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Probing Star Cluster Formation in an Extreme Environment
ALVA KINMAN
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Chalmers University of Technology

Abstract
The Initial Mass Function (IMF) of stars is important for many fields of astrophysics,
but its origin is still under debate. Certain star formation theories involve a close
connection between the IMF and the Core Mass Function (CMF), which describes
the mass distribution of dense cores in molecular clouds. Some early observational
results found the CMF to be similar in shape to the IMF, with a high-mass power
law index close to the Salpeter value of 1.35. However, in recent years, CMFs of
some more distant star-forming regions have been reported that differ from the
Salpeter IMF. Here we study the CMF of three clouds in the Central Molecular
Zone (CMZ): G0.253+0.016 (“The Brick”), Sgr B2 (Deep South field) and Sgr C.
We use Band 6 continuum images from the Atacama Large Millimeter/submillimeter
Array (ALMA) archive and identify cores as peaks in thermal dust emission via the
dendrogram algorithm. A total of 711 cores are found, with masses ranging from
0.4-780 M�. Completeness corrections are applied, derived using synthetic core
insertion. The synthetic cores are given mass-dependent radii derived from observed
core radii. After corrections, a power law of the form dN/d logM ∝M−α is fit to the
individual cloud CMFs above 2 M�. The three regions are different from each other,
with the Brick showing a Salpeter-like power law index α = 1.21±0.11 and the other
two regions showing shallower slopes (α = 0.92± 0.09 for Sgr C and α = 0.66± 0.05
for Sgr B2-DS). The differences in CMF could be related to evolutionary stage of
the regions, since the Brick is mostly quiescent while Sgr B2 and Sgr C are known
to be actively star-forming. Furthermore, we analyze the spatial distribution of
cores, calculating both Q parameter and mass segregation parameter ΛMSR for each
region. Sgr C and Sgr B2-DS show signs of mass segregation, but the Brick does
not. The results could be explained by a model in which cores grow in mass by
accreting from the surrounding clump.

Keywords: core mass function, initial mass function, star formation, Galactic center,
Central Molecular Zone.
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1
Introduction

Star formation is a fundamental part of astrophysics, and a �eld that still contains
many open questions. The life cycle of stars is a large part of what drives the
evolution of galaxies. Stars are born from interstellar gas clouds, spend their lifetime
injecting energy in the form of radiation and stellar winds into the galaxy, and end
their lives by returning enriched material to the gas clouds. Stars are responsible for
the formation of almost all elements that make up the universe. Star formation is
also tightly linked to the formation of planets such as the Earth (McKee & Ostriker,
2007). Stars come in a wide range of masses, from a tenth of a solar mass to a few
hundred solar masses. However, all stars do not form with the same probability.
Stars with masses of 0.2-0.3 M� are most common, while stars with tens of solar
masses are few and far between. Even though the large stars are much more massive
individually, the majority of the stellar mass in a galaxy is found in low-mass stars.

1.1 The initial mass function

The distribution describing the probability of stars forming with di�erent masses is
known as the Initial Mass Function, often shortened to the IMF. At high masses
(& 1 M � ) it can approximately be described as a power law, with the number of
stars formed at each mass given bydN

dM = M � 2:35 (Salpeter, 1955). Understanding
the origin of the IMF is an important part of star formation theory.

In addition to being interesting in its own right, the IMF is of vital importance to
many areas of astrophysics. When observing distant galaxies, it is not possible to
resolve individual stars. We can only observe the sum of all stellar light, which is
dominated by the massive stars. To use this light to infer information about all
the stars in the galaxy, such as the total stellar mass or the star formation rate,
we need knowledge of the IMF (Hopkins, 2018). The IMF is also important for
understanding how the abundance of di�erent elements in a galaxy evolves with
time. The IMF is needed to predict the number of stars that become supernovae
and enrich the interstellar gas with heavy elements (Hopkins, 2018).
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1. Introduction

1.2 The core mass function

To understand how the IMF gets its shape, we need to turn to the regions where
stars form and study the initial conditions. Stars are born from the Interstellar
Medium (ISM): the gas and dust that is found between the stars.

The ISM consists mainly of hydrogen (70 % by mass) and helium (28% by mass).
The remaining 2% of the mass consists of heavier elements, that can be found
both in the gas phase and in dust grains (Draine, 2011). The ISM has di�erent
phases, characterized by di�erent temperatures and densities. Stars are formed
in molecular clouds, which represent the coldest, densest phase of the ISM. Here,
most of the hydrogen is in molecular form (Draine, 2011). Molecular clouds are not
uniform, but contain local dense regions known as clumps and cores. The clumps
are large enough to form entire star clusters. A clump contains several cores, which
are smaller-scale overdensities that can form one or a few stars. The initial masses
of stars may be linked to the mass distribution of the cores.

The Core Mass Function (CMF) is the distribution of masses of dense cores in molec-
ular clouds. Like the IMF, it follows a power law at high masses (O�ner et al., 2014).
Currently there are two important open questions about the CMF. The �rst ques-
tion is whether the CMF in universal, or if it varies with the environment. Does the
density, temperature, magnetic �eld strength and other physical conditions in�uence
the masses of cores, or are the physical processes that form them independent of
such variations? The second question is how the IMF and CMF are related to each
other. Is the mass of each star directly proportional to the mass of the core it was
born from, or is the relationship between core and stellar masses more complicated?
The shape of the CMF compared to the IMF can help distinguish between di�erent
theories of star formation (O�ner et al., 2014). To answer these questions, the CMF
must be studied in di�erent Galactic environments.

Studying the CMF poses great observational challenges. Firstly, the individual cores
need to be resolved, which places high demands on angular resolution. Secondly,
the mass surface density of cores is usually calculated using thermal dust emission.
Converting �ux density to mass requires assumptions about temperature and dust
properties. Thirdly, the cores are usually identi�ed by some peak-�nding algorithm.
The number and masses of identi�ed cores depend on the algorithm used (O�ner
et al., 2014). The algorithms are likely to miss smaller cores, which leads to a biased
core mass function. In order to obtain an accurate CMF, it is essential that we
quantify the biases of the algorithm and correct them.

1.3 The Central Molecular Zone

The Central Molecular Zone (CMZ) is the main region that will be studied in this
thesis. The CMZ is a region around the Galactic center with a radius of� 300pc
(Henshaw et al., 2023). An overview of the region can be seen in Figure 1.1. The
molecular clouds belonging to the CMZ are asymmetrically distributed around the

2



1. Introduction

supermassive black hole Sgr A*. Some notable structures are the Dust ridge (in-
cluding the clouds Sagittarius B2 and the Brick), the Sagittarius A clouds and
Sagittarius C. The physical conditions in the region are extreme. Gas densities,
pressures, magnetic �eld strengths, turbulent motions and temperatures are several
times greater than those in the solar neighborhood (Henshaw et al., 2023). The con-
ditions are similar to those found in high-redshift galaxies (Kruijssen & Longmore,
2013). Studying the CMZ will not only provide information about our own galaxy,
but can also help us understand star formation earlier in the history of the universe.

Figure 1.1: Infrared image of the CMZ taken by the Spitzer telescope. The wave-
lengths shown are 3.6� m (blue), 4.5� m (green), 5.8� m (orange), and 8.0� m (red).
Courtesy of NASA/JPL-Caltech.

Despite the high densities, the star formation rate in the CMZ is lower than ex-
pected. Several studies agree on a star formation rate for the CMZ of 0.07 M� /year
(Henshaw et al., 2023, and references therein). This is inconsistent with star forma-
tion laws, that relate the star formation rate to the mass surface density of gas. For
example, the star formation law by Lada et al. (2010) states that the star forma-
tion rate per area is proportional to the mass surface density of gas above a certain
threshold. When comparing the CMZ to this relation, it deviates with about an or-
der of magnitude (Longmore et al., 2013; Lu et al., 2019). Below follows a summary
of the properties of the three CMZ clouds studied in this work.

�The Brick�, formally known as G0.253+0.016, is an infrared dark cloud belonging
to the dust ridge. With its mass of � 105 M � and radius of 2 � 3 pc, it is one of
the densest and most massive molecular clouds in the Galaxy (e.g. Lis et al., 1994;
Longmore et al., 2012; Kau�mann et al., 2017). Despite this, few signs of ongoing
star formation have been found in the Brick (Mills et al., 2015). However, recently
the Brick has been discovered to harbor at least one forming star cluster (Walker
et al., 2021). The low levels of star formation may be caused by the high levels of
turbulence (Federrath et al., 2016). Turbulent motions can counteract gravity and
prevent the gas from collapsing into stars (Hennebelle & Falgarone, 2012).

3



1. Introduction

Sgr B2 is a molecular cloud complex with a mass of7 � 106 M � within a radius
of 38 pc (Schmiedeke et al., 2016). Sgr B2 is one of the most active massive-star-
forming regions in the Galaxy, but despite this, the star formation rate in Sgr B2 is
lower than expected from common star formation laws (Ginsburg et al., 2018). It
has an average number density of� 103 cm� 3 while the central part has a number
density of � 105 cm� 3. Embedded in the central region are dense clumps with sizes
of � 0:5 pc and number densities of107 cm� 3. The clumps host both dense cores,
protostars and HII regions. HII regions are formed around massive stars (O and
B type), when the strong UV radiation from the star ionizes the surrounding gas.
There are three local hotspots with signi�cant star formation, located along a north-
south line (Schmiedeke et al., 2016). Only the southern of these hotspots is included
in the mosaic analyzed in this work. However, widespread massive star formation
has also been found away from these hotspots, including in the deep south region
(Sgr B2-DS) studied in this work (Ginsburg et al., 2018).

Sgr C has a mass of approximately2 � 104 M � and a radius of� 2 pc (e.g. Kau�-
mann et al., 2017; Battersby et al., 2020). The region has been found to harbor
star formation. For example, Lu et al. (2019) detected a number of water masers,
which they attribute to protostellar out�ows. A few potential ultra-compact HII
regions were also detected, which indicates that the region is forming massive stars.
Furthermore, Lu et al. (2019) found that a larger fraction of the gas in Sgr C is
bound, compared to the Brick or Sgr B2.

1.4 Aim and outline

The aim of this thesis is to study the core mass function in the Central Molecular
Zone. Data from the Atacama Large Millimeter/submillimeter Array (ALMA) will
be used to derive core masses in the Brick, Sgr B2 and Sgr C from thermal dust
emission. Cores will be identi�ed with the dendrogram algorithm (Rosolowsky et al.,
2008), following the methods of Cheng et al. (2018), Liu et al. (2018) and O'Neill
et al. (2021) (hereafter Paper I, II and III). These works all applied completeness
corrections to their CMFs, derived through inserting synthetic cores with the same
shape as the beam and investigating how well the algorithm recovered them. We
aim to extend their methods of completeness correction, by allowing the radius of
the inserted cores to vary. This will make the shape of the synthetic cores more
representative of the real cores in the image. We will then compare the CMFs for
the di�erent regions to each other and to the results of Paper I-III, thus exploring
the impact of environmental conditions on star formation.

In Chapter 2, relevant theory and previous studies are summarized. Chapter 3
explains the analysis methods, including the new method for completeness correction
of the CMF. Chapter 4 presents the results, including obtained CMFs in the Central
Molecular Zone, reanalyzed data from previous papers as well as some analysis of
the spatial distribution of cores. In Chapter 5, the implications of the results are
discussed, and conclusions are presented.
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2
Theory

This chapter aims to give an overview of star formation, the current knowledge of
the initial mass function (IMF) and core mass function (CMF). A brief introduction
to radiative transfer theory and interferometry is also provided.

2.1 Star formation: an overview

Star formation is the topic of a large body of ongoing research. Core mass function
studies form a small piece of the puzzle, attempting to shed light on the initial
conditions. This section will provide a brief overview of how a star is formed.

Stars are born in molecular clouds, which represent the coldest, densest phase of the
ISM. Here, most of the hydrogen is in molecular form. These clouds typically extend
10-50 pc with masses of102-106 M � . Their number densities are above103 cm� 3 and
their temperatures usually range from 10-100 K (Girichidis et al., 2020). Molecular
clouds are not uniform, but contain local dense regions known as clumps and cores.
In order for a star to form, the gravitational force must overpower the thermal,
magnetic and turbulent pressures that keep the core from collapsing.

2.1.1 Gravitational instability

There are a few ways to determine if a core is susceptible to gravitational collapse.
One of them is the Jeans instability criterion. Assume that we have a uniformly dis-
tributed gas. The gas is then perturbed so that it becomes compressed in a certain
region. If the perturbation is small enough, acoustic waves will spread out from the
compressed region and return the gas to equilibrium. If the perturbation is su�-
ciently large however, gravity from the compressed region will attract more gas, and
the overdensity will grow (Choudhuri, 2010). This instability was �rst demonstrated
by Jeans (1929). Using conservation of mass, conservation of momentum and the
gravitational potential, it is possible to derive a Jeans length, i.e. a minimum length
scale that makes an accumulation of gas gravitationally unstable. A derivation can
be found in Draine (2011). The Jeans length is given by

� J =
2�
kJ

=

 
�

G� 0

! 1=2

cs (2.1)
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whereG is the gravitational constant, � 0 is the gas density andcs is the sound speed.
If we assume the gravitationally unstable region to be spherical and uniform with
diameter � J , we can derive a Jeans mass:

M J =
� 5=2

6

 
kB T
G�

! 3=2 1

� 1=2
0

(2.2)

whereT is the gas temperature,kB is Boltzmann's constant and� is the mean mass
of the gas particles.

A gas cloud that has a size larger than the Jeans length� J , or a mass larger than
the Jeans massM J , is likely to undergo gravitational collapse. Note that a higher
temperature hinders collapse (since the Jeans mass is made larger) while a higher
density facilitates collapse.

The Jeans instability criterion is derived using several simplifying assumptions, such
as assuming uniform density and no magnetic �elds. A slightly more general result
is the virial theorem, which states that

2 < E KE > +3 < � � � 0 > + < E mag � Emag;0 > + < E grav > = 0 (2.3)

for a system in steady state (derived in (Draine, 2011)). Here,<> denotes time
averages,EKE is the kinetic energy of the system,Egrav is the gravitational energy,
Emag =

R B 2

8� dV is the magnetic energy and� =
R

pdV is an integral over the

pressure inside the system. Furthermore,� 0 = p0V and Emag;0 = B 2
0

8� V, where p0

and B0 are values at the boundary of the system andV is the enclosed volume.

In the unmagnetized case without external pressure, the theorem can be simpli�ed
to

2 < E K > + < E G > = 0; (2.4)

(Choudhuri, 2010). This simpler form of the theorem allows us to de�ne a virial
parameter:

� �
2EK

jEG j
: (2.5)

With a spherical, homogeneous cloud we obtainEG = � 3
5

GM 2

R and EK = 3
2M� 2,

where M is the mass of the cloud,R is the radius and � is the one-dimensional
velocity dispersion. This means that the virial parameter can be expressed as

� =
5R� 2

GM
: (2.6)

A virial parameter close to 1 indicates that the cloud or core is gravitationally bound.
If � � 1 the core is unbound, and must either be held together by external pressure
or disperse on a short timescale.

2.1.2 Core collapse and accretion

If the supporting pressure of a core is too small to withstand gravity, the core will
start to collapse. As it collapses, heat will be generated. However, initially the extra
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heat can be radiated away by molecular line emission, e�ectively keeping the gas at
a constant temperature (Shu et al., 1987). As seen in Equation (2.2), the Jeans mass
decreases when the gas gets denser as long as the temperature stays the same. That
means that the core may start to fragment into smaller pieces, each collapsing on
its own. Fragmentation slows down once the infalling gas becomes optically thick,
which prevents heat from escaping.

Cores typically rotate slowly, due to turbulence. When material is falling inwards,
conservation of angular momentum causes the gas to rotate faster. The result is
that a �at disk forms around the central object (Krumholz, 2015, Ch. 15). In order
for the orbits of the disk material to be stable, the material further in has to rotate
faster than the material further out. This follows from Kepler's third law. But
in order for the gas to accrete onto the central protostar, the inner parts of the
disk must somehow lose angular momentum. Although there are several possible
mechanisms for this, one important process is the magneto-rotational instability
(McKee & Ostriker, 2007; Krumholz, 2015, Ch. 15). As portions of gas at adjacent
radii shear in relation to each other, magnetic �eld lines are stretched. This causes
a magnetic tension, that strives to stop the shearing. This speeds up the outer gas
and slows down the inner gas, transporting angular momentum outwards. The gas
that is slowed down will no longer be able to remain in orbit. It falls in towards the
center of the disk, where a hot, dense protostar is forming. During the accretion
process, jets of material are launched from the accretion disk due to magnetic forces
(Krumholz, 2015, Ch. 15). The temperature and density of the protostar increases
as more gas is accreted. Eventually it becomes hot and dense enough for hydrogen
fusion to begin, and the star enters the main sequence.

The above process describes the formation of a low mass star. Whether high mass
stars are formed similarly or by a di�erent process is a topic of ongoing research.
There are a few problems that could hinder massive stars to form in this way.
Firstly, there is a fragmentation problem. If a massive core contains several Jeans
masses, it could start to fragment while collapsing, forming several low mass stars
instead of one massive (Tan et al., 2014). Secondly, there is the so called radiation
pressure problem. Massive stars contract faster than low-mass stars, which means
that they enter the main sequence while still actively accreting. The UV radiation
that the star emits exerts a pressure on the infalling material, halting the accretion
(Kahn, 1974; Wol�re & Cassinelli, 1987). This would make it very di�cult for the
most massive observed stars to form. Any theory describing massive star formation
would need to tackle these problems.

2.1.3 Formation scenarios for massive stars

There are two main theories describing massive star formation. On the one hand,
we have core accretion models. According to these models, massive, gravitationally
bound cores are needed to form massive stars. Each core collapses monolithically into
one or a few stars, similarly to the formation of low-mass stars. These models assume
that the e�ciency of converting core mass to stellar mass is roughly constant for all
stellar masses (Tan et al., 2014). A notable di�erence between high mass cores and
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low mass cores is that turbulence may dominate over thermal motions in high mass
cores. To describe the high mass case, McKee & Tan (2003) developed the Turbulent
Core Accretion model. Their model predicts an accretion rate that is high enough
to overcome the radiation pressure of the forming star. To avoid fragmentation
of massive cores, a few di�erent solutions have been presented. For example, Tan
et al. (2013) argued that magnetic support can hinder the fragmentation. Another
suggestion is that accretion radiation from surrounding protostars may heat the
core, leading to a higher Jeans mass and thus preventing fragmentation (Krumholz
& McKee, 2008). Another solution to the radiation pressure problem has also been
suggested: Protostellar out�ows. As found by e.g. Krumholz et al. (2005); Rosen
& Krumholz (2020), the out�ows that are launched from the poles of the protostar
sweep up dust and gas, creating optically thin channels that the radiation can escape
through. This alleviates the radiation pressure on the gas and dust accreting from
other directions, and decreases the importance of radiation pressure in the formation
of a massive star.

On the other hand, there are competitive accretion models (e.g. Bonnell et al.,
1997, 2001). These models describe star formation within a cluster, where material
for each protostar is not only drawn from the parent core, but can be accreted
from a larger part of the clump. The most gas is accreted onto the stars in the
center of the forming cluster, since they are located in the deepest part of the
gravitational potential well. If the protostars are su�ciently close together, stellar
collisions may make the central stars even more massive. The �nal mass of each
star is not determined by the initial core mass. In order for massive stars to form
by competitive accretion, no massive, gravitationally bound, starless cores need to
exist, which means that the fragmentation problem can be avoided.

2.2 The initial mass function

The initial mass function (IMF) of stars is the mass distribution of newly formed
stars, i.e. the fraction of stars that are formed within each mass interval. A number
of analytical forms of the IMF have been suggested. For stars more massive than a
few solar masses, the distribution approximately follows a power law. This power
law was �rst proposed by Salpeter (1955), and is still widely referenced today. It
takes the form

dN
dM

/ M � 2:35; (2.7)

where dN is the number of stars that have masses betweenM and M + dM . It is
often presented in its logarithmic form:

dN
dlogM

/ M � 1:35: (2.8)

When plotted on logarithmic axes, the power law turns into a line with slope� 1:35.
The power law index can therefore be referred to as the �slope� of the IMF.

Since this relation diverges whenM approaches zero, the power law behavior cannot
continue down to arbitrarily small masses. Observations have shown that the IMF
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has a turning point, found to be at approximately 0.2 M� in nearby regions (O�ner
et al., 2014). This has led to other analytical forms being proposed, such as a
log-normal distribution (Miller & Scalo, 1979), or a segmented power law (Kroupa,
2001). These are shown in Figure 2.1.

Figure 2.1: Di�erent functional forms of the IMF. The IMFs by Kroupa (2001)
and Miller & Scalo (1979) have been normalized.

2.2.1 Observations of the IMF

The IMF is di�cult to observe for several reasons. The method of observing the
IMF of resolved stellar populations is as follows: First, one determines a luminosity
function of a complete sample of stars. Then, the luminosity is converted into
present day mass using stellar models. Lastly, the present day mass function must be
converted into an initial mass function. A number of factors such as stellar evolution,
star formation history and binarity must then be taken into account (O�ner et al.,
2014). The IMF can also be observed for unresolved stellar populations, but more
indirectly. The mass of a galaxy can be estimated from dynamics, and a mass-
to-light ratio can be calculated. It can then be compared to population synthesis
models, assuming an IMF (O�ner et al., 2014).

For the �eld stars in the Milky Way, the observed IMF follows a Salpeter power law
above 1 M� , but is signi�cantly �atter below. A segmented power law or log-normal
distribution with peak at 0.2 M � works well to describe it (O�ner et al., 2014).
Young, nearby clusters have similar IMFs. The observations made up until a decade
ago therefore pointed towards a universal IMF in the local universe. On this basis,
the IMF is often assumed to be universal, even in high-redshift galaxies (Hopkins,
2018).

In the past decade, several studies have found di�erent IMFs in a variety of envi-
ronments. Schneider et al. (2018) studied a stellar cluster in the Large Magellanic
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Cloud. The CMF was found to be top-heavy, i.e. containing more high-mass stars
than predicted by the Salpeter power law. The power law index was� = 0:9+0 :37

� 0:26.
Lu et al. (2013) derived an IMF for the Nuclear Star Cluster around Sgr A*, and
obtained a top-heavy IMF with � = 0:7 � 0:2. A similar result was found in the
Arches cluster, located in the CMZ, with� = 0:8� 0:08 (Hosek et al., 2019). Other
studies have instead found bottom-heavy IMFs, both in nearby galaxies (e.g. Fer-
reras et al., 2013; Cheng et al., 2023) and high redshift galaxies (e.g. van Dokkum
et al., 2017).

2.3 The core mass function

In order to fully understand star formation, we need to study the initial conditions.
These are described by the core mass function (CMF), which is the distribution of
masses of prestellar cores. Just like the IMF, the high-mass end of the core mass
function can be modeled by a power law of the form

dM
d logM

/ M � � : (2.9)

By observing the similarities or di�erences between the CMF and IMF, current
models of star formation can be tested. In addition, if we were able to understand
how the CMF arises and how it is connected to the IMF, we would be able to
theoretically predict the IMF in di�erent environments. This could decrease the
large uncertainties that are currently introduced into studies of unresolved stellar
populations, when a universal IMF is assumed.

2.3.1 Observations of the CMF

Observations of the CMF entail di�erent di�culties than observations of the IMF.
Instead of bright point sources, we are observing cold, extended cores embedded
within molecular clouds. This puts large requirements on resolution, to be able
to separate the cores from each other at long wavelengths. Furthermore, cores
have a continuous density distribution that blends with the background cloud and
neighboring cores. Observationally, cores are typically de�ned using an overdensity-
�nding algorithm. The results can be strongly dependent on which algorithm is
used (see e.g. Paper I).

Due to these di�culties, the �rst observation of the CMF was done by Motte et al.
(1998), more than 40 years after the publication of Salpeter's IMF power law. The
early studies were limited to regions in the solar neighborhood, i.e. a few hundred
parsec from the sun. Motte et al. (1998) identi�ed approximately 60 cores in the�
Ophiuchi cloud complex. A similar study was made by Testi & Sargent (1998) in
the Serpens cloud. These pioneering studies were followed up by studies with larger
samples. André et al. (2010) and Könyves et al. (2015) studied approximately 500
cores in the Aquila rift, obtaining signi�cantly better statistics. The conclusion of
all these studies was that the local CMF has a similar shape as the IMF, but is
shifted towards higher masses by a factor 3 (O�ner et al., 2014).
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In recent years, with the development of interferometry allowing higher angular
resolution, the study of the CMF has been extended to more distant parts of the
Galaxy. Motte et al. (2018) studied the massive, star-forming cloud W43-MM1, at
a distance of 5.5 kpc. They derived a top-heavy CMF with a slope of0:96� 0:13.
Top-heavy CMFs have also been found in infrared dark clouds (IRDCs) (Kong,
2019; Sanhueza et al., 2019), although Salpeter-like CMFs in IRDCs have also been
reported (e.g. Ohashi et al., 2016).

Recently, the ALMA-IMF collaboration conducted an extensive study of the core
mass function in the massive star-forming W43 cloud complex (Pouteau et al., 2022,
2023; Nony et al., 2023). Pouteau et al. (2022) reported that the total CMF of the
region was top-heavy, with a slope of0:93+0 :07

� 0:10 . Pouteau et al. (2023) went on to
divide the cloud complex into six di�erent regions, deriving local CMFs for each. The
core mass function was found to vary from Salpeter-like to signi�cantly top-heavy
between the di�erent regions. A correlation was found between the evolutionary
stage of the region and the core mass function. Quiescent regions tended to have
CMF slopes close to 1.35, while regions undergoing star formation had shallower
slopes. Additionally, Nony et al. (2023) divided the total core sample into prestellar
and protostellar cores, using the absence or presence of protostellar out�ows. The
prestellar core sample was found to have a Salpeter-like CMF slope, meaning that
the top-heavy shape of the total CMF was correlated with the protostellar cores.

In conclusion, there is a growing body of indications that the CMF slope di�ers
from the Salpeter value in some environments. However, it may be misleading to
directly compare the values of the power law indices from di�erent studies, since
both core-�nding algorithms and �tting methods vary. As mentioned in the aim of
the thesis, this work builds on a series of papers: Cheng et al. (2018) (Paper I), Liu
et al. (2018) (Paper II) and O'Neill et al. (2021) (Paper III). These papers aimed to
characterize the CMF in di�erent Galactic environments, using standardized meth-
ods that allowed the CMFs to be compared to each other. Paper I studied the CMF
in a massive protocluster at a distance of approximately 2.5 kpc and found 76 cores.
They obtained a CMF power law index of1:24� 0:17 for masses above 1 M� , consis-
tent with the Salpeter slope. Paper II studied the CMF in a sample of seven IRDCs,
with distances between 2.4 and 5 kpc from the sun. They found a slightly shallower
CMF slope, � = 0:70 � 0:13. Finally, Paper III used data from the ALMAGAL
survey to study the CMF in a sample of 28 clumps in massive protoclusters. They
derived a high-mass slope of� = 0:94� 0:08, and also found indications of a break
in the power law between 5 and 15 M� .

2.3.1.1 The core mass function in the CMZ

There have been a few previous studies investigating cores in the Central Molecular
Zone. A recent study of the CMF was made by Lu et al. (2020). The paper focused
on Sgr C, the 20 km/s and 50 km/s clouds (belonging to the Sgr A cloud complex)
and Sgr B1-o� (part of the dust ridge). The images were taken by ALMA and had
an angular resolution of� 0:200, which is higher than in this work. The CMFs for
the di�erent regions were found to be slightly top-heavy, with slopes in the range
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0:83� 1:07. In particular, Sgr C had a CMF slope of� = 1:00� 0:13, starting from
a minimum mass of 6.26 M� .

Williams et al. (2022) also derived a high-resolution core mass function in the CMZ.
Their paper examined �cloud d�, located in the dust ridge. 96 cores were detected
by dendrogram at the3� level, but only 9 at the5� level. The study did not �nd any
evidence of star formation in the cloud, and a virial analysis showed that most of the
detected cores were unlikely to be gravitationally bound. The core mass function in
cloud d was found to be bottom-heavy compared to the Salpeter IMF.

In conclusion, there are some indications that the CMF has di�erent slopes in dif-
ferent parts of the CMZ. In agreement with other recent CMF results, there may be
a tendency towards shallow CMF slopes in massive star-forming regions.

2.3.2 Origin of the CMF

One aim of observing the CMF is of course to understand the physics behind its
origin. Most of the attempts at predicting the CMF analytically build on supersonic
turbulence. Turbulence describes random, macroscopic �uid motion, in contrast to
thermal motion happening at microscopic scales. The motions of a �uid must adhere
to the momentum conservation equation

@
@t

(� v) = �r � (� vv ) � r P + �v r 2v (2.10)

(Krumholz, 2015, Ch. 4). The right hand side contains three terms. The �rst
describes advection, or momentum �ow in and out of a point. The second describes
change in momentum due to pressure forces, and the third describes momentum
redistribution due to viscosity. Viscosity is the e�ect of momentum di�usion between
adjacent �uid elements, and causes bulk motion to be converted into random motion
(Krumholz, 2015, Ch. 4). Two numbers important to describe turbulence are the
Mach number, M = V=cs, and the Reynolds number,Re = LV=� . The Mach
number is de�ned as the ratio between the characteristic velocity and the sound
speed. It determines the importance of the pressure term in the momentum equation.
A low Mach number means large pressure term. The Reynolds number is de�ned
in terms of the characteristic velocity scale, length scale and kinematic viscosity�
of the �uid. It determines the importance of the viscosity term, such that a low
Reynolds number leads to a large viscosity term. E�ectively, the Reynolds number
de�nes a length scale where viscosity becomes important. Flows at larger scales do
not lose energy, while �ows at smaller scales are damped (Krumholz, 2015, Ch. 4).
In the interstellar medium, the Reynolds number is typically very large.

To describe turbulence, the structure of the velocity �eld is important. Starting
from a velocity �eld v(r ) as a function of position, one can take the absolute value
squared of its Fourier transform: 	( k) = j~v(k)j2 (Krumholz, 2015, Ch. 4). This
de�nes the power spectrum. The power spectrum provides the fraction of the power
that is present in motions at each wave numberk = 2�=� , i.e. at each length scale.
The power spectrum will look di�erent depending on if the turbulence is subsonic
or supersonic.
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In the subsonic case, Mach number is low which means that pressure is important.
The �uid is non-compressible and the density is relatively uniform. In this case, the
power spectrum is proportional tok� 5=3. In the supersonic case on the other hand,
the pressure term becomes unimportant. The high velocity gas motions will create
shocks that compress the gas locally and form large density contrasts. Since the
velocity �eld will resemble a number of step functions, its power spectrum becomes
proportional to k� 2 (Krumholz, 2015, Ch. 4). This leads to a log-normal density
distribution, meaning that the probability for each point (or mass element) to have
a speci�c density follows a log-normal distribution.

One of the �rst turbulence-based models for the CMF was created by Padoan et al.
(1997). They simulated supersonic turbulent �ows, and obtained a log-normal den-
sity distribution. They then assumed that dense regions would collapse if their mass
exceeded the thermal Jeans mass. The Jeans mass is proportional to� � 1=2, as seen
in Section 2.1.1. The relation between the Jeans mass and the density allowed them
to derive the mass distribution of the collapsing cores. The distribution turned out
to be log-normal, similar to the IMF proposed by Miller & Scalo (1979). This work
was built on by Padoan & Nordlund (2002). Instead of simulating turbulence, they
took an analytical approach. As starting point, they took a power spectrum of power
law form. They assumed that cores would form from the compressed sheets of gas
created by shocks, and that the core size would be determined by the sheet thickness.
With this approach, they derived a CMF with a slope close to the Salpeter slope.
By varying the mean density, they could obtain various locations of the distribution
peak, but the high mass slope was una�ected. This work thus predicted a universal
CMF slope.

Another analytical model was proposed by Hennebelle & Chabrier (2008), and later
developed by Hopkins (2012). It uses the Press & Scheckter formalism, �rst de-
veloped for cosmology. Hennebelle & Chabrier (2008) predicted a power law slope
of the CMF. Finally, Hopkins (2012) used excursion set theory to determine not
only the CMF, but the mass function of gigantic molecular clouds. Hopkins (2012)
predicted a uniform CMF slope within the galaxy.

In summary, most models predict a uniform CMF slope. The models mentioned
here cannot explain the indications of top-heavy CMFs observed in distant regions.

2.3.3 Connection between IMF and CMF in di�erent star
formation scenarios

A central question for the theory of star formation is how the CMF and the IMF are
connected. How the CMF and IMF relate to each other depends on the processes by
which stars form. According to the core accretion model (e.g McKee & Tan, 2003),
each core collapses monolithically into one or a few stars. If the accretion e�ciency
is the same for all cores, this would predict an IMF that has the same shape as the
CMF. These models are consistent with observations in the solar neighborhood if
the star formation e�ciency is around 0.3 (O�ner et al., 2014).
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In the competitive accretion scenario, there is no direct mapping between the mass
of a core and the mass of the star that forms from it. This means that the CMF
and IMF do not necessarily have the same shape. For example, if the accretion rate
is proportional to the stellar mass, the IMF would be top-heavy compared to the
CMF (Pouteau et al., 2022).

However, a recent work by Pelkonen et al. (2021) indicates that it could be possible
for the CMF to resemble the IMF for a stellar population even if there is no relation
between individual core and stellar masses. Pelkonen et al. (2021) performed a star
formation simulation in a molecular cloud with supersonic turbulence. The star
formation was found to be chaotic, with most of the stars accreting mass from a
much larger region than their progenitor core. More than 50 percent of the mass
of each star originated outside of the core, with the percentage being highest for
massive stars. The star formation thus resembled the competitive accretion scenario
rather than monolithic core collapse. Despite this, the resulting CMF and IMF had
similar slopes to each other. Surprisingly, they also peaked at similar mass, instead
of having a factor 3 shift as the local observations indicate. The authors conclude
that the CMF models by Hennebelle & Chabrier (2008) and Hopkins (2012) may
be incomplete, since they assume isolated cores. It also shows that it is possible for
core masses and stellar masses to follow the similar distributions, even if stars do
not form from single, collapsing cores.

In conclusion, theoretical models predict relations between the CMF and IMF, that
can be tested by observations. The slope of the CMF can provide clues about the star
formation process. Furthermore, the theoretical models generally predict a universal
CMF, independent of environment and location in the galaxy. As mentioned in
Section 2.3.1, some observations indicate that the CMF is not universal. If the CMF
does depend on density, temperature, magnetic �elds and other physical conditions,
observing the CMF in a variety of environments is crucial to develop new models.

2.4 Mass estimates using radiative transfer

Most observations of the CMF build on using thermal dust emission as a probe for
gas mass. In order to convert from brightness to mass surface density, radiative
transfer theory is needed.

A central quantity for this theory is the speci�c intensity I � of radiation. The
speci�c intensity is de�ned as emitted power per area per unit bandwidth per unit
solid angle and is often measured in units of Jy/beam (which corresponds to10� 26

W/m 2/Hz/beam solid angle). Radiation passing through a medium is governed by
the radiative transfer equation:

dI � = � I � � � ds + j � ds: (2.11)

� � is the attenuation coe�cient, has units 1/length and describes the e�ect of ab-
sorption and stimulated emission.j � is the emissivity coe�cient, has units power
per unit frequency, volume and solid angle and describes the e�ect of spontaneous
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emission in the material (Draine, 2011, Ch. 7). The subscript� indicates that
the quantities vary as a function of frequency.s denotes the path length traveled
through the material. The equation is often written in terms of the optical depth
� � , which is de�ned as

� � =
Z

� � ds (2.12)

Changing variables to d� � = � � ds, and de�ning the source functionS� = j � =� � , the
equation can be rewritten as

dI � = � I � d� � + S� d� � : (2.13)

We can then apply Kircho�'s law:

S� = B � (Texc);

which states that the source function is equal to the blackbody speci�c intensity at
the excitation temperature of the material. The blackbody speci�c intensity is given
by the Planck function:

B � (T) =
2h� 3

c2

1
eh�=k B T � 1

: (2.14)

Finally, we assume a uniform temperatureT and local thermodynamic equilibrium,
which implies Texc = T. This leads to a simpli�ed solution to the radiative transfer
equation:

I � = I � (0)e� � � + B � (T)(1 � e� � � ): (2.15)

Under the assumption that the material is optically thin, that is, � � 1, an addi-
tional simpli�cation can be made:

I � � I � (0) + B � (T)� � : (2.16)

There is a proportionality between optical depth� and mass surface density of
dust � d: � � = � �;dust � d. The proportionality constant � � ; dust is known as the dust
opacity coe�cient. The dust opacity coe�cient depends on the size and composition
of the grains and can be obtained from models (see e.g. Ossenkopf & Henning, 1994).
Since we are interested in the total mass of a core and not only the dust mass, we
also need to know the dust-to-gas mass ratio. This can be obtained empirically or
from from models. Then we can calculate the total dust opacity coe�cient, given
by

� � =
M dust

M gas + M dust
� �;dust (2.17)

We can now obtain the formula relating total mass surface density� to speci�c
intensity of dust emission. If the background termI � (0) is assumed to be negligible,
we can rearrange Equation (2.16) to get

� � =
I �

B � (T)
=) � =

F�


 � � B � (T)
: (2.18)

Here we have rewritten the speci�c intensityI � as the �ux density F� divided by
the solid angle
 over which F� is measured.
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2.5 The principles of interferometry

This thesis uses observations made by the ALMA telescope, which is a radio inter-
ferometer. To allow the reader to understand the properties and potential problems
of the data, a brief overview of the technique is provided here.

An interferometer consists of multiple telescopes working together. The angular
resolution that can be achieved by a single-dish telescope is given by

� �
�
D

; (2.19)

where� is the wavelength of the radiation andD is the diameter of the dish (Condon
& Ransom, 2016, p. 126). Technical concerns limit the size of radio telescopes,
and thus the achievable angular resolution. But by connecting multiple telescopes,
separated from each other by large distances, it is possible to create the illusion of
a much larger dish.

Figure 2.2: Illustration of the basic principle of a 2-antenna interferometer.

In principle, an interferometer uses the time di�erence between the signals recorded
by di�erent telescopes to determine the angle of the source. Consider two antennas
separated by a baseline~b (see Figure 2.2). The source is located in the direction̂s.
An electromagnetic plane wave from the source reaches both antennas, but due to
the location of the source, the signal to one of the antennas is delayed by a time
tg. Antenna 1 will output the voltage U1 / Eei!t , while Antenna 2 will output
the voltage U2 / Eei! (t � tg ) , where E is the electric �eld strength. The signals are
then cross-correlated. In practice, this is achieved by multiplication followed by
integration over a time T much larger than the period (Wilson et al., 2013, p. 240-
241):

R(tg) =
Z T

0
U1(t)U�

2 (t � tg)dt /
E 2

T

Z T

0
ei!t ei! (t � tg )dt (2.20)

Since the integration timeT is set to be much larger than the period2�=! , we will
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obtain approximately the same result by integrating over a single period:

R(tg) / E 2 !
2�

Z 2�=!

0
ei!t g dt = E 2ei!t g : (2.21)

Since the geometric time delaytg can be expressed astg = ~b� ŝ=c, we see that the
correlated signal contains information about both the direction̂s of the source and
its brightnessI (sinceI / E 2). In addition to the source properties, the response is
also a�ected by the e�ective collecting areaA(ŝ) of each antenna in the direction̂s
(Wilson et al., 2013, p. 241). If the source is extended, we can treat it as consisting
of a number of point sources, and get the response

R /
ZZ



A(ŝ)I (ŝ)ei!t g d
 =

ZZ



A(ŝ)I (ŝ)ei! (~b�ŝ=c)d
 =

=
ZZ



A(ŝ)I (ŝ)ei 2� (~b�ŝ=� )d
 � V (~b)

(2.22)

where
 is the solid angle of the source and̂s is the direction vector towards di�erent
parts of the source.V is known as the complex visibility (Wilson et al., 2013). We
obtain di�erent visibility values for each baseline, i.e. for each pair of antennas with
a unique separation vector. By using an array of antennas with di�erent distances
from each other, the visibility function is sampled in a large number of points.

To obtain the brightness distribution I 0(ŝ) = A(ŝ)I (ŝ), an inverse Fourier transform
is needed. The transform goes from the so calleduv plane, where(u; v) are coordi-
nates of the baselines, to the image plane, where(x; y) are angular coordinates on
the sky. However, since we only have �nitely many samples of the visibility (deter-
mined by the number of unique baselines), we are missing information about the
function we are transforming. Each point in theuv plane corresponds to a spatial
frequency. The spatial frequencies that do not have measured visibilities will be
missing in the image.

For an intuitive understanding, note that small scales in Fourier space correspond to
large scales in regular space, and vice versa. If no long baselines are observed, small
structures in the image will not be detected. The angular resolution is approximately
determined by the longest baseline,� min � �=bmax . Similarly, if no short baselines
are observed, extended structures in the image will not be detected. This means that
an interferometer, in contrast to a single-dish telescope, has a maximum recoverable
scale� max � �=bmin determined by the shortest baseline. Emission that is uniform
over scales larger than this will be �ltered out from the image (Wilson et al., 2013,
p. 246). This point is important when interpreting interferometric observations.

The image we obtain after inverse Fourier transformation is known as the dirty
image, since it is distorted by the missing spatial frequencies. The observed visibility
function is a product between the true visibility and the baseline pattern (where the
baseline pattern is taken to be 1 in the points corresponding to the observed baselines
and 0 in all other points). A product in Fourier space corresponds to a convolution
in regular space. This means that the dirty image is a convolution between the true
image and the dirty beam, or Point Spread Function (Wilson et al., 2013, p. 269).
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