At these low
temperatures, the black body emission peaks at sub-millimetre to millimetre wavelengths.

For a black body in thermodynamic equilibrium the intensity of the radiation is given by
the Planck function:

Bν(T ) =
2hν3

c2

1

ehν/kT − 1
,

where T is the temperature, ν is the frequency, k is the Boltzmann constant, h is the Planck
constant and c is the speed of light.

For low frequencies or high temperatures, hν << kT , we can use the approximation
ehν/kT ' 1 + hν/kT , obtaining the Rayleigh-Jeans law:

BRJ
ν (T ) ' 2ν2

c2
kT.

Physical parameters derived from observations

In this section we overview the different physical parameters (temperature and mass) that
can be derived from observations of the thermal dust emission.
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Dust temperature: If observations of thermal emission from dust at several frequencies
are available, then an spectral energy distribution (SED) model fitting can be done to deter-
mine the temperature. The observed intensities are usually interpreted as arising from a single
temperature grey-body dust emission model (e.g. Guzman et al. 2015). The monochromatic
intensity at a frequency ν is given by:

Iν(Td, Ng) = Bν(Td)(1− e−τν ),

where Bν(Td) is the Planck function at a dust temperature Td and the optical depth τν =
Ndκν = RgdNgκν , where Nd is the dust column density, κν is the dust absorption coefficient,
Rgd is the gas-to-dust mass ratio which its generally assumed to be equal to 100. The particle
column density is defined by Np = Ng/(µmH), where µ = 2.3. The number column density
of molecular hydrogen NH2 is obtained in the same way but using µ = 2.8 (Kauffmann et al.
2008), under the assumption that all the hydrogen is in molecular form.

The temperature is obtained by minimizing the following function:

χ2(Td, Ng) =
∑
ν

(Iν,obs − Ĩν)2

σ2
ν

,

where the sum is taken over the observed frequencies and Ĩν is the intensity spectrum pre-
dicted by the model weighted by the respective bandpass and σν is the variance. The best-fit
dust temperature Td, and gas column density Ng, minimize the χ2 value.

Column Density and Mass: The column density and mass of a molecular cloud can be
obtained from its dust thermal emission as follows. The column density of gas, which in a
molecular cloud is mostly in the form of molecular hydrogen, can be expressed in terms of of
the dust column density as:

N(H2) =

∫
nH2ds =

1

µH2mHκν

∫
κνρds,

where nH2 is the particle density of hydrogen molecules, ρ is the density, µH2 is the weight
per hydrogen molecule and mH is the hydrogen atom mass. Introducing the optical depth τν
in the previous relation:

N(H2) =
τν

µH2mHκν
.
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Assuming that the dust continuum emission is optically thin then the observed flux per
beam at frequency ν is Sbeamν = ΩbBντν , and the beam averaged column density can be
determined as :

N(H2) =
Sbeamν

ΩbκνµH2mHBν(Td)
,

where Bν(Td) is the Planck function at dust temperature Td, Ωb is the beam size, and µH2 is
the mean molecular weight.

The mass is given by the integral of the column densities across the source:

M = µH2mH

∫
NH2D

2dΩ

where D is the distance. Assuming the same standard assumptions the dust mass Mdust can
be written as:

Mdust =
D2Sν

κνBν(Td)
.

.

1.3.3 Molecular line emission

The emission from molecules can arise from three different types of transitions: rotational,
caused by the rotation of the nuclei around an orthogonal axis; vibrational, that happens
when the nuclei vibrate around their equilibrium position; and electronic, produced by the
de-excitation of electrons in a molecule from one energy level to another.

The main source of molecular emission in the millimeter regime is due to rotational tran-
sitions. This type of emission can only come from molecules with a non zero dipole moment.
Since quantum mechanics allows molecules to have discrete values of their angular momen-
tum, the energy associated with the rotation is specific for each transition and each molecule.
The amount of rotational energy of a molecule is given by:

Erot = BJ(J + 1) =
2

8π2I
J(J + 1)
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where B is the rotational constant, I is the moment of inertia and J is the angular momentum
quantum number. The permitted transitions between lines are the ones where J varies one
unit, the frequency of the transition is given by:

νJ,J−1 =
EJ − EJ−1

h
= J

~
2πI

.

The spontaneous emission coefficient for these transitions is low, hence the population of
the energetic levels is dominated by the ambient radiation or collisions between molecules.
Molecules located deep inside molecular clouds will typically be excited by collisions while
molecules at the edges of the cloud will typically be excited by the ambient radiation. This
means that, for the inner parts of the clouds, the excitation temperature of a transition
is similar to the kinetic temperature Tk of the molecular cloud. The density at which the
transition is thermalized is called critical density, ncrit, and is defined as (Snell et al. 1984):

ncrit =
A

C(1− e−hν/kTk)
,

where A is the inverse radiative lifetime and C is the collisional de-excitation coefficient. As
the kinetic temperature of the cloud increases, levels of higher energies will be populated.
The population in each level is given by:

NJ

gJ
∝ exp

[
EJ
kTex

]
,

where Nj is the number of molecules in the level J, gJ is the statistical weight of the level J,
EJ is the energy of the upper level, k is the Boltzmann constant, and Tex is the excitation
temperature of the gas. In the case of local thermodynamic equilibrium, LTE, Tex = Tk.

As shown in the previous relations a molecule will need a certain density and temperature
to be excited and therefore emit in a specific transition. Hence, molecular line observations
allows us to determine physical and kinematical parameters of the gas in molecular gas.

Observations: Peak intensity, line-width and velocity.

From the molecular line emission of a source we can derive its properties through the analysis
of the observed spectra. The three principal characteristics of a spectral line are the intensity,
the line-width and the central velocity. The intensity gives information about the density
and temperature of the cloud, while the line-width and velocity give information about the
kinematics.
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At millimetre wavelengths, the observed quantity measured with a radio telescope is called
the Antenna Temperature (TA). If the source is small in comparison to the beam of the
telescope, it can be expressed as:

TA =
Ωs

Ωb

ηTB,

where Ωs is the solid angle of the source, Ωb is the antenna beam size, η is the main beam
efficiency, and TB is the brightness temperature. This temperature corresponds to the inten-
sity of the spectral line detected by the radio telescope. The antenna temperature is often
expressed as the main beam temperature expressed as TMB = TA/η.

The observed TA of a molecular transition is related to the excitation temperature Tex, at
which the line is produced, by the expression:

TA = ηφ(Tex − Tbg)(1− e−τ ),

where Tbg is the background temperature, φ is the main beam filling factor, and τ is the
opacity of the transition.

The spectral lines are not sharp. There is always a finite width to the observed spectral
lines. The spectral broadening of molecular clouds includes three main components (Garay
and Lizano 1999): thermal broadening, natural broadening and non-thermal broadening.

The thermal broadening arises from the motions of the atoms and molecules in random
directions, with an average speed proportional to the temperature of the gas. This produces
the thermal Doppler width ∆vth given by:

∆vth =

√
2kTk

m
,

where m is the mass of the atom or molecule and Tk is the kinetic temperature of the gas.

The natural broadening produces the natural line width ∆vi which arises from the uncer-
tainty in energy of the states involved in the transition. The emitted photons will have a
range of possible frequencies given by:

∆νi ≈
∆E

h
≈ 1

2π∆t
,

where ∆E is the energy difference for the transition, and ∆t is the lifetime of the excited
state.
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The non-thermal broadening is dominated by turbulent motions of the gas or by the
presence of outflows or inflows. This is called the turbulent width ∆vnt. This is the mechanism
that usually dominates the observed line-width from molecular clouds.

In general, the line profile can be described as a Gaussian with a line-width described as:

∆vobs = (∆v2
th + ∆v2

i + ∆v2
nt)

1/2

The analysis of the width of a detected molecular line gives information about the kinematics
inside a molecular cloud.

Each molecular transition happens at a determined frequency. A Doppler shift between
this frequency and the central frequencies of a detected molecular line is due to the radial
velocity of the molecular cloud in the Galaxy. From this radial velocity and the position
in the sky of the molecular cloud a kinematic distance toward the molecular cloud can be
determined.

Moment map analysis

The moment map analysis is generally used to characterize the molecular line emission (Sault
et al. 1995), since it gives an easy way to visualize and interpret the observations. If several
lines are observed this method allows us to characterise the emission at every point across
the map and to easily compare the emission between the different molecular transitions. The
three principal moment maps used are the Zeroth, First and Second.

The Zeroth moment, M0, or integrated intensity, is defined as:

M0 =

∫
T ∗A(v)dv,

where T∗A(v) is the measured brightness at velocity v. The Zeroth moment reveals where the
molecular line emission arises within the observed source.

The First moment, M1, or intensity weighted velocity field, defined as:

M1 =

∫
T ∗A(v)vdv∫
T ∗A(v)dv

,

reveals the mean velocity at each position within the source. It is useful to determine if
different regions of the source have different kinematics.

The Second moment, M2, or intensity weighted velocity dispersion, defined as:
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M2 =

√∫
T ∗A(v)(v −M1)2dv∫

T ∗A(v)dv
,

reveals the variation of the linewidth within the source. It is useful to identify regions where
the turbulence is high.

Physical parameters derived from observations

Mass from virial equilibrium analysis: The mass of a molecular cloud can be estimated
from the virial theorem, assuming that the cloud is in equilibrium between the potential
energy and the kinetic energy inside the molecular cloud. The mass obtained from this
method is called virial mass. For a spherical cloud of radius R, the virial mass, Mvir, in solar
masses is:

Mvir = 210β∆v2R,

where ∆v is the line-width in km s−1, R is in pc, and β is a constant which depends on the
density profile of the cloud (β = 1 for a uniform density core; β = 0.9 for one whose density
varies as the inverse first power of the radius MacLaren et al. 1988).
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Chapter 2

Aims and observations

2.1 Thesis aims

Despite significant efforts to understand the formation of massive, clustered stars, we lack
a clear understanding about the processes involved. To understand better these phenomena
we need to constrain the massive star formation scenarios through observations of the very
early stages of star formation, characterizing Massive and Dense Cold Clumps (MDCCs).
Clumps which are on the verge of forming protostars, but have not formed any yet, must
still reflect the initial conditions of the formation of protoclusters. Searching and studying
such objects is crucial for our understanding of star formation. Determination of the density,
mass distribution and kinematics of the gas within these young MDCCs is crucial to unveil
the processes involved.

The goal of this thesis is to better understand the nature of MDCCs and the way in which
they fragment into seeds that will therefore form high-mass stars. The specific aims of this
thesis are:

• Search for signatures of global collapse in the large scale of MDCCs.

• Study, with high angular resolution, the distribution of the mass within MDCCs into
protostellar fragments and the kinematics of the gas .

To achieve these goals we used low and high angular resolution data (described in 2.2) to
study the behaviour of the gas and dust from large to small scales within MDCCs and con-
strain the processes involved in high-mass star formation. The objects selected are described
in the following section.

2.1.1 Source selection

We observed four massive and dense cold clumps (MDCC) discovered in a dust continuum
emission survey towards luminous IRAS sources (Garay et al. 2004). These MDCC were
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identified by having a large flux density at millimetre wavelengths, implying that they are
massive, and by being undetected at mid-infrared (MSX) and far-infrared (IRAS) wave-
lengths, implying that they are cold. These conditions suggest that the four MDCC are close
to the initial conditions expected for massive star formation, hence are ideal to study the
early stages of massive star formation. The observed clumps are listed in Table 2.1.

Table 2.1: Coordinates of the four massive and dense cold clumps (MDCCs) observed with
the APEX telescope.

Source α δ Distance
(J2000) (J2000) (kpc)

G305.136+0.068 13:10:41.7 -62:43:15.5 3.4
G333.125-0.562 16:21:34.9 -50:41:10.2 3.5
G18.606-0.076 18:25:08.7 -12:45:26.9 3.7
G34.458+0.121 18:53:19.8 +01:28:21.8 3.8

Figure 2.1 shows the Spitzer/IRAC three colour images (3.6 µm, 4.5 µ m, and 8.0 µ m)
of the four clumps overlaid with contours of the Herschel dust continuum emission (250µm).
We clearly see the dense clumps in the dust continuum and in the IR as dark structures.
The clumps show a range in star formation activity: from G18.606-0.076, which is dark in
the IR, to G34.458+0.25, which shows evidence for embedded star formation.

2.2 The data

2.2.1 Single dish observations

Wemade molecular line observations using the 12m Atacama Pathfinder Experiment (APEX)
located in Llano de Chajnantor, Chile. The observations were carried out during May and
July 2012 with the SHeFI instrument (Swedish Heterodyne Facility Instrument). A detailed
description of the characteristics of APEX is given by Güsten et al. (2006). The frontend con-
sisted of a single pixel heterodyne SiS operating in the 270 GHz band. The backend used was
the eXtended Fast Fourier Transform Spectrometer (XFFTS). The half-power beam width of
the telescope at 345 GHz is ∼20”. The main beam efficiency is 0.73. We observed 3 spectral
windows, for each of the clumps, centered at the frequencies of 267.6, 272 and 279.5 GHz each
with 2.5 GHz bandwidth and 76 kHz (0.09 kms−1) channels. This setup was chosen to map
the emission in the HCO+ (3-2), HNC (3-2) and N2H+ (3-2) lines. The bandwidth used to
observe the HCO+ (3-2) line also contained the HCN (3-2) and CH3OH (5-4) lines, and the
one used to observe the N2H+ (3-2) line, contained the CH3OH (9-8) line. These transitions
were chosen for the following reasons. The N2H+ molecule suffers little depletion and is one
of the best probes of the coldest and densest gas (e.g. Caselli et al. 2002; Crapsi et al. 2007)
thus a good tracer for physical conditions and kinematics of the densest and coldest gas of the
clump, and the HNC and HCO+ molecules to study the kinematics of neutral and molecular
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Figure 2.1: Spitzer-IRAC three-color images (3.6 µm = blue, 4.5 µm = green, and 8.0 µm
= red) of the four MDCC showing different star formation activity, increasing from the top
left to the bottom right. Overlaid are contours of the dust emission (ATLASGAL 870µm;
levels are drawn at 30%, 40%, 50%, 60%, 70%, 80%, and 90% of the peak value). From top
left to bottom right: G18.606-0.076, G305.136+0.068, G333.125-0.562, G34.458+0.25.
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Table 2.2: Summary of the observed molecular transitions with the APEX telescope.

Molecular transition Frequency Eu/k ncrit
(GHz) (K) (cm−3)

HCN v=0 J=3-2 265.886 25.52 8×106

CH3OH v=0 J=5-4 266.838 57.07 2.6×106

HCO+ v=0 J=3-2 267.558 25.68 1.6×107

HNC v=0 J=3-2 271.981 26.11 1×107

CH3OH v=0 J=9-8 278.305 109.97 2.6×106

N2H+ v=0 J=3-2 279.512 26.83 1.3×107

ion gas (information about the transitions, critical densities and excitation energies are given
in Table 2.2). We mapped regions of 120”x120” for G305.136+0.068 and regions of 100”x100”
for G18.606-0.076, G333.125-0.562 and G34.458+0.25. The maps were made with angular
spacings of 20” and centered at the peak of the dust core (listed in table 2.1).The on-source
integration time per position was ∼3 min for G305, ∼2 min for G333, G18 and G34. All the
observations were carried out under good weather conditions (PWV < 1.3 mm).

All data reduction was performed using the CLASS software package. Each data set was
calibrated on-line by the OnlineCalibrator program, which writes the calibrated spectra into
a CLASS-format data file. Following the calibration an inspection, average and a base-line
fitting were made. The final dataset have an angular resolution of ∼20”, with an rms of
0.4 K.

2.2.2 ALMA observations

We observed, using Atacama Large Millimeter/submillimeter Array (ALMA), the 3 mm (90
GHz) dust continuum and molecular line emission toward G305.136+0.068. The observations
were carried out, as part of ALMA Cycle 1, between April 25-28 2014 using both the 12-
m array and the Compact Array (ACA, 7m antennas). Because ALMA’s field of view at
this wavelength is ∼ 52.6′′ and the cloud covers a region > 50′′, a 3-point mosaic with
Nyquist sampling was needed to cover its full extent. We observed 4 spectral windows in
dual polarization mode centered at the frequencies of 89.2, 93.2, 98.0 and 110.2 GHz each
with 234.4 MHz bandwidth and 122.1 kHz (0.4 kms−1) channels. This setup was chosen to
map the emission in the HCO+ J=1-0, CS J=2-1, 13CO J=1-0 and N2H+ J=1-0 lines. The
HCO+, CS and N2H+ molecules were chosen for the following reasons. The N2H+ molecule
suffers little depletion and is one of the best probes of the coldest and densest gas (e.g.
Caselli et al. 2002; Crapsi et al. 2007), HCO+ is a good tracer of conditions within the larger
scale surroundings and CS is a good tracer of lower-density material in outflows (information
about the transitions, critical densities and excitation energies are given in Table 2.3). To
map the 3mm dust continuum emission a set of 3 spectral windows were observed, centered
at the frequencies of 91.2, 103.2 and 104.9 GHz each with a 1875 MHz bandwidth, also in
dual polarization mode, with a coarser frequency resolution channel spacing of 976.6 kHz
(∼3 kms−1).
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Table 2.3: Summary of the molecular transitions observed with the ALMA interferometer.

Molecular transition Frequency Eu/k ncrit
(GHz) (K) (cm−3)

HCO+ v=0 J=1-0 89.189 4.28 1.4x106

N2H+ v=0 J=1-0 93.173 4.47 1.3x106

CS v=0 J=2-1 97.981 7.05 5.7x105

13CO v=0 J=1-0 110.201 5.29 2x103

We used a combination of the 12m and 7m arrays to recover the emission from angular
scales from 2′′ to 40′′. The projected baselines ranged from 18-490m for the 12m array and
from 8-37m for the 7m array. All data reduction was performed using the CASA software
package. Each data set was independently calibrated (by our ALMA support scientist) before
being merged. The proceeding for merging the data is as follows. We first concatenated the
12-m and 7-m data with an equal weighting of 1. Then, we applied a weight to the data
based on the visibility scatter and we cleaned and imaged the product. The final merged
dataset have an angular resolution of ∼2” (0.03 pc), with a 1σ continuum sensitivity of ∼
120 µJy beam−1 and a line brightness sensitivity of 18 mJy beam−1 per channel for the high
velocity resolution data (0.4 kms−1) and 1.9 mJy beam−1 per channel for the coarser velocity
resolution data (∼3 kms−1).
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Chapter 3

Large scale (∼0.3 pc) properties of the
gas

3.1 Results

Table 3.1 shows a list of the chemical species detected towards each of the four clumps. In
addition to the aimed chemical species, HCN(3-2), HCO+(3-2) , HNC(3-2) and N2H+(3-2),
we also detected fainter emission in two transitions of methanol, CH3OH, towards all the
clumps with the exception of G18.606-0.076 where only the lower frequency transition was
detected.

Figures 3.1-3.4 show spectral maps of the HCN(3-2), HCO+(3-2), N2H+(3-2), HNC(3-2),
CH3OH(5-4) and CH3OH(9-8) line emission observed toward G305.136+0.068, G333.125-
0.562, G18.606-0.076 and G34.458+0.121 respectively. The spacing is 20” for all transitions.
Offsets are measured from the reference positions given in Table 2.1.

Table 3.1: Molecular lines detected towards each of the observed clumps.

Molecule Transition Frequency Eu/k nc G305 G333 G18 G34
(GHz) (K) (cm−3)

HCN v=0 3-2 265.886 25.52 8×106
√ √ √ √

HCO+ v=0 3-2 267.558 25.68 1.6×107
√ √ √ √

HNC v=0 3-2 271.512 26.11 1×107
√ √ √ √

N2H+ v=0 3-2 279.512 26.83 1.3×107
√ √ √ √

CH3OH v=0 5(2,3)-4(1,3) 266.838 57.07 2.6×106
√ √ √ √

CH3OH v=0 9(-1,9)-8(0,8) 278.305 109.97 2.6×106
√ √

· · ·
√
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Figure 3.1: Spectral maps of HCO+(3-2), HNC(3-2), HCN(3-2), N2H+(3-2), CH3OH(5-4)
and CH3OH(9-8) molecular line emission toward G305.136+0.068. The grid spacing is 20”.
The velocity scale ranges from -60 to -10 km/s. The antenna temperature scale ranges from
-0.3 to 4.5 K for all molecules, except for the CH3OH transitions where it ranges from -0.3
to 1.5 K.
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Figure 3.2: Spectral maps of HCO+(3-2), HNC(3-2), HCN(3-2), N2H+(3-2), CH3OH(5-4)
and CH3OH(9-8) molecular line emission toward G333.125-0.562. The grid spacing is 20”.
The velocity scale ranges from -85 to -35 km/s. The antenna temperature scale ranges from
-0.3 to 4 K for all molecules, except for the CH3OH transitions where it ranges from -0.3 to
1.3 K.
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Figure 3.3: Spectral maps of HCO+(3-2), HNC(3-2), HCN(3-2), N2H+(3-2) and CH3OH(5-4)
molecular line emission toward G18.606-0.076. The grid spacing is 20”. The velocity scale
ranges from 20 to 70 km/s. The antenna temperature scale ranges from -0.3 to 3 K for all
molecules, except for CH3OH(5-4) where it ranges from -0.3 to 1 K.
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Figure 3.4: Spectral maps of HCO+(3-2), HNC(3-2), HCN(3-2), N2H+(3-2), CH3OH(5-4)
and CH3OH(9-8) molecular line emission toward G34.458+0.121. The grid spacing is 20”.
The velocity scale ranges from 35 to 85 km/s. The antenna temperature scale ranges from
-0.3 to 3 K for all molecules, except for the CH3OH transitions where it ranges from -0.3 to
1 K.
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Figure 3.5: Spectra of CH3OH(5-4) (orange), HCN(3-2) (red), HCO+(3-2) (blue), HNC(3-2)
(green) and N2H+(3-2) (purple) emission observed at the peak position of G305.136+0.068,
G333.125-0.562, G18.606-0.076 and G34.458+0.121.

3.1.1 Line profiles

G305.136+0.068 is the clump that shows less complex line profiles (see Figure 3.1). The
profiles of the HCO+, HNC and CH3OH emission are nearly gaussian. The profile of the
N2H+ emission is triangular (Figure 3.1) due to the hyperfine structure which gives rise to 7
different lines (Caselli et al. 2002). G333.125-0.562, G18.606-0.076 and G34.458+0.121 show
multiple line-shape features as self-absorption and high-velocity wings. This can also be seen
in Figures 3.5 and 3.6 which show the spectra of all the molecular lines observed at the peak
position and integrated over each clump, respectively.

Table 3.3 lists for each clump the observed parameters (antenna temperature, line center
velocity, velocity dispersion, and velocity integrated antenna temperature) of the lines with
nearly Gaussian profiles. Two sets of values are shown, one for the line emission observed at
the peak position and the other for the spatially averaged emission, all of them determined
from Gaussian fittting to the respective line profiles. The profiles of the emission in the
HCO+, HCN and HNC lines towards G333 and HCO+ and HCN towards G18 show strong
self-absoprtion features and hence Gaussian fits are unwarranted. Table 3.4 lists for G305,
G18 and G34 the results of the hyperfine structure fitting of the N2H+(3-2) (line center
velocity, velocity dispersion, and opacity) for the peak position and for the spatially averaged
emission. The fit was done using the CLASS program hfs. The frequencies and relative
intensities of the 7 hyperfine components were retrieved from the Cologne Database for
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Figure 3.6: Integrated spectra of CH3OH(5-4) (orange), HCN(3-2) (red), HCO+(3-2) (blue),
HNC(3-2) (green) and N2H+(3-2) (purple) emission toward G305.136+0.068, G333.125-0.562,
G18.606-0.076 and G34.458+0.121.

Molecular Spectroscopy (Müller et al. 2001, Müller et al. 2005). The line widths are much
larger than the thermal width expected for a clump with T ∼15 K, indicating that these
clumps are highly turbulent. Column 10 of Table 3.3 and column 8 of Table 3.4 gives the
FWHM angular size in the four observed transitions obtained through a two dimensional
Gaussian fitting of the integrated intensity map for each case.

To characterize the emission we made moment analysis of the data (Sault et al. 1995)
as detailed in the introduction. The moment analysis allows us to characterise the emission
at every point across the map and to easily compare the emission between the different
molecular transitions. The moment maps were calculated taking a velocity window of 60
km/s, centered at the line velocity for each case. To include only the highest signal-to-noise
emission in this moment analysis we considered only positions across the clumps where the
emission was above an intensity threshold of ∼3σ.

Figure 3.7 shows images of the M0 (integrated intensity), M1 (intensity weighted velocity
field), and M2 (intensity weighted velocity dispersion) moments of the HCN(3-2), HCO+(3-
2), N2H+(3-2) and HNC(3-2) emission toward G305.136+0.068. Overlaid on the M1 and
M2 images are contours of the integrated intensity to highlight the relation between the
intensity of the emission of the gas and its kinematics. Figures 3.8-3.10 show images of the
M0 (integrated intensity) moments of the HCN(3-2), HCO+(3-2), N2H+(3-2) and HNC(3-
2) emission toward G333.125-0.562, G18.606-0.076 and G34.458+0.121 respectively. These
three clumps show complex kinematics, hence the M1 (intensity weighted velocity field), and

28



M2 (intensity weighted velocity dispersion) moments are shown only for the molecules with
Gaussian-shaped profiles.

The integrated intensity maps show that the HCO+ emission is more extended than the
emission from the other molecules for all clumps. The peak of the emission of each line
correlates well from line to line for each clump.

Table 3.3: Observed parameters of the HCN(3-2), HCO+(3-2), HNC(3-2), CH3OH(5-
4) and CH3OH(9-8) emission for G305.136+0.068, G333.125-0.562, G18.606-0.076 and
G34.458+0.121 (if they follow a Gaussian-like shape). The first column lists the molecule,
columns 2-5 list, respectively, the antenna temperature, line center velocity, velocity disper-
sion and velocity integrated antenna temperature at the peak emission; columns 6-9 list,
respectively, the antenna temperature, line center velocity from, sigma and velocity inte-
grated antenna temperature of the source averaged emission, and column 10 the FWHM
angular size.

Peak Average
TA v ∆v

∫
TAdv TA v ∆v

∫
TAdv θobs

(K) (km s−1) (km s−1) (K km s−1) (K) (km s−1) (km s−1) (K km s−1) (arcsec)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

G305.136+0.068
HCO+(3-2) 3.3 -36.6 4.5 16.0 0.6 -36.2 4.0 2.5 36.3
HNC(3-2) 1.7 -36.9 4.0 7.1 0.2 -36.7 3.8 0.9 25.8
CH3OH (5-4) 0.3 -36.8 4.3 1.6 0.2 -36.8 4.5 1.1 34.3
CH3OH (9-8) 0.2 -36.5 5.4 1.2 0.2 -36.1 4.7 0.9 24.1

G333.125-0.562
CH3OH (5-4) 0.7 -57.4 5.3 3.8 0.09 -57.5 5.3 3.8 41.1
CH3OH (9-8) 0.3 -56.8 5.9 1.7 0.2 -56.7 5.5 1.1 39.2

G18.606-0.076
N2H+(3-2) 1.8 45.8 4.5 8.7 0.5 45.9 4.2 2.4 37.4
HNC(3-2) 1.6 45.5 3.1 5.1 0.6 45.5 3.1 2.0 60.9
CH3OH (5-4) 0.2 45.3 3.9 0.7 0.02 46.0 3.8 0.07 37.8

G34.458+0.121
HCO+(3-2) 2.7 60.2 5.4 15.8 1.1 59.6 4.0 4.8 47.6
N2H+(3-2) 2.4 59.9 4.5 11.2 0.6 59.6 4.0 2.6 35.9
HNC(3-2) 1.4 59.4 3.5 5.3 0.5 58.9 2.8 1.6 29.7
CH3OH (5-4) 0.4 60.2 6.2 2.6 0.05 59.6 4.8 0.3 38.4
CH3OH (9-8) 0.2 60.5 5.6 1.3 0.04 60.1 4.6 0.2 37.9

3.1.2 Velocity fields

The line profiles indicate different kinematic signatures for the clumps. G305.136+0.068
exhibits the simpler profiles (shown in Figure 3.1) with Gaussian like lines and absence of
prominent high velocity wings, suggesting that is in an earlier stage of evolution. The line
profiles of the other three clumps (Figures 3.2, 3.3 and 3.4) exhibit high velocity wings and
multiple peaks in several of the detected lines, suggesting complex large-scale kinematics.
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Figure 3.7: G305.136+0.068 moment maps of the HCN(3-2), HCO+(3-2) , HNC(3-2) and
N2H+(3-2) emission (from top to bottom). The bottom left panel shows the ATLASGAL
continuum emission. The panels from left to right: integrated intensity (zeroth moment,
units of K kms−1), intensity weighted velocity field (first moment, units of kms−1), intensity
weighted velocity dispersion (second moment, units of kms−1). Overlaid with white contours
are the contours of the integrated intensity (levels are 20, 40, 60 and 80% of the peak).
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Figure 3.8: G333.125-0.562 integrated intensity moment maps (zeroth moment, units of
K kms−1) of the HCN(3-2), HCO+(3-2) , HNC(3-2) and N2H+(3-2) emission (from top to
bottom). The bottom left panel shows the ATLASGAL continuum emission.
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Figure 3.9: G18.606-0.076 integrated intensity moment maps (zeroth moment, units of
K kms−1) of the HCN(3-2), HCO+(3-2) , HNC(3-2) and N2H+(3-2) emission (from top to
bottom). The bottom left panel shows the ATLASGAL continuum emission. Also shown are
the intensity weighted velocity field (first moment, units of kms−1) and the intensity weighted
velocity dispersion (second moment, units of kms−1) for HNC(3-2) and N2H+(3-2). Overlaid
with white contours are the contours of the integrated intensity (levels are 20, 40, 60 and
80% of the peak).
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Figure 3.10: G34.458+0.121 integrated intensity moment maps (zeroth moment, units of
K kms−1) of the HCN(3-2), HCO+(3-2) , HNC(3-2) and N2H+(3-2) emission (from top to
bottom). The bottom left panel shows the ATLASGAL continuum emission. Also shown are
the intensity weighted velocity field (first moment, units of kms−1) and the intensity weighted
velocity dispersion (second moment, units of kms−1) for HCO+(3-2), HNC(3-2) and N2H+(3-
2). Overlaid with white contours are the contours of the integrated intensity (levels are 20,
40, 60 and 80% of the peak).
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Table 3.4: Fitted parameters of the N2H+(3-2) emission for G305.136+0.068, G18.606-0.076
and G34.458+0.121. The fit was done using the CLASS program hfs for hyperfine structure.
Columns 2-4 list, respectively, the line center velocity, velocity dispersion and opacity at the
peak emission; columns 5-7 list, respectively, the line center velocity, velocity dispersion and
opacity of the source averaged emission, and column 8 the FWHM angular size.

Peak Average
v ∆v τ v ∆v τ θobs

(km s−1) (km s−1) (km s−1) (km s−1) (arcsec)
(1) (2) (3) (4) (5) (6) (7) (8)
G305.136+0.068 -36.6 4.8 0.5 -36.3 4.6 <0.1 31.6
G18.606-0.076 45.6 4.0 <0.1 45.7 3.8 <0.1 37.4
G34.458+0.121 59.7 4.1 <0.1 59.4 3.7 <0.1 35.9

Moment maps gradients

The intensity weighted velocity field maps show some velocity gradients for G34.458+0.12
and G18.606-0.076. In the case of G34.458+0.12 a gradient of ∼ 1.5 km/s is seen in the
HCO+, HNC and N2H+ maps. For G18.606-0.076 a gradient is seen in the HNC and N2H+

maps. The structure of these gradients is not as defined as in the case of G34, maybe due
to the elongated structure of this clump. The intensity weighted velocity dispersion maps
show, for all analysed molecules and all clumps, a clear increase in the line width from the
outer part of the clumps toward the central region.

Collapse signatures

Blue asymmetries in the profiles of optically thick molecular lines appear to be a signpost
indicator of gas infall motions within cores (Myers et al. 1996), even when their shape is
irregular (Chira et al. 2014). Radiative transfer models of molecular lines (Chira et al. 2014)
have shown that among the best tracers of collapse motions are the (3-2) transitions of both
HCN and HCO+ molecules. Both of these transitions are typically optically thick.

In the case of G305.136+0.068 blue asymmetry is clearly seen in the HCN profile. Towards
G333.125-0.562 all molecular lines, with exception of CH3OH which is optically thin, show
clear profiles with blue asymmetries. Towards G18.606-0.076 the kinematics look more com-
plicated but there is line profile blue asymmetries for the HCN and HCO+ molecules. There
are no asymmetries shown towards G34.458+0.121. For G305.136+0.068 and G333.125-0.562
the N2H+ line peaks at the self-absorption dip from the HCN line. This behaviour is con-
sistent with infall dynamics, as optical depth increases, the line develops a self-absorption
dip between a brighter blue peak and a fainter red peak (Myers et al. 1996). As the infall
velocity increases, the degree of asymmetry increases.
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3.2 Discussion

Table 3.5: Derived physical parameters of MDCC. Columns from left to right: source name,
average radius, average line-width, virial mass, dust mass and virial parameter.

Source Radius ∆v Mvir Mdust αvir

(pc) (km/s) (M�) (M�)
G305.136+0.068 0.25 3.9 8.0×102 1.1×103 0.9
G333.125-0.562 0.38 5.3 2.2×103 3.0×103 0.7
G18.606-0.076 0.40 3.1 8.1×102 5.6×102 2.0
G34.458+0.121 0.34 4.7 1.6×103 9.0×102 1.0

3.2.1 Virial Masses

To assess whether the clumps are gravitationally bound and unstable to collapse or unbound
and transient, we determine the virial parameter, αvir, defined as αvir = Mvir/Mdust. The
virial mass, Mvir, is defined as Mvir = 210 · ∆v2R, where ∆v is the measured line-width in
units of km/s and R is the radius in units of pc. The radius of each clump was computed from
the angular size, determined from a 2D Gaussian fit to the emission for each of the observed
lines (listed in Table 3.3) assuming the clump distances given in Table 2.1. To estimate the
line-widths we used different lines for each clump (mainly considering Gaussian like profiles).
For G305.136+0.068 the lines used are HCO+ and HNC, for G333.125-0.562 we used CH3OH
(5-4), for G18.606-0.076 we used the HNC value and finally for G34.458+0.25 we used both
transitions of CH3OH. The values were computed through Gaussian fitting (see Table 3.3),
and the average for each clump is listed in Table 3.5.

To calculate the dust mass Mdust we used the ATLASGAL data at 870 µm. For this
purpose we used the expression (Hildebrand 1983),

Mdust =
D2FνRgd

κνBν(T )
,

where Fν is the flux density at frequency ν. This expression assumes that the dust emission
is optically thin. Assuming a dust temperature T=20 K and using a value of κ870µm = 1.85
cm2 g−1, interpolated from the tabulated values from the Ossenkopf and Henning (1994)
MRN distribution model with thin ice mantles that have coagulated at 106 cm−3, and a
gas-to-dust ratio Rgd of 100. The results are listed in Table 3.5.

The computed virial masses and virial parameters are shown in Table 3.5. For all the
clumps the value of the virial mass is similar or higher than the dust mass. The virial
parameter is in all cases ∼1, suggesting that the clumps are gravitationally bound.
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Figure 3.11: HCN(3-2) (solid line) and HNC(3-2) (dotted line) peak position spectra toward
G305.136+0.068. The red line shows the best result of the fitting of the HILL5 model.

3.2.2 Evolutionary stages

The four observed clumps were identified by having a large flux density at millimetre wave-
lengths and by being undetected at mid and far-infrared wavelengths, implying that they
are massive and cold. The IR Spitzer-IRAC data (Figure 2.1) suggest that the clumps are
in different stages of star formation. G18.606-0.076 is associated with a dark IR region.
G305.136+0.068 and G333.125-0.562 show 5.8 µm point sources suggesting they harbour ac-
creting regions. Finally towards G34.458+0.25 we see the presence of a green fuzzy at the
center of the clump, suggesting a later stage of evolution with a protostar forming in the
center of the clump.

3.2.3 Collapse

In order to quantify the infall dynamics we used a radiative transfer model called HILL5 (De
Vries and Myers 2005) using PySpecKit (Ginsburg and Mirocha 2011). The model assumes
that the excitation temperature increases inward as a linear function of optical depth and
uses 5 free parameters that are the line center optical depth of the cloud τc, the line-of-sight
velocity of the system vlsr, the infall velocity of the cloud vc, the velocity dispersion σ and
the peak excitation temperature in the cloud Tpk. This model has been found to perform
especially well when there are two distinct peaks (De Vries and Myers 2005), whicht is the
case for G305.136+0.068 and G333.125-0.562.

Figure 3.11 shows the result of the HILL5 model fitting for G305.136+0.068. In this case
we used the HCN(3-2) and the HNC(3-2) emission. The results of the Gaussian fitting of
the HNC line, that shows a Gaussian profile, were used as initial conditions for the HILL5
model fitting using the HCN emission. We can see that the HNC peak line corresponds with
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Figure 3.12: HNC(3-2) (solid line) and CH3OH(5-4) (dotted line) peak position spectra
toward G333.125-0.562. The red line shows the best result of the fitting of the HILL5 model.

the self-absorption dip from the HCN line.

Figure 3.12 shows the result of the HILL5 model fitting for G333.125-0.562. The line used
for the initial conditions in this case is CH3OH(5-4) for which the peak position corresponds to
the self-absorption dip from the HNC line. The HCN line was not used for the HILL5 model
fitting due to the presence of prominent velocity wings. The results of the models are shown
in Table 3.6. The infall velocity for G305.136+0.068 is 2.5 km/s and for G333.125-0.562 is
1.4 km/s.

Table 3.6: Results of the HILL5 model fitting for G305.136+0.068 and G333.125-0.562.

Source τ vlsr vinfall σ Tpeak

(km/s) (km/s) (km/s) (K)
G305.136+0.068 2.84 -36.52 2.5 2.04 4.97
G333.125-0.562 5.8 -57.46 1.4 0.99 5.26

3.2.4 Radial velocity dispersion profiles

The density and velocity dispersion radial profiles are important indicators to characterize
the evolutionary stage of star forming clumps. For instance the standard theory of low-mass
star formation from a singular isothermal sphere (Shu 1977) predicts a velocity profile for
the inner envelope of ∼r−1/2 . The logatropic equation of state model from McLaughlin
and Pudritz (1997) predicts velocity dispersion nearly constant in the center and rising with
distance in the outer regions as ∼r1/3

A handful of studies of velocity dispersion profiles have been reported in the literature.
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Table 3.7: Results of power-law fitting (∆ v ∝ rα) from the radial velocity dispersion profiles
from Figure 3.13. The values in column 6 are the average from the columns 2,3,4 and 5.

αHCO+ αHNC αN2H+ ᾱ
(2) (3) (4) (5)

G305.136+0.068 -0.33±0.05 -0.59±0.38 -0.98±0.28 -0.63±0.16
G18.606-0.076 — -0.35±0.03 -0.67±0.13 -0.51±0.07
G34.458+0.121 -0.52±0.13 -1.74±0.58 -1.37±0.39 -1.21±0.24

For low-mass clumps, Goodman et al. (1998) found a nearly constant velocity dispersion
within their inner regions (power-law index of ∼0-0.1 at scales of ∼0.1 pc) and a rise of
velocity dispersion in the outer regions with power-law index ∼ 0.2, which is close to the
logatropic model. Studies of high-mass clumps show either constant or increasing inward
velocity dispersions (Lapinov et al. 1998; Fontani et al. 2002, Pirogov et al. 2003), which,
apart from optical depth effects, could imply a higher degree of gas dynamical activity in
central regions. Caselli and Myers (1995) derived an opposite trend from comparison of line
widths and sizes of the emission regions for different species in Orion clumps.

Figure 3.13 shows the observed radial velocity dispersion profiles for G305.136+0.068,
G18.606-0.076 and G34.458+0.121 in the molecules that show Gaussian-like profiles and are
spatially extended. We find that for all the clumps and molecules the widths tend to increase
inwards. Each point is taken as an average of the values inside a ring of a certain radius. The
velocity dispersion values are taken from the second moment, the intensity weighted velocity
dispersion. The error bars represent weights for the fitting and are calculated taking into
account the dispersion of the values and the number of points for each average calculation.
The average power-law index found for G305.136+0.068 is -0.63±0.16, for G18.606-0.076 is
is -0.51±0.07, and for G34.458+0.121 is -1.21±0.24. Detailed results are shown in Table 3.7.

The discrepancy between the low-mass and high-mass clumps could be due to a higher
degree of dynamical activity of gas in central regions of HMSF clumps, including differential
rotation, infall motions and turbulence due to winds and outflows from massive protostars.
Because of this we would expect to see different velocity dispersion profiles for different
objects depending from their evolutionary stage.

To be able to study if there is any relation between the behaviour of the radial velocity
dispersion profile and the evolutionary stage of the clumps a comparison with a bigger sample
of objects was done. We used a sample of 15 SuperMALT sources classified as quiescent,
protostellar or HII region. Figure 3.14 shows the radial velocity dispersion profiles for each
clump grouped in their respective evolutionary stage, including our four clumps. For this
purpose we used the HCO+(3-2) line. All the clumps have widths that increase inwards but
with different trends. The average results of the power-law index for each group is -0.1±0.02
for the quiescent clumps, -0.2±0.01 for the protostellar and -0.3±0.02 for the H II regions.
This suggests a trend of decreasing index for earlier evolutionary stages. This may support
the hypothesis mentioned before because in earlier evolutionary stages the clumps are more
dynamically quiet.
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Figure 3.13: Radial velocity dispersion profiles from G305.136+0.068, G333.125-0.562,
G18.606-0.076 and G34.458+0.121 using the HCO+ (blue), HNC (magenta) and N2H+

(green) data. The dashed lines are linear fittings to the points. The results are listed in
Table 3.7.
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Figure 3.14: Radial velocity dispersion profiles for the 15 sources from the SuperMALT
and G305.136+0.068, G333.125-0.562, G18.606-0.076 and G34.458+0.121, grouped following
their evolutionary classification: quiescent (left panel), protostellar (center panel) and H II
region (right panel).
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Chapter 4

G305: Small scale (∼0.02 pc) structure
with ALMA

In this chapter we will analise observations of molecular line emission and continuum emis-
sion at 3mm toward G305.137+0.069, a MDCC identified by Garay et al. (2004) from mm
observations. This object was selected as a candidate for a clump in early stage of evolution
due to its lack of MSX and IRAS emission, and classified as an Infrared Dark Cloud (IRDC)
by Peretto and Fuller (2009) for its lack of bright infrarred emission in the Spitzer GLIMPSE
and MIPSGAL archive data. The clump is located on the edge of the star-forming complex
G305, one of the most luminous HII region complex in the galaxy (Hindson et al. 2012), at
the distance of 3.4 kpc. It has a mass of 1.1×103 M�, a size of 0.3 pc and a dust temperature
of ∼ 17 K (Garay et al. 2004). The mass and size of this MDCC are consistent with a
precursor of a high-mass star clump, as shown by Kauffmann and Pillai (2010) with their
empirical relationship. The value of the dust temperature, together with the detection of
emission at 70 microns, indicates that this MDCC is in the pre-stellar (or quiescent) phase of
evolution (see Contreras et al. 2017), and therefore is an ideal candidate to study the physical
conditions in the early stages of the formation of massive stars.

4.1 Results

4.1.1 Continuum emission

Figure 4.1, left panel, shows our image of the 3 mm dust continuum emission observed with
ALMA. Also for comparison shown, in the right panel, is the 4.5 µm infrared emission image
from the Spitzer Space Telescope (∼ 2 angular resolution) which exhibits a clear extinction
feature toward the center. Both panels are overlaid with contours of the single dish dust
continuum emission at 0.87 mm (ATLASGAL, ∼ 19 angular resolution, Schuller et al. 2009).

The bulk of the dust continuum emission revealed by ALMA is concentrated toward the
center of the clump – as determined from the single dish observations – and lies near the
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Figure 4.1: Images of the millimetre and infrared emission toward G305.137+0.069 at ∼2”
angular resolution. Left panel: 3 mm image from ALMA. Right panel: 4.5 µm image from
Spitzer Space Telescope. In both images the white contour levels correspond to single dish
dust continuum emission (ATLASGAL 870 µm, ∼19” angular resolution, levels are drawn at
20, 50 and 90% of the peak emission). The stars show the position of three Spitzer sources
reported by Garay et al. (2015). The scale bar marks a size of 0.1 pc on the bottom right
corner of the left panel.

peak of the mid-IR extinction. The most prominent features that can be identified from a
visual inspection of the ALMA image are a handful of bright compact structures as well as
weaker emission distributed in filamentary-like structures. In order to be quantitative in the
identification of features in the 3mm image we used two commonly employed algorithms:
Dendrogram (Rosolowsky et al. 2008) and Gaussclump (Stutzki and Guesten 1990). The
number of compact structures (hereafter referred as cores) extracted by Gaussclump is twelve
(shown by the orange ellipses in Figure 4.2) while Dendrogram extracted nine cores. Eight
cores were extracted by both methods; their parameters (flux densities and sizes) being
similar (differences not larger than 10%). The most notable difference between the output
of the two algorithms is in core mm-6 which was not extracted by Dendrogram. Given the
good agreement, hereafter we will adopt the core parameters determined from Gaussclump,
Table 4.1. Col.1 gives the core name, col. 2 the peak position , cols. 3-5 give, respectively,
the peak flux density, flux density and angular size.

The total flux density measured, within a region of ∼ 100 in size, in the ALMA continuum
image is 85 mJy. A Gaussian fit to the intensity distribution observed with the compact
array (ACA) only gives an angular size of 19.1× 12.8. An extrapolation of the flux densities
measured with single dish, of 16.1 Jy at 0.87 mm (Garay et al. 2015) and 4.24 Jy at 1.2 mm
(Garay et al. 2004), assuming a dust emissivity index, β, of 2, predicts a value at 3 mm of
∼ 110 mJy. The lower observed value is probably due to the more extended emission observed
with single dish being resolved out by the interferometric observations. This is supported by
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the fact that the size determined by the single dish observations is ∼ 33 (Garay et al. 2004),
smaller than that determined with the ACA .

Assuming that the dust continuum emission is optically thin, it is possible to compute the
beam averaged column density in each position of the image from the expression,

N(H2) =
F beam
ν Rgd

ΩbκνµH2mHBν(T )
,

where Fbeamν is the observed flux per beam at frequency ν, Bν(T ) is the Planck function at
dust temperature T, Ωb is the beam size, µH2 is the mean molecular weight, and κν is the
dust opacity. Using a value of κ3mm = 0.21 cm2 g−1, interpolated from the tabulated values
from the Ossenkopf and Henning (1994) MRN distribution model with thin ice mantles that
have coagulated at 106 cm−3, a value of µH2 = 2.8 (Kauffmann et al. 2008) and a gas-to-dust
ratio Rgd of 100, the above expression at 3 mm reads as

N(H2) = 5.13× 1023

(
e(4.8/T ) − 1

)
F beam

100GHz cm−2,

where F beam
100GHz is the 100 GHz flux density observed in a beam of 2.39×2.10, measured in

mJy.

Assuming a temperature of 20 K for the whole cloud, (average of the values reported
by Garay et al. 2015 and Guzmán et al. 2015), we find that the column densities across
G305.137+0.069 have a mean value of 4.3×1023 cm−2 and a maximum value of 8.1×1023 cm−2.
In section 4.2.1 we discuss the distribution of the column density across the clump.

4.1.2 Molecular line emission

Figure 4.3 shows images of the velocity integrated emission obtained with ALMA in the
CS, HCO+ and N2H+ lines, along with the dust continuum image. The velocity range of
integration is from -46.8 to -26.8 km/s for the CS and HCO+ lines and from -50.0 to -
43.2 km/s for the N2H+ line (corresponding to the lower velocity component of the hyperfine
structure; see discussion below). Figure 4.3 shows that the molecular emission arises from a
bright central region, with an angular size of ∼ 12, and an extended, weaker envelope, best
seen in the HCO+ line. The overall extent and morphology of the HCO+ and CS emission
are similar, although there are some differences at fine levels of detail, such as in the position
of the peak line emission (shown as a black cross). We note that the weak emission in HCO+

is more uniformly distributed and extended than the weak continuum emission. This is most
likely due to the HCO+ line emission probing lower H2 column densities than those probed
by the dust emission. Of the three tracers, N2H+ is the one that best correlates with the
dust continuum emission.

The main characteristics of the observed profiles are illustrated in Figure 4.4 which shows
the peak spectra observed toward the three brighter dust sources: mm-8, mm-9 and mm-10.
The profiles of the HCO+ emission are highly complex, showing multiple velocity components
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Table 4.1: Observed parameters of the dust continuum cores1.

Core Peak position Peak Flux Density2 Total flux2 θs
α(J2000) δ(J2000) (mJy beam−1) (mJy) (arcsec)

(1) (2) (3) (4) (5)

mm-1 13:10:40.28 -62:43:07.34 0.86±0.043 1.69±0.084 1.99±0.15
mm-2 13:10:40.41 -62:43:20.70 0.63±0.032 0.68±0.034 1.73±0.13
mm-3 13:10:40.71 -62:43:09.44 1.02±0.051 1.11±0.055 1.62±0.12
mm-4 13:10:40.89 -62:43:17.92 0.77±0.039 3.07±0.15 3.08±0.22
mm-5 13:10:40.98 -62:43:05.85 1.75±0.088 4.64±0.23 2.66±0.20
mm-6 13:10:41.58 -62:43:12.07 2.25±0.11 2.41±0.12 1.40±0.10
mm-7 13:10:42.04 -62:43:17.90 1.40±0.070 1.20±0.060 1.04±0.076
mm-8 13:10:42.09 -62:43:13.95 5.82±0.29 10.47±0.52 2.37±0.17
mm-9 13:10:42.58 -62:43:11.76 4.36±0.22 7.51±0.38 2.29±0.16
mm-10 13:10:42.64 -62:43:19.08 3.20±0.16 9.67±0.48 3.07±0.22
mm-11 13:10:42.83 -62:43:23.98 1.57±0.079 2.47±0.12 1.80±0.13
mm-12 13:10:44.14 -62:43:26.34 1.06±0.053 1.46±0.073 1.56±0.11

1 Cores identified using GaussClump with parameters threshold = 3.5σ, step = 1σ and size
= 1 beam.
2 We estimate uncertainties in the flux of 5%.

Figure 4.2: ALMA 3mm dust continuum compact structures (shown as orange ellipses)
extracted using the GaussClump algorithm (12 cores).The parameters used in the search are
threshold = 3.5σ, step = 1σ and size = 1 beam.
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Figure 4.3: Images of the dust continuum emission and velocity integrated line emission
from G305.136+0.068. Upper left: 3mm continuum. Upper right: HCO+. Lower left: N2H+.
Lower right: CS. In each panel overlaid in white contours is the 3 mm dust continuum
emission at 20%, 50% and 80% of the peak. The color scale is in units of mJy beam−1 in
the continuum image and in mJy beam−1 km s−1 for the line images. The peak of each line
emission is shown by the black crosses. The angular resolution is shown in the lower left
corner of the continuum emission image.
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Figure 4.4: Spectra of the line emission observed at the peak position of the three brighter
mm sources (see Table 4.1 for more details). From left to right: mm-8, mm-9 and mm-10.
From top to bottom: HCO+, CS and N2H+. The dashed vertical line shows the clump
velocity of -36.5 km/s (Garay et al. 2015). The brackets show the velocity intervals used for
the integration of the moment maps.

and high velocity wings. The multiple velocity components are seen across the whole clump,
and we suggest that they mark the presence of gas flows driven by gravity (see discussion
below). High velocity wings are best seen in the profiles of the CS emission. The profiles
of the N2H+ line are less complex, with the emission arising from typically a single velocity
component. We note that the N2H+(1-0) transition consists of 15 main hyperfine components,
however, due to the overlap of closely spaced HF components, only 3 distinct lines are
observed, as shown in Figure 4.4 (bottom left panel). Towards a few positions within the
clump the spectra of the N2H+ emission shows double peaks in each of the three sets of
blended hyperfine components, indicating the presence of two velocity components in those
line of sights (e.g., towards mm-10). We suggest that these positions mark regions where
flows driven by gravity are merging, giving rise to cores.

Figure 4.5 presents a grid of the HCO+ spectra observed toward the 30×30 central region
of G305.137+0.069, showing the complexity of the line shapes. Clearly seen are features
such as high-velocity wings, skewness and multiple peaks. This diversity of features have
been predicted to be observed in models of compressible turbulence, which also show that
the appearance of non-Gaussian line-shape features decreases as time evolves (e.g. Falgarone
et al. 1994). The line profiles observed toward G305.137+0.069 show similarities to the model
spectra at early stages of evolution.

To characterize the emission at each point within the region we performed moment analysis
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Figure 4.5: 30”×30” spectral map of the HCO+ emission towards the central region of
G305.137+0.069. The grid spacing is 2” (roughly the beam size).
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of the data (Sault et al. 1995) which allows an easy comparison of the characteristics of the
emission in the different molecular transitions. We computed the zeroth moment (M0, or
integrated intensity), first moment (M1, or intensity weighted velocity field) and second
moment (M2, or intensity weighted velocity dispersion) defined as follows,

M0 =

∫ vf

vi

T ∗A(v)dv,M1 =

∫ vf
vi
T ∗A(v)vdv∫ vf

vi
T ∗A(v)dv

,M2 =

√√√√∫ vfvi T ∗A(v)(v −M1)2dv∫ vf
vi
T ∗A(v)dv

,

where T∗A(v) is the measured brightness at velocity v, and vi and vf are the limits of the
velocity range. The velocity range used in the moment calculations of HCO+ and CS is
from -46.8 to -26.8 km/s (these ranges are marked in Figure 4.4). The moments of the
N2H+ emission were computed using the lower velocity component of the three observed lines
(velocity range from -50.0 to -43.2 km/s) which is composed of a single hyperfine component.

In the moment analysis only those positions across the clump where the emission has a
signal-to-noise > 3 were included. We used a threshold of 0.06 Jy beam−1 (∼3σ) for all three
transitions. At clump locations where the spectra shows multiple velocity components or
self-absorption this analysis may not describe well the gas kinematics, but it does provide
a method to easily characterize and compare the emission from the tracers and the dust
continuum across the clump.

Figure 4.6 shows the M0, M1, and M2 moments of the HCO+, CS and N2H+ emission
toward G305.137+0.069. Overlaid on the M1 and M2 images are contours of the integrated
intensity to highlight the relation between the intensity of the emission of the gas and its
kinematics. The intensity weighted velocity field images show that none of the molecular
lines present organized motions or any clear velocity gradients across the clump. There is
however a good agreement in the velocity field determined from the emission in the HCO+

and CS lines. In the N2H+ moment images clearly seen is an elongated structure, extending
from southeast to northwest, aligned with the dust continuum cores that is not present in
the other two molecules.

Figure 4.7 presents position-velocity (PV) diagrams of the HCO+, N2H+ and CS emission
along cuts in two perpendicular directions, shown in the top panels of the figure, passing
through the main cores. The N2H+ cuts show three velocity features corresponding to the
three group of hyperfine components, which, as expected, exhibit the same pattern. A
striking feature seen in the CS PV diagram along the SE-NW cut, also seen in HCO+, is
the presence of three high velocity structures (two redshifted and one blueshifted) near the
central region of the clump. While the typical interpretation is that the wing emission is
due to the presence of bipolar outflows arising from protostellar objects within the cores,
the odd number of lobes complicates the identification of the driving sources. An alternative
explanation is that the high velocity features are the result of gravitational acceleration as
the density concentrations collapse.

To investigate in more detail the spatial distribution of the wing emission, we made contour
maps of the velocity integrated CS emission in two ranges of blueshifted and redshifted radial
flow velocities: intermediate (IV) and high (HV). The radial flow velocity, vflow, is defined
as vLSR − v0, where v0 is the systemic velocity of the clump. The clump velocity is assumed
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Figure 4.6: Moment maps of the HCO+, CS and N2H+ emission (from top to bottom). From
left to right: integrated intensity (zeroth moment, units of Jy beam−1 km s−1), intensity
weighted velocity field (first moment, units of km s−1), intensity weighted velocity dispersion
(second moment, units of km s−1). Overlaid in white are contour levels of the integrated
intensity (20, 40, 60 and 80% of the peak). The beam is shown in the lower left corner.
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Figure 4.7: Position velocity diagrams of HCO+, N2H+ and CS. The cuts were made along
two perpendicular directions shown in the upper panels. The south-east to north-west cut
is shown on the left column, and the north-east to south-west cut in the right column. The
positions of the mm-sources crossed by the cuts are shown with arrows. The center of the
cuts, from which the offset is measured, are shown by blue crosses on the top panels.

50



to be -36.5 km/s (Garay et al. 2015). Figure 4.8 shows maps of the IV and HV CS emission
overlaid on the ALMA dust continuum image. The range of flow velocity integration for the
IV map (upper panel) is from −5 to −9 km s−1 for the blueshifted gas and from 5 to 9 km
s−1 for the redshifted gas (red contours) and for the HV map (bottom panel) is from −9 to
−14 km s−1 for the blueshifted gas and from 9 to 14 km s−1 for the redshifted gas. The
morphology of the CS wing emission is quite complex, showing an intricate overlap between
the blueshifted and redshifted emission. The question arises as to which the energy source
of the flowing motions. A possible explanation is that the observed morphology is due to
the presence of a handful of outflows driven by low-mass protostars. We note however that
the highest blueshifted and redshifted flow velocities detected in the region arises from two
compact structures located, respectively, to the southeast and northwest from core mm-8,
which are possible tracing a bipolar outflow and hence indicating that core mm-8 host an
energy source. An alternative explanation is that the observed motions are the result of the
global gravitational collapse of the clump. This scenario proposes that a cloud collapsing on
a large scale gives rise, through the focusing effects of gravity, to the formation of a cluster
of cores (Hartmann and Burkert 2007, Naranjo-Romero et al. 2015, Kuznetsova et al. 2018).
The mass needed to explain the magnitude of the IV flow velocities, of ∼ 7 km s−1 over the
spatial extent of the IV region, of ∼ 0.2 pc in radius, is ∼ 1 × 103 M�. This is similar to
the mass of the whole clump, giving support to the suggestion that the observed motions
are driven by gravity. As can be seen in the right panel of Fig. 1, the molecular clump is
engulfed by a photodissociated region (PDR). We suggest that the cold clump has become
unstable and collapse due to the compression exerted by the warm gas of the PDR.

Molecular emission from cores

In what follows, we discuss the characteristics of the molecular gas from the cores, which
allows to investigate their kinematics and dynamical state. To determine the line center
velocities and linewidths we used the observations of the N2H+(1-0) line, since they mainly
probe the emission from dense gas. We fitted simultaneously the whole hyperfine structure
of the N2H+(1-0) line using the N2H+ fitter from pyspeckit. The parameters of the 15
components used in the fit can be found in Daniel et al. (2005). Figure 4.9 shows the spectra
of the N2H+(1-0) emission from the cores (i.e. of the emission integrated over the angular
region subtended by the core) and the result of the hyperfine fit. The fitted line center
velocity, linewidth and total optical depth are listed in Table 4.2.

For the cores with single line profiles, the linewidths range from 1.9 to 3.1 km/s with
an average value of 2.6 km/s. These widths are much larger than the thermal widths,
of 0.18 km/s at the temperature of 20 K, showing that the motions within the cores are
dominated by non-thermal motions. This is in contrast to cores in low-mass clumps with
tend to approach thermal broadening previous to the formation of a protostar (e.g., Pineda
et al. 2010). Whether the non-thermal motions correspond to random-turbulence or core
scale motions is difficult to discern. From simulations of hierarchical fragmentation in a
globally collapsing cloud, Naranjo-Romero et al. (2015) concluded that the velocity dispersion
at all scales are caused by infall motions. Given that this MDCC seems to be globally
collapsing, then the observed large linewidths could be reflecting infalling motions within
already collapsing cores.
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Figure 4.8: CS maps of intermediate (IV) and high velocity(HV) gas emission overlaid on
the ALMA dust continuuum (gray scale). The range of flow velocity integration for the IV
map (upper panel) is from −5 to −9 km s−1 for the blueshifted gas (blue contours) and from
5 to 9 km s−1 for the redshifted gas (red contours) and for the HV map (bottom panel) is
from −14 to −9 km s−1 for the blueshifted gas and from 9 to 14 km s−1 for the redshifted
gas.
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Figure 4.9: Spectra of the integrated N2H+(1-0) emission from the cores. The red line shows
the result of an hyperfine fit using a single velocity component (labeled S) or two velocity
components (labeled D). The fitted parameters are given in Table 4.2.
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Table 4.2: Observed parameters of the N2H+(1-0) emission from cores.1

Core Component v ∆v τ
(km/s) (km/s)

mm-1 1 -36.24±0.02 2.64±0.04 0.54±0.01
mm-2 1 -37.91±0.08 1.94±0.16 2.43±0.57

2 -35.40±0.07 2.01±0.13 0.42±0.02
mm-3 1 -36.38±0.03 2.60±0.06 0.51±0.01
mm-4 1 -37.36±0.05 2.01±0.12 0.55±0.01

2 -35.03±0.04 1.52±0.10 1.02±0.46
mm-5 1 -36.76±0.02 2.36±0.05 1.45±0.25
mm-6 1 -36.61±0.02 2.98±0.06 0.92±0.25
mm-7 1 -37.85±0.10 2.21±0.12 0.39±0.05

2 -35.58±0.19 2.55±0.27 2.57±0.60
mm-8 1 -37.04±0.02 3.09±0.05 1.88±0.23
mm-9 1 -36.88±0.02 2.56±0.06 3.33±0.35
mm-10 1 -37.96±0.06 2.20±0.10 0.98±0.03

2 -35.25±0.09 1.99±0.15 4.05±0.74
mm-11 1 -37.18±0.07 2.30±0.13 0.57±0.02

2 -35.01±0.06 1.54±0.12 8.55±1.73
mm-12 1 -34.56±0.01 1.92±0.04 0.38±0.01

1 Derived from a fit to the whole hyperfine structure.

Knowing the optical depth in a single HF transition of N2H+, τ i
ν , the total column density

of this molecule can be calculated from the expression (cf. Mangum and Shirley 2015),

Ntot(N2H
+) =

3h

8π3µ2

Qrot

JuRi

exp

(
Eu
kTex

)[
exp

(
hν

kTex

)
− 1

]−1 ∫
τ i
νdv

where Eu and Ju are, respectively, the energy and rotational quantum number of the upper
level of the transition, µ and Q are, respectively, the dipole moment and partition function
of the molecule, Ri is the relative strength of the HF line and Tex is the excitation tempera-
ture. This expression assumes that the level populations are described by a single excitation
temperature (LTE). In particular for observations of the J = 1→0 transition, using µ = 3.40
Debyes and Qrot = 0.45(Tex + 0.75), (Mangum and Shirley 2015), the above expression can
be written as

Ntot(N2H
+) =

3.11× 1011(Tex + 0.75)

Ri

exp

(
Eu
kTex

)[
exp

(
hν

kTex

)
− 1

]−1 ∫
τ i
νdv

The column densities of N2H+ toward the cores, computed using the total optical depth in
the J=1-0 transition reported in Table 4.2 (hence Ri=1 in the above expression) and assuming
Tex = 20 K, are given in col. 2 of Table 4.3. They range from 9.3×1013 to 1.1×1015 cm−2, with
an average value of 4.4×1014 cm−2. Column 4 of Table 4.3 gives the [N2H+/H2] abundance
ratio, estimated as the ratio of the column densities in these two species. The column densities
of H2, given in col. 3, were determined from the dust continuum emission integrated over
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Table 4.3: Column densities of cores with a single velocity component in the N2H+ J = 1-0
transition.

Core N(N2H+) N(H2) [N2H+/H2]
(cm−2) (cm−2)

mm-1 1.8×1014 6.1×1022 3.0×10−9

mm-3 1.7×1014 6.0×1022 2.9×10−9

mm-5 4.4×1014 9.4×1022 4.7×10−9

mm-6 3.5×1014 1.8×1023 2.0×10−9

mm-8 7.4×1014 2.7×1023 2.8×10−9

mm-9 1.1×1015 2.1×1023 5.3×10−9

mm-12 9.3×1013 8.5×1022 1.1×10−9

the angular region subtended by the cores. We find that the average [N2H+/H2] abundance
ratio in the cores is 3.1×10−9, value similar to that reported by Sanhueza et al. (2012) for
quiescent clumps.

4.2 Discussion

4.2.1 Dust column density N-PDF

Figure 4.10 shows the dust column density probability distribution function (N-PDF) for
G305.137+0.069, obtained using a Gaussian kernel density estimation (KDE) to avoid de-
pendencies on the bin choice. The error of the KDE was obtained using the bootstrap method
(Efron 1982). The top panel shows the N-PDF obtained including the Gaussian noise. Its
shape can be described by a combination of three distributions: (i) a Gaussian distribu-
tion, which describes the noise of the column density image; (ii) a log-normal distribution,
which is a signature of turbulent gas; and (iii) a power-law distribution, which is related
to self-gravitating gas. The point where the N-PDF changes from log-normal to power-law
is an indicator that represents a transition between the gas dynamics being dominated by
supersonic turbulence, which builds the log-normal distribution, to densities where gravity
plays an increasingly important role (Burkhart et al. 2017). We performed a simultaneous
Bayesian estimation of the parameters of the three distributions using a Markov chain Monte
Carlo sampler (MCMC; Sharma 2017) to obtain reliable parameter errors. The piecewise
function used is defined as follows,

f(Σ) =


A exp(−B (Σ− C)2) Σ ≤ 0

A exp(−B (Σ− C)2) + E
Σσln

√
2π

exp
(−(lnΣ−F )2

2σ2
ln

)
Σ > 0 & Σ ≤ Σt

A exp(−B (Σ− C)2) +G Σα Σ ≥ Σt,
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Figure 4.10: Column density PDF Gaussian kernel density estimation for G305.136+0.068
(blue line). Blue shaded regions show the uncertainties obtained through the bootstrap
method (Efron 1982). The top panel shows the observed (blue line and shaded region) and
inferred (gray line and shaded region) PDFs. The inferred PDF is a combination of three
distributions: a Gaussian for the noise, a log-normal for the turbulent gas, and a power-law
for the self-gravitating gas. The bottom panel shows the PDF with the noise subtracted, and
the inferred contributions of the log-normal (orange) and power-law (green) distributions.
The vertical red line shows the point at which the distributions deviate from log-normal,
N(H2)=(8.4 ± 0.23)×1022 cm−2. The thickness of the lines represents 1σ errors. The 1σ
noise level is equivalent to N(H2)=1.4×1022 cm−2.

56



where Σ is the column density, σln is the width of the log-normal distribution, α is the
slope of the power-law, and Σt is the transition point between the log-normal and power-law
distributions.

The bottom panel of Figure 4.10 shows the N-PDF with the Gaussian noise subtracted,
leaving only the contributions from the turbulent and self-gravitating gas components. The
high density end of the N-PDF is well described with a log-normal distribution plus a power-
law. Also shown are the individual log-normal (orange line) and power-law (green line)
inferred distributions. The 1σ confidence interval is represented by the thickness of the lines.
The deviation point from the log-normal to the power-law regime is well determined with a
low associated error, which is shown as a red line. The column density where gravity starts to
play a more important role corresponds to (8.4 ± 0.23)×1022 cm−2. We note that this is only
a reference value, since the deviation point can also be affected by changes in the temperature
of the gas in the vicinity of young protostars. However, in either case the deviation from the
log-normal distribution indicates the effect of self-gravity. The inferred value for the width
of the log-normal distrbution is σln = 0.27 ± 0.01 and for the slope of the power-law, α =
-2.20 ± 0.01.

Observations of clouds in the solar neighbourhood suggest a column density threshold of
∼ 1.4×1022 cm−2 above which star formation takes place with high efficiency (Lada et al.
2010). In the case of G305.137+0.069 the column densities are higher than this threshold, as
for other regions (Rathborne et al. 2014), suggesting that this value may not be universal.

4.2.2 Physical parameters of cores

The derived physical parameters of the cores are summarized in Table 4.4. The radius, given
in column 2, were determined from the relation R = ΘD

2
where Θ is the FWHM angular

size determined from a 2D Gaussian fit to the spatial intensity distribution. The radius of
the cores range from 1800 to 5300 AU. The masses were calculated using the expression
(Hildebrand 1983),

M =
D2FνRgd

κνBν(T )
,

where Fν is the flux density at frequency ν. This expression assumes that the dust emission
is optically thin. Assuming a distance D=3.4 kpc, a dust temperature T=20 K, κ3mm = 0.21
cm2 g−1 (see section 4.1.1), and a gas-to-dust ratio Rgd of 100, the above expression reads at
3 mm as

M = 4.84 F3mm(mJy) M�,

where F3mm(mJy) is the flux density at 3 mm in mJy. The mass of the cores, given in column
3, range from 3.3 to 50.6 M�. The densities of the cores, given in column 4, were computed
from the mass and radius as n = 3M/4πR3. They range from 3.1×106 to 3.1×107cm−3.

Most of the cores have column densities lying above the threshold for star formation de-
rived from the N-PDF analysis of G305.137+0.069 (see Figure 4.10), and hence are expected
to be self-gravitating objects. To assess whether the cores in this MDCC are gravitationally
bound or unbound and transient (ignoring the effects of magnetic fields or external pres-
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Table 4.4: Derived parameters of cores.

Core Radius Mdust Density Mvir αvir

(×103AU) (M�) (×106cm−3) (M�)
(1) (2) (3) (4) (5) (6)

mm-1 3.4±0.5 8.2±1.9 6.4±2.2 24.0±3.5 3.0±0.6
mm-2 3.0±0.4 3.3±0.77 3.9±1.3 — —
mm-3 2.8±0.4 5.3±1.3 7.7±2.6 19.0±2.8 3.6±0.7
mm-4 5.3±0.7 14.8±3.5 3.1±1.1 — —
mm-5 4.5±0.6 22.5±5.3 7.3±2.5 25.7±3.8 1.1±0.2
mm-6 2.4±0.3 11.6±2.7 26.1±8.8 21.5±3.2 1.9±0.4
mm-7 1.8±0.3 5.8±1.4 31.4±10.6 — —
mm-8 4.0±0.6 50.6±11.9 23.3±7.9 39.2±5.7 0.78±0.2
mm-9 3.9±0.6 36.3±8.5 18.4±6.3 26.0±3.9 0.72±0.1
mm-10 5.2±0.7 46.7±11.0 9.9±3.3 — —
mm-11 3.1±0.4 12.0±2.8 12.5±4.2 — —
mm-12 2.7±0.4 7.1±1.7 11.3±3.8 10.0±1.5 1.4±0.3

sure), we computed the virial mass, Mvir, defined as Mvir = 5σ2R/G where σ is the velocity
dispersion (σ = ∆v/2.35), R is the radius and G the gravitational constant, and the virial
parameter, αvir, defined as αvir = Mvir/Mdust where Mdust is the core mass derived from the
dust continuum observations. The virial mass and virial parameter of the cores, computed
using the sizes given in Table 5 and the linewidths of the N2H+ emission given in Table 3,
are given in columns 5 and 6 of Table 4.4, respectively. Five cores have αvir values within a
factor of 1.5 of the nominal value for virial equilibrium, indicating that they are likely to be
gravitationally bound structures. There are two cores (mm-1 and mm-3) with αvir greater
than 3, suggesting they may correspond to transients objects. Figure 4.11 shows the dust
versus virial mass for the seven cores with derived line widths. The solid line represents
αvir = 1. We can see that only the more massive cores are subvirial. In what follows we
describe the properties of the three most massive cores within the clump, individually.

mm-8. This core, located at the center of the MDCC (see Figure 4.2), is the most massive
one within G305.137+0.069, with a mass of 50.6 M�. It has a radius of 4000 AU, a center
velocity of −37.0 km/s and a linewidth of 3.1 km/s. Its virial parameter is 0.78, consis-
tent with being gravitationally bound and prone to collapse. This core exhibits strong high
velocity redshifted and blueshifted emission in CS (see Figure 4.4). It is not clear, how-
ever, whether the HV emission arises from streams of gas falling towards the center of the
gravitational potential or from a bipolar outflow driven by a protostar embedded in this core.

mm-9. Located 3.7 north-east from mm-8 (see Figure 4.2), this core has a dust mass of 36.3
M� and a radius of 3900 AU. Its center velocity is −36.9 km/s and its linewidth is 2.6 km/s.
Its virial parameter is 0.7, indicating that it is gravitationally bound and possibly collapsing.
The spectra of HCO+ shows a weak self-absorption feature (see Figure 4.4).
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Figure 4.11: Dust mass versus virial mass for the seven cores with derived line widths from
hyperfine fitting of N2H+ J(1-0) emission (see Table 4.4. The solid line represents αvir = 1).

mm-10. Located 6 south-east of mm-8 (see Figure 4.2), this core is the second most massive
within the clump, having a dust mass of 46.7 M� and a radius of 5200 AU. The N2H+

emission spectra shows the presence of two velocity components (see Figure 4.4). A fitting
made using the two sets of hyperfine components give center velocities of -38.0 and -35.3
km/s and linewidths of 2.2 and 2.0 km/s respectively. In addition to these two velocity
components, the CS spectra towards core mm-10 shows high-velocity redshifted emission
(see Figure 4.8). These results suggest that mm-10 might be the result of converging flows.

4.2.3 Fragmentation and the Core Mass Function

Massive clumps are expected to fragment into cores leading to the formation of a cluster of
stars. However, the properties of the cores at the early stages of evolution of MDCCs are
poorly known. Our ALMA observations of the G305.137+0.069 clump offers the possibility
to investigate the core mass function (CMF) within a MDCC in an early stage of evolution.
We recall that the G305.137+0.069 clump has a mass of 1.1 × 103 M�, an average density
of ∼ 2 × 105 cm−3 (Garay et al. 2004) and an average temperature of 20 K. The thermal
Jeans-mass under these conditions is 3.5 M�. G305.137+0.069 MDCC can potentially form
a cluster of stars, moreover, its mass and radius are consistent with high-mass star cluster
progenitors (Kauffmann and Pillai 2010).

A handful of observations towards low-mass star forming regions show that the CMF
of their small scale (< 6000 AU) starless cores has a shape (or slope) similar to that of
the stellar initial mass function (IMF), suggesting that the cores are direct progenitors of
the stellar masses (e.g., Motte et al. 1998; Könyves et al. 2015). To investigate whether
this conclusion holds for regions likely to form high-mass stars, such as G305.137+0.069, we
show in Figure 4.12 the empirical Cumulative Distribution Function (CDF) of the cores, the
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Figure 4.12: Core mass function (CMF) for the cores within G305.137+0.069. The blue line
shows the cumulative distribution function of the cores, the orange line shows the initial mass
function distribution (IMF) from Kroupa (2001). The green line and green shaded area show
the maximum likelihood estimation of the power law index (γ = 0.02) and its 90% confidence
interval (γ ∈ [−0.60, 0.64]), respectively.

proportion of cores that are less than or equal to each value considering all cores reported in
Table 4.1. Following dn/d logM ∝ Mγ, the inferred value of the power law index γ is 0.02
± 0.37 (1σ errors) and the 90% confidence interval is -0.60 to 0.64. This power law index is
much flatter than that of the IMF for stars with masses greater than 1 M�, of -1.35 (Kroupa
2001), indicated by the orange line. We note that due to the small number of cores we
preferred to use the CDF, rather than the differential form of the CMF, to avoid numerical
biases introduced by binning. We conclude that in G305.137+0.069 there is an excess of
high-mass cores (masses above 30 M�) relative to the population of intermediate mass cores
(5–10 M�) if the distribution of core masses followed a Kroupa IMF. A similar conclusion
has been recently reported for the cores in the W43-mm1 region, for which a γ index of -0.9
has been derived (Motte et al. 2018). Furthermore, our ALMA observations also indicate
that there is a lack of low mass cores in the bin 2.7 to 4.6 M� which can not be attributed
to a sensitivity bias, since the 5σ limiting mass of our observations corresponds to 2.4 M�.
Similar findings have been reported towards a few MDCC in an early stages of evolution
(Zhang et al. 2015, Bontemps et al. 2010).

Further, we find that the total mass in the form of cores towards G305.137+0.069 is 224.1
M�. Therefore ∼ 30% of the total mass of the clump is in the form of cores with masses &
3 M�. The remaining, more diffuse, gas can be a reservoir for the existing cores to continue
accreting, and therefore increase their mass, or give rise to new cores.
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4.2.4 Constraints on models of high-mass star formation

In what follows we discuss the above results in the frame of the proposed models and the
constraints they impose on them. The shape of the CMF in G305.137+0.069 is definitively
different from that of the stellar IMF, showing an overpopulation of high-mass cores com-
pared to intermediate-mass cores. This result is difficult to reconcile with the competitive
accretion model (Bonnell and Bate 2002), which assumes that initially the clump fragments
into cores of thermal Jean-mass which then accrete matter from the surroundings to give
rise to a CMF similar in shape to the IMF (e.g. Motte et al. 1998, Testi and Sargent 1998,
Könyves et al. 2015). Since G305.137+0.069 is highly turbulent, we first consider whether
the formation of the dense cores in this MDCC could be explained within the frame of the
turbulent fragmentation model proposed by Padoan and Nordlund (2002). They showed that
the mass distribution of cores with masses above 1 M� formed by the process of turbulent
fragmentation follows a power-law with a slope of 3/(4-β), where β is the power spectrum
index of the turbulence. The derived value of the slope of the core mass distribution in
G305.137+0.069, of ∼ 0.0, can not be explained by a reasonable value of β.

The number of observed fragments in G305.137+0.069 is at least an order of magnitude
smaller than the number of Jeans masses in the clump, of∼ 300 (= Mclump/MJ), being limited
to a small number of massive cores. The limited fragmentation at the early evolutionary
stages of MDCC has been already reported by Csengeri et al. (2017) but with observations
made at lower angular resolution. A similar result to ours was recently reported by Contreras
et al. 2018 who detected, using ALMA observations with 1.2 resolution, only 22 cores towards
the massive (∼ 1200 M�) Infrared Dark Cloud G331.372-0.116. The extracted cores in
G305.137+0.069 have a mean mass of 18.7 M�, about 5 times larger than the Jean mass (at
the average condition of the clump). Possible mechanisms that increase the mass scale for
fragmentation include turbulence and magnetic fields. In addition, it has been argued that
the level of fragmentation could be limited to a few massive cores if the clump is undergoing
global gravitational collapse (Schneider et al. 2010, Bontemps et al. 2010). This possibility
finds support in single dish observations which indicate that G305.137+0.069 is undergoing
large scale infalling motions (Garay et al. 2015). This is illustrated in Figure 3.11 which shows
the profiles of the optically thick HCN(3-2) and optically thin HNC(3-2) lines as observed
with the APEX telescope (FWHM beam of 20). A fit to these line profiles using the simple
Hill5 model of De Vries and Myers (2005) indicate an infall velocity of ∼2.5 km s−1.

Theoretical works (e.g., Koyama and Inutsuka 2000; Heitsch et al. 2008) have shown
that low-velocity shocks appear in turbulent colliding flows. Interestingly low velocity SiO
emission, likely to arise from shocks, has been detected towards G305.137+0.069 (Jackson
et al. 2013) giving further support to the idea that the cores are forming via the merging of
flows driven by gravity in a turbulent clump. The question of whether the observed cores in
G305.137+0.069 will continue to fragment leading to the formation of a group of low-mass
stars or collapse into a single high-mass star is difficult to discern with the present data.
The first alternative may find support by the fact that in MDC in more evolved stages of
evolution the CMF closely resembles the IMF shape (e.g., Ginsburg et al. 2017). On the
other hand, using the empirical mass versus radius relationship of Kauffmann and Pillai
(2010) above which cores avoid fragmentation, we might conclude that most of the cores in
G305.137+0.069 will not undergo fragmentation and form a single massive protostar.
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The new ALMA observations strongly suggest that the CMF in MDCCs is not universal,
and is likely to depend on the dynamical state (or evolutionary stage) of the clump as well as
on its mass. We find that massive clumps in their early stages of evolution are underpopulated
with low-mass cores. This suggests that high-mass stars may only form in dynamical clouds
during the initial cluster formation phase whereas low-mass stars form continuously and may
approach the standard IMF at later stage.
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Chapter 5

Conclusions

We performed APEX observations in the 270 GHz band of molecular emission, in the
HCO+, HNC, N2H+, HCN, and CH3OH lines, towards four massive and dense cold clumps
G305.136+0.069, G333.125-0.562, G18.606-0.076 and G34.458+0.12 in order to study their
physical and kinematical conditions at large scales. The line profiles indicate different kine-
matic signatures for the clumps. G305.136+0.068 exhibits the simpler profiles with Gaussian
like lines and absence of prominent high velocity wings, suggesting it is in an early, quiescent
stage of evolution. The line profiles of the other three clumps exhibit high velocity wings
and multiple peaks in several of the detected lines, suggesting complex large-scale kinemat-
ics. The linewidths of the clumps are in the range from 3.1 to 5.5 km/s and are therefore
dominated by turbulence. All clumps have virial parameters ∼ 1, indicating that they are
close to be gravitationally bound. The profiles of the emission in optically thick molecular
lines towards G305.136+0.068 and G333.125-0.562 show blue asymmetries indicative of gas
infall motions with infall speeds of ∼2 km/s.

The density and velocity dispersion radial profiles are important indicators to characterize
the evolutionary stage of star forming clumps. Thus we investigated the velocity dispersion
profiles for our clumps. Assuming a power law velocity dispersion radial profile (∆v ∝ rα)
the power law index derived for three of our clumps (G305.136+0.068, G18.606-0.076 and
G34.458+0.121) are between -1.4 and -0.3, in all cases consistent with a profile with line-
widths that increase inwards. Other works find values of the power law index > 0. This
difference can be interpreted as due to a higher degree of dynamical activity of the gas in the
central regions of HMSF clumps.

G305.136+0.069 shows Gaussian like profiles and absence of prominent high velocity wings
at large scales (APEX data), suggesting it is in an early stage of evolution. Thus, we decided
it was the perfect candidate for ALMA high angular resolution observations. We performed
ALMA observations at 3mm of dust continuum and molecular emission, in the HCO+, CS
and N2H+ lines, towards G305.136+0.069 in order to reveal its small-scale structure. The
result can be summarized as follows:

1. From the continuum image we identified, using the GaussClump algorithm, twelve
cores. The dust derived masses range from 3.3 to 50.6 M�, their sizes from 1800 to
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5300 AU, and their densities from 3.1 ×106 to 3.1 ×107 cm−3.
2. The column densities across G305.136+0.069 have a mean value of 4.3 ×1023 cm−2 and

a maximum value of 8.1 ×1023 cm−2. An analysis of the column density PDF shows
that the deviation point from a log-normal distribution to a power-law regime is (8.4
± 0.23)×1022 cm−2. Most of the extracted cores have column densities larger than this
value, suggesting they are self-gravitating. The deviation value is not consistent with
the values reported for the solar neighbourhood suggesting that this value may not be
universal.

3. We analysed the Core Mass Function(CMF) using the empirical Cumulative Distribu-
tion Function (CDF) to avoid binning bias. The shape of the CMF above 3 M� in
G305.137+0.069 is definitively different from that of the IMF, showing an excess of
high-mass cores compared to intermediate-mass cores. In addition there is a lack of
low mass cores (masses in the range 3 to 5 M�). We interpret these results as indi-
cating that in the early stages of collapse of massive dense clumps only massive cores
are formed and suggest that high-mass stars may only form in dynamical clouds during
the initial cluster formation phase whereas low-mass stars form continuously and may
approach the standard IMF at later stage.

4. Emission was detected in all three observed molecular transitions. The observed pro-
files in the HCO+ and CS lines are highly complex, showing high velocity wings, self-
absorption features and multiple peaks. The diversity of non-Gaussian line-shape fea-
tures indicates that G305.137+0.069 is a turbulent clump in an early stage of evolution.
The overall morphology of the emission in the HCO+ and CS lines are similar, indi-
cating they trace the same molecular gas, their weak emission being more uniformly
distributed and extended than the weak continuum emission.The N2H+ emission is best
correlated with the continuum emission and hence with the cores.

5. The line widths of the cores range from 1.9 to 3.1 km/s and are therefore dominated by
non-thermal motions. Whether the large line widths are reflecting micro-turbulent mo-
tions or infalling motions within collapsing cores is difficult to assess. The most massive
cores have virial parameters smaller than 1, suggesting they are probably collapsing.

6. The observed spatial morphology and kinematics of the gas within the G305.137+0.069
MDCC convey the idea that the cores are formed in a globally collapsing via the
gravitational focusing of gas towards the large potential wells and the merging of flows
driven by gravity.
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