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Abstract

Infrared dark clouds (IRDCs) are cold, dense regions seen as dark features against
the galactic mid infrared (MIR) background, and are believed to be the progenitors
of massive star and star cluster formation. It is thus of interest to characterize the
dynamical state of IRDCs, since it provides important information to constrain the
existing theoretical models of massive star and star cluster formation. Here, the
virial state of the massive filamentary IRDC G28.37+0.07 is studied by deriving
mass from a mass surface density map derived from far infrared (FIR) observations
using the Herschel Space Observatory, and velocity dispersion from C®¥O(1 — 0)
line emission observed with the Green Bank Telescope (GBT). In contrast to many
previous studies, the support from magnetic pressure is also quantified based on a
magnetic field strength map derived from SOFIA HAWC+ 214 um polarized dust
emission data. The virial state of G28.37+0.07 is found to vary along the main
filament of the cloud,. The central part is found to be close to virial equilibrium,
while the eastern and western ends are found not to be. As more continuum sources
have been found towards this central region than the ends, this result might support
the idea of massive stars forming in equilibrium conditions. The state of C¥0O
depletion is also studied as part of this work. The depletion factor is found to be
generally fp > 3 towards the main part of the cloud, with certain regions showing
values of the depletion factor upwards of 10. This suggests C'80 is significantly
depleted from the gas phase and frozen out onto dust grains. The overall findings
of this study will provide further information towards understanding the details of
the complex processes of massive star and star cluster formation.
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1

Introduction

Stars in general, and massive stars (with masses greater than 8Mg) in particular,
are a large driving force in the evolution of galaxies. During their lifetime they
radiate huge amounts of energy, as well as injecting turbulence into the interstellar
medium (ISM) through jets and stellar winds, among other things. Due to the fusion
processes inside their cores, the material ejected from the stars will be enriched with
heavy elements. In the case of low- and intermediate-mass, they mainly inject
helium, carbon and nitrogen into the surrounding medium, while massive stars also
produce even heavier elements (Lamers & Levesque, 2017). While the formation
mechanisms of low mass stars are thought to be generally well understood, the same
cannot be said for the high-mass case. Despite their importance, there are several
open questions remaining regarding how massive stars form, such as: Is there a
simple model to explain high-mass star formation? And which processes regulate
high-mass star formation.

1.1 Massive star formation

There are currently two main theories of massive star formation: 1) Core accretion
(e.g. the turbulent core accretion (TCA) model of McKee & Tan, 2003) and 2)
Competitive accretion (e.g. Bonnell et al., 1997, 2001). The former is essentially a
scaled up version of low-mass star formation (Shu et al., 1987). In this scenario,
the initial conditions are self-gravitating cores of gas that condense from a larger
fragmenting clump (see e.g. Tan et al., 2014). These cores then undergo gravitational
collapse to form a single star or a small-N multiple stellar system. In contrast to
low-mass star formation, where the internal pressure of the cores consists of mainly
thermal pressure, in high-mass star formation turbulence and/or magnetic fields are
thought to dominate. In the case of the fiducial TCA model, near equipartition
of turbulence and magnetic fields is assumed. On the other hand, in the scenario
of competitive accretion stars gain their mass more chaotically from a wide region
of the clump. For this scenario, massive, gravitationally bound, starless cores are
not required to form massive stars Tan et al. (2014). This results in the formation
of stellar clusters, with the most massive stars forming in the cluster centers, since
that will be the deepest part of the gravitational potential well (Bonnell et al., 1997,
2001). Further, if the density of protostars becomes sufficiently high in the cluster
center, stellar collisions may play a role in forming the most massive stars.

In both of these scenarios, several different mechanisms are thought to regulate
the formation process of massive stars. Self gravity, turbulence and magnetic fields
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are some among these processes. However, the relative importance of magnetic fields
compared to the others still is not well understood (Pattle et al., 2023). It is thus of
importance to study magnetic fields to further the understanding of the processes
that regulate massive star formation.

1.2 Interstellar filaments

Interstellar filaments are structures with large aspect ratios (length/width). Such
structures have been known to exist for quite some time. For instance, Schneider &
Elmegreen (1979) reported a catalog of 23 globular filaments, which they stated to
be filamentary dark clouds with clear condensations into smaller, discrete so called
globules. A later study by McClure-Griffiths et al. (2006) found a network of fila-
ments in the Riegel-Crutcher HI cloud. Some of their detected filaments were found
to have aspect ratios upwards of 170, stemming from lengths of ~ 17 pc. McClure-
Griffiths et al. (2006) also state that comparisons between the HI images and the
observed polarization indicates that the filaments are aligned with the ambient mag-
netic field, indicating that magnetic fields might be important in the formation of
filaments. Furthermore, Falgarone et al. (2001) report the observation of several
filaments, traced by '2CO, converging on a dense core. Thus, filaments have been
observed across several different environments, and traced by different mechanisms.

However, the area of filament research was revolutionized by the launch of the
Herschel Space Observatory in May 2009. Due to its high sensitivity, it was able to
detect filamentary structures across a wide range of scales, and with higher resolu-
tion, than previously possible from ground (André et al., 2014). Regardless of star
formation content, every cloud observed with Herschel showed filamentary structure.
Thus, the formation of filaments seems to happen before stars begin to form. Fur-
thermore, results from the Herschel Gould Belt Survey (HGBS, a survey of nearby
clouds) find that over 70% of prestellar cores found with Herschel have been de-
tected in filaments (André et al., 2014). This connection between filaments and
cores suggests that filaments play a role in the initial stages of the star formation
process.

Filamentary structures have since been observed over a wide range of scales,
and within many different environments. From the largest kpc scale objects con-
nected to spiral arms, to sub-pc scale structures within individual clouds, as well
as from the atomic interstellar medium to the very dense regions harboring massive
star formation (Hacar et al., 2023).There have also been observations showing con-
nections between filament networks and massive star formation, as well as IRDCs,
using the Atacama Large Millimeter Array. This further emphasizes the importance
of studying filaments to better understand the formation mechanisms of stars.

1.3 Infrared Dark Clouds

Infrared Dark Clouds (IRDCs) is one of the most massive classes of molecular clouds,
and Rathborne et al. (2006) found masses on the order of 10? — 10* M, within their
selected sample of 38 clouds. As the name suggests, they appear as dark features
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against the galactic mid-infrared background, and they are often identified as such
absorption features in images from the Spitzer/GLIMPSE survey (Hacar et al.,
2023). IRDCs are also cold (T ~ 10— 20 K) and dense (102 —10* cm~3) (as reported
for the sample of Rathborne et al., 2006). IRDCs have also been observed to come in
several different shapes. Some are compact, while others show filamentary structure
in parts or overall (Rathborne et al., 2006; Hacar et al., 2023). Hence, IRDCs can be
great candidates for studying massive star formation, since their properties match
that of thought to be early stage massive star forming cores, as well as the filaments
having been seen to harbor many cores (see Section 1.2).

The initial stages of low-mass star formation are thought to be generally well
understood. The earliest stage in this process are the so called Bok globules, within
which pre-protostellar cores are found (Rathborne et al., 2006). These cores are
then thought to collapse under their own gravity, and eventually form stars. The
high-mass counterpart, however, is less well understood. Rathborne et al. (2006)
state that the earliest stage of massive star formation known at the time is the
so called “hot cores”. These hot cores are characterized by being more massive
and dense, and with higher temperatures (7" ~ 50 — 250 K), than the low-mass
pre-protostellar cores. However, these hot cores represent an evolutionary stage
where a protostar has already formed, and thus they cannot be the earliest stage
of massive star formation. Rathborne et al. (2006) then proposes that there should
be a high-mass analogue to Bok globules, and that this analogue could be IRDCs.
They support this claim by stating that they detect cores within IRDCs with the
same physical characteristics as hot cores, with the only significant difference being
that these IRDC cores have lower temperatures. Thus, in order to constrain the
initial condition of massive star formation, the physical conditions of IRDCs should
be studied.

1.3.1 IRDC G28.37400.07

In this work, the focus is on the IRDC G28.374-00.07, which will be referred to
as Cloud C (Butler & Tan, 2009, 2012) throughout the remainder of this work. It
was reported as dark lanes against the infrared background of the galaxy by Simon
et al. (2006a), and lies at a distance of 5.0 kpc from the sun (Simon et al., 2006b).
Since its discovery it has been studied extensively in many different aspects. One
such aspect is mass surface density mapping, which has been performed using mid-
infrared (MIR) extinction (MIREX) mapping (Butler & Tan, 2009, 2012; Butler
et al., 2014) and graybody fits to sub-millimeter data (Lim et al., 2016). From such
studies, the mass of Cloud C has been estimated to ~ 7-10* M, making it one of the
most massive IRDCs known. Hernandez & Tan (2015) studied the gas kinematics
of the cloud using *CO(1-0) emission, finding a central velocity around 78.5 km/s,
matching what has been found previously (e.g. 78.6 km/s by Rathborne et al., 2006).
There have also been studies on the fragmentation properties of Cloud C, with Moser
et al. (2020) studying the population of young stellar objects (YSOs), Kong (2019)
studying the core mass function (CMF), and Barnes et al. (2023) studying the
detailed fragmentation of a single core. The cores have also been observed to have
corresponding molecular outflows, and the directions of these have been studied

3
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compared to the main filament orientation (Kong et al., 2019a) and to the magnetic
field orientations (Law et al., 2024). Further, the large scale magnetic field properties
have been studied by Law et al. (2024) and Liu et al. (2024). Yet another study of
this cloud was done by Entekhabi et al. (2022), who studied the chemical properties
towards ten locations within the cloud. They computed abundances towards these
ten regions for a number of molecules, including C'80, from observations using the
Instituto de Radioastromia Milimétrica (IRAM) 30 m telescope. Missing from this
list of properties is a proper assessment of the energetics and state of CO depletion,
which are both investigated in this work. The energetics are also presented in a
coming publication (Larsson et al. in prep).

1.4 Aims and outline of the thesis

The aim of this thesis is to investigate the dynamical state of the main filament
structure of the IRDC G28.37+0.07. The aim is to investigate the relative impor-
tance of kinetic, gravitational, and magnetic pressures through a filamentary virial
analysis. The state of C'80 depletion across the cloud is also investigated.

The outline of this thesis is as follows. In Chapter 2, some relevant theory to
the applied methods is presented. In Chapter 3, the methods of the analysis is
presented. Chapter 4 presents the obtained results, including the virial state of the
cloud and maps of the state of depletion. Finally in Chapter 5, the results of the
virial analysis are put in the context of massive star formation, and the state of
depletion is compared to previous studies. Some conclusions are also presented.



2

Theory

In this chapter aims to give the reader some theoretical background on the topics
presented in this work. This includes an introduction to the virial theorem, and in
particular the version applicable to filamentary structures. A brief description of
radiative transfer and its use in astronomical calculations is presented, as well as an
introduction to the concept of depletion. Some previous studies are also presented.

2.1 Filamentary virial analysis

In this section, the virial theorem is introduced, and derivations of the relevant
equations relating to the filamentary case are given.

2.1.1 Virial theorem

The virial theorem states the relative importance of different forms of energy within
a system. It can be derived by taking the second time derivative of the moment of
inertia

I = /perV,

after which one gets

]- T .B2 - ]_ = —

ST = 2B + 31+ By + By — ¢ (P+ o | 7-dS+ — $(@- B)B-a$ (21

5 KE + 311 + Erag + Ly < +87T>$ +47r (7 B) (2.1)
(see Draine, 2011, for a proper derivation). The four first terms are the kinetic
energy due to large scale motion within the cloud, the pressure integral, the magnetic
energy, and the gravitational potential energy respectively. These can be computed

as ,
Erk = / &dV?
2
= / Pdv,
BQ
Ema - 7d‘/7
& 8
and

Eyray = — / - VodV.

Krumholz (2015) gives an interpretation of the different cases for the sign of I: If it is
negative, gravity, surface pressure and magnetic pressure and tension at the surface
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dominate, and the gas accelerates inward. If it is positive, the thermal pressure, ram
pressure, and magnetic pressure dominate, and the gas accelerates outward. If it
instead is zero, the rate of collapse/expansion remains constant. The virial theorem
is usually applied to systems in steady state, that is with 7 = 0.

2.1.2 Fiege-Pudritz model of virial equilibrium

Fiege & Pudritz (2000) modeled magnetized, filamentary clouds as cylinders threaded
by general helical magnetic fields. They derived a more useful form of the filamen-
tary virial equation, starting from

K+M+W =0, (2.2)

where K is the internal energy due to both thermal and non-thermal motions, M
is the magnetic energy, and W is the gravitational potential energy. These energies
are given by

K:3/ PdV—fPf.dg,
1%

M:—/ BQdVJr—%(a?-B)(B-dS)——j{BQQ‘:’-dS,
&m Jv 47 8w
and

W:—/ pZ - VoAV,
\%4

Here P is kinetic pressure, B is the magnetic field strength, and p is the mass density.
The different integrals in these expressions can be evaluated. By considering the
cylindrical geometry and constant values for the pressure and B-field components
on the radial surface of the cylinder we then end up with

0:2/PdV—2PSV+W—I—M (2.3)

(see Fiege & Pudritz, 2000, for details). Here V is the volume per unit length (or
cross sectional area) of the filament, W is the gravitational energy per unit length
given by

B o .,
W = —/prEdV =..=-m"G, (2.4)

m being the mass per unit length, and G being the gravitational constant, and M
is the magnetic energy per unit length given by

B?.+ B?
Z,S ¢,SV

1
= — | B2qy —
M 47?/ 24V Am ’

where a subscript S indicates that the quantity is evaluated at the radial surface of
the filament (again see Fiege & Pudritz, 2000, for details).

From Equation (2.3) it is now possible to derive a useful form of the virial
equation. As in Fiege & Pudritz (2000), we define the average density in the cloud
as (p) = m/V, and the average pressure as (P) = [, PdV/V. Fiege & Pudritz

6
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(2000) also state that the effective pressure inside a molecular cloud generally can
be written as P = po?. Dividing Equation (2.3) by V we get

0:2<p>_2ps+M7
V
which implies
(P) 1 W < M)
e = U gy VM =Lt g (1435 ) =V <0

4% M
= (1 - |W|> |

Now we focus on the the factor

w m2G Gm m _Gﬂ@ Gm m

2PYW 2PV 2P)V 2 (P) 202 me

where my;, = 2(6?)/G is the virial line mass. Putting all these results together we
now get the filamentary virial equation

7= () .

which is exactly equation (11) of Fiege & Pudritz (2000). They further state that
the magnetic energy can be written as

M = 2((Punag) — Prnag,s)V.

Inserting this, as well as the expressions for the virial line mass and the gravitational
energy into Equation (2.5) we get

PS' 1 m <Pmag> - Pmag7S
(P) Mir (P)

(2.6)

2.1.3 Previous studies on filamentary virial analysis

Filamentary virial analyses have been performed by Hernandez et al. (2011a) towards
the two filamentary IRDCs G34.434+0.24 and G35.39-0.33 (clouds F and H in the
sample of Butler & Tan, 2009, 2012) using *CO(1-0) line emission data and mass
estimates from MIREX mapping. They divided the clouds into seven and four
orthogonal strips respectively, within which the analysis was carried out. They found
that the envelope to filament pressure ratio to be greater than one within all of the
strips. Further, the authors state that such results imply that the filaments have not
yet reached virial equilibrium, as long as the pressure measurements are reliable and
not severely affected by the assumed filament geometry or other systematic effects.

Hernandez et al. (2011a) also note that the strips with the smallest values of the
envelope to filament pressure ratio (their strips F6, F7 and H2) might show indica-
tions of more active star formation. Star formation needs gravitationally unstable

7
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conditions to occur, and these results indicate that approximate virial equilibrium
is also needed within the local region of the filament, even though surface pressure
terms still remain dynamically important.

Cloud H was later revisited by Hernandez et al. (2012). They expanded on
the analysis of Hernandez et al. (2011a) by considering two different cases for the
filament, an inner and an outer case, while keeping the same strip placement. They
also used different data, C'®0(1-0) and (2-1) line emission data, and updated mass
estimates by incorporating near-infrared (NIR) corrections. Their results indicate
that (at least) the inner filament is consistent with being in virial equilibrium without
the need for large scale net support or confinement from magnetic fields. However,
both Hernandez et al. (2011a) and Hernandez et al. (2012) did not have access to
estimates of the magnetic field strength and morphology. Thus, they were not able
to assess the importance of magnetic fields in their analyses.

2.2 Radiative transfer

Radiative transfer theory describes how radiation propagates through absorbing and
emitting media. This is crucial to understand in order to interpret the signals picked
up by telescopes. One fundamental quantity within radiative transfer theory is the
specific intensity, [,, defined as the electromagnetic power per unit area, frequency
and solid angle in a given direction (Draine, 2011). Draine (2011) also states that
if the radiation field is in local thermodynamic equilibrium (LTE), then the specific
intensity will be given by that of a blackbody

2hv? 1
c? exp (hv/kgT) -1

(IV)LTE = BV(T) = (27)
Also, in thermal equilibrium the relative level populations is given by the Boltzmann
distribution n g
U o—h/kpT (2.8)
Ty g1
where n,, and n; are the number densities in the upper and lower states, and g, and
g; are the statistical weights of the upper and lower states respectively (Mangum &
Shirley, 2015).
The equation governing how the specific intensity changes as the radiation prop-
agates is the equation of radiative transfer

dl, = —1I,k,ds + j,ds, (2.9)

where the first term is due to absorption and stimulated emission, and the second
term is due to spontaneous emission (Draine, 2011). Here k, is the attenuation
coefficient, given by

¢ g qin
L= P A (1= 22 ) 0, 2.10
G2 g, A o ¢ (2.10)
and j, is the emissivity, given by
hv
= — Ayna 2.11
J - 1mn ( )
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(see Mangum & Shirley, 2015, for details). Here A,; is the Einstein coefficient for
spontaneous emission, and ¢, is the line profile. It should be noted that the form of
the equation of radiative transfer in Equation (2.9) neglects effects from scattering.

Since the path of the path of propagation is not generally known for the radiation
measured, it is convenient to introduce the optical depth 7, defined as

dr, = k,ds, (2.12)

which means that the radiation propagates in the direction of increasing optical
depth (Draine, 2011). With this new independent variable, the equation of radiative
transfer becomes

dl, = —-1,dr, + S,dr,,

where S, = j,/k, is referred to as the source function.
Together with the definition of column density,

N = /nds, (2.13)

we can relate the optical depth to the column density of the lower energy state by
combining Equations 2.8, 2.10 and 2.12. Putting everything together and integrating
along the path of propagation we get

2

T, = //@,ds ¢ guAulqbl,/nl(s) (1 — gmu(s)> ds =

87TV2 E gunl<s)

2

€ Gu giNy ¢ gu hv/ksT
= C e gp Ny (1- = C N (1 - vieT) g,
8mv? g o ( guNl> 2 g ( ‘ ) ¢

Now we integrate this expression in frequency, assuming only the line profile to vary
significantly over the line profile, and get

82 g

2 2
/TudV = L&AUINI (1 - €hy/kBT) /%du —— &AulNl (1 — eh”/kBT) ,
g

where we have used the fact that [¢,dv = 1. Making the variable substitution
dv = “dv we can isolate the lower state column density as

8m? g ho kT "t
N= st (1 - e/T) /T,,dv. (2.14)

The total column density is related to the lower state column density as

Niot = %OteEl/’“BTNZ. (2.15)
l

Putting Equation (2.14) into Equation (2.15) we finally get the total column density
as

Ntot -

3 1
UL Cror / Tdv. (2.16)

Aulc?) gu 1 _ ehl//k‘BT glefEl/k‘BT



2. Theory

2.3 Depletion

In cold (7" < 20 K) environments, CO is expected to freeze out onto dust grains (see
e.g. Tan et al. (2014)). This freeze out lends less of the CO to remain in the gas
phase where it is able to be directly observed through its rotational line emissions.
CO (and its isotopologues) are readily used to map the interstellar Hy (Caselli et al.,
1999). It is thus of great importance to know the degree of depletion in order to
get accurate estimates of the Hy column density. Furthermore, the depletion of
gaseous species by freezing out onto dust grains also alters the the chemical and
physical properties of molecular clouds. For instance, Goldsmith & Langer (1978)
found that >CO is the dominant coolant in environments with molecular hydrogen
densities n(Hy) < 3-10* em™2, and kinetic temperatures between 10 K and 40 K.
They also state that CI, Os, and rarer isotopologues of CO contribute significantly
to the cooling. Thus, if much of the CO were to be depleted, the thermal balance
of such clouds would be affected.

2.3.1 Previous studies on CO depletion in IRDCs

Hernandez et al. (2011b) studied the state of Cloud H using C'*O(1-0) and (2-1)
line emission data. From this they computed the mass surface density, ¥1sg, which
was found to reach values of ~ 0.07 g/cm?. The values obtained through this anal-
ysis were then compared to mass surface densities derived from MIREX mapping,
Ysmr, in order to get estimates of the depletion factor. Due to the uncertainties in
their methods, Hernandez et al. (2011b) renormalize the depletion factors to be, on
average, one in regions where 0.01 < Ygyr/(g/cm”) < 0.03. After this renormaliza-
tion, the resulting depletion factors were reported to reach ~ 5, with typical values
of ~ 2 — 3 along the filament. They thus conclude that widespread CO depletion
occurs within the cloud.

Hernandez et al. (2012) also studied CO depletion towards Cloud H. They incor-
porated mass surface density estimates from both MIR and NIR extinction mapping.
Using otherwise the same methods as Hernandez et al. (2011b), they found similar
values for the renormalized depletion factor. It is still peaked at ~ 5, and along
most of the filament spine it takes values in the range ~ 2 — 3.
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3

Data & Methods

In this chapter the data used in this project is presented, as well as the methods and
assumptions made for the filamentary virial analysis. The methods for the depletion
calculations are also described. Finally, the methods for estimating a potential offset
between the different datasets are presented.

3.1 Data

As part of this work data from several different telescopes have been used, and these
data are briefly described in this section.

3.1.1 SOFIA-HAWC+

Polarized dust emission was observed towards Cloud C as part of the Polarized Light
from Massive Protoclusters (POLIMAP, PI: J. C. Tan) survey. The original goal
of this survey was to map polarized dust continuum emission towards ten IRDCs
(clouds A through J in the sample of Butler & Tan, 2009, 2012), in order to better
constrain the the magnetic field properties of IRDCs. Observations were made using
the HAWC+ instrument (Harper et al., 2018) aboard the Stratospheric Observatory
for Infrared Astronomy (SOFIA). POLIMAP uses 214 pm observations (Project ID:
09-0104), with complementary Green Bank Telescope (GBT)-Argus *CO(1-0) and
C'80(1-0) observations to probe gas kinematics. Prior to the shutdown of SOFTA,
POLIMAP HAWC+ observations were made towards clouds B, C, F, H, I, and J,
with GBT having observed clouds B, C, F, G, H, I, and J.

The observations of Cloud C were carried out on September 21, 27 and 28, 2022,
as part of SOFIA Cycle 9. The beam had a full width at half maximum (FWHM)
of 18.2" and the surveyed area has a size of 12.0' x 11.4’. For further details on the
instrument, observations, and the methods of data reduction, see Law et al. (2024).

3.1.2 GBT-C!®O0O data

C'80(1-0) emission of the IRDC was observed with Argus onboard the Green-Bank
Telescope (GBT) (Sieth et al., 2014) in January to April 2022. ARGUS is a 16-
element heterodyne ‘radio camera’ operating with the GBT in the 85-116 GHz range.
ARGUS has 16 heterodyne pixel receivers mounted in a 4x4 layout and with a beam
separation of 30.4” in both the elevation and cross-elevation directions. For further
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details on the observations and data reduction, see Law et al. (2024). The resulting
data has a spatial resolution of ~ 7" and a spectral resolution of 0.187 km/s.

3.1.3 Archival extinction and mass surface density maps

Archival mass surface density maps are also retrieved for the analysis present in this
work. Lim et al. (2016) derive a mass surface density map (3-map) by performing
graybody fits to Herschel-PACS and SPIRE Far-infrared (FIR) data at 160, 250,
350, and 500 pm (Figure 3.4 top left panel). Our analysis uses the map derived
from the galactic Gaussian (GG) foreground-background subtraction method. The
readers are referred to the reference for detailed methods and discussion on the
construction of the maps.

Mass surface density inferred from mid-infrared (MIR) extinction (MIREX)
mapping is also included in this work (see Figure 3.4, middle left panel). This was
first done by Butler & Tan (2012) utilizing Spitzer-IRAC 8 pm image data. This
map was later improved by Kainulainen & Tan (2013), who applied near-infrared
(NIR) corrections, improving the accuracy of the large-scale, lower column density
base level of the map. These MIREX maps have a relatively high angular resolution
at 2", set by the Spitzer-IRAC resolution.

3.1.4 ALMA continuum and C'30Q data

As part of this work, both 1.3 mm continuum and C'¥O(2-1) spectral line data taken
in band 6 of the Atacama Large Millimeter and sub-millimeter Array (ALMA) have
been used. The continuum observations were carried out in June 2016 (ALMA cycle
3), and consisted of 86 pointings, covering the majority of the central, dark regions
of the IRDC (Kong et al., 2018). The synthesized beam size is ~ 0.6” x 0.4”, and the
pixel size of the data is 0.05”. The C'O(2-1) data cube used in this work instead
has an effective beam of ~ 1.5” x 1.0”, pixel scale of 0.18”, and a spectral resolution
of 0.16 km/s. Both these sets of data were gathered as part of project 2015.1.00183.S
(PI: Kong). For more information on the data acquisition, see Kong et al. (2018)
and Kong et al. (2019b).

3.2 Offset analysis

Early on when trying to identify filamentary structures in the Spitzer extinction
map, and then checking if they appear in the GBT C'0(1-0), a potential systematic
offset was seen between the two maps, see Figure 3.1. Since such an offset could
alter the result from subsequent analyses, some effort was put into quantifying this
potential offset, as well as checking other structures for similar trends. These checks
were done in a few different ways. First, the elongated structure was analyzed, and
the methods used for estimating the offset, as well as the results, can be found in
Section 3.2.1.

Another way of checking for the potential offset was carried out by looking for

peaked structures in the ALMA continuum image, and then checking for corre-
sponding emission in the ALMA C¥0(2-1) and GBT C'80(1-0) data. The offset
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estimation was then made by constructing radial profiles of the C*¥O data sets
around the continuum peak positions. How these radial profiles were created, how
they were used for estimating offset, and the results, can be found in Section 3.2.2.

3.2.1 Linear structure offset estimation

In order to be able to estimate the offset between two structures it must first be
known which pixels in the data belong to the structure. For elongated structures this
was accomplished by extracting pixels with values higher than a certain threshold.
From these extracted pixels a spine was retrieved as the pixels that had the maximum
value in its row or column in the data. Once spines had been extracted from two
data sets, for the same structure, the offset was estimated in a few ways.

0.064° 1.2
0.062°
1.0
_0.060° o
o g
o 0.8
S g
0.058° =
0.056° 0.6
0.054 04

28.385° 28.380°

L(?)

28.390°

Figure 3.1: Extracted spines for offset estimation from the extinction map (blue
squares) and the GBT C'®0 integrated intensity map (cyan dots, map in back-
ground). Also shown is the 65 mag contour from the extinction map.

A first way was to compare the distances of all the pixels in one spine to all
the pixels in the other spine, and then taking the shortest distance for each pixel
as a measure of the offset. This has the drawback that the direction of the offset
not necessarily will be the same for each pixel. Thus, another way of estimation is
needed in order to see a systematic direction of the offset.

Another way was to check the offset along a certain direction. For this, the
pixels in one of the spines was compared to the pixels in the other spine. The pixel
in the second spine that is closest to the direction of interest was then used for
estimating the offset. This was then done for all of the pixels in the first spine and
a distribution of offsets was obtained.

The spines extracted from the GBT C'®0 and Spitzer extinction data for the
identified linear structure can be seen in Figure 3.1. It can be seen that the points
in the C'80 spine (cyan dots) generally to the north-west of the extinction spine

13



3. Data & Methods

(blue squares). The offset was quantified in a few different, as stated in above: 1) As
the minimum absolute distance from the spine pixels of the C*®O data to any pixel
within the extinction spine. 2) Along certain directions, here taken to be purely in
longitude, purely in latitude, and perpendicular to the extinction spine (with direc-
tion measured from a linear fit to the extinction spine). Resulting offset histograms
can be seen in Figure 3.2. It should be noted that the offsets computed perpendic-
ular to the extinction spine were defined as positive/negative if the corresponding
longitude offset was positive/negative. It can be seen that there is significant spread
in the offset magnitudes in all cases. There seems to be a peak around —5” for the
longitude and perpendicular cases, while it is less clear in the latitude case. The
minimum absolute offset case show no peak in its distribution. From these results,
there is no clear evidence for a systematic offset between the two sets of data.

Longitude Latitude

Median: -6.80 Median: 7.27

20 -15 -10 -5 0 5 10 5 0 5 10 15
Offset ["] Offset ["]

Minimum absolute Perpendicular

Median: 4.46 Median: -4.82

2 4 6 8 -10 5 0 5
Offset ["] Offset ["]

Figure 3.2: Histograms of the computed offsets between the spines extracted from
the GBT C'O integrated intensity map and the extinction map (cyan dots and
blue squares respectively in Figure 3.1). Top left: Offsets computed along the
galactic longitude direction. Top right: Offsets computed along the galactic latitude
direction. Bottom left: Minimum absolute offsets. Bottom right: Offsets computed
in the direction perpendicular to the extinction spine. In the top right of each panel
the median of the corresponding distribution can be found.
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3.2.2 Offset estimation using radial profiles

Radial profiles were made by extracting data from a number of concentric annuli of
fixed width. The innermost “annulus” was taken to be a circle with radius matching
the width of the rest of the annuli. The data within these annuli were extracted
using the package regions in python (Bradley et al., 2022). There are a few modes
to select from when making the extractions, the two main ones considered in this
analysis being “exact” and “center”. The difference between these two modes is that
in exact mode, the fraction of a pixel that is withing a region is taken into account,
and the pixels are thus given an appropriate weight between zero and one, while in
center mode all pixels which have their center within the region get the weight one,
and all other pixels get the weight zero (Bradley et al., 2022). The exact mode can
thus be useful if an average radial profile is wanted, while the center mode is useful if
the maximum within each region is of interest. The data from the extracted annuli
can then be manipulated (i.e. averaged, searched for the maximum, etc.) in order
to achieve the radial profile.

For the offset estimation integrated intensity maps of the ALMA C™0O(2-1)
and GBT C'®0(1-0) were used, where the integration interval varied between the
different peak positions. The radial profiles were centered on the continuum peaks
using the center mode, and the annulus width was taken to be one pixel width for
the data in question (~ 0.18” for the ALMA data, ~ 2.75" for the GBT data).
The maximum value within each annulus was found, and the coordinates of the
corresponding pixels were saved. That the maximum was used was due to the desire
of finding peaked structures, which could have been averaged out over the larger area
of the annuli otherwise. The peak positions were then identified by comparing the
integrated intensity maps and the radial profiles. Once the peaks had been identified
the magnitude and direction of the offset were calculated from the continuum peak
to the ALMA C'™0(2-1) peak, as well as from the ALMA C'™0(2-1) peak to the
GBT C™0(1-0) peak. The direction was defined as the angle between the the north
axis and the line connecting the two points, also known as the position angle (PA).
This angle ranges between 0° and 360°, with 90° being towards the east, and 270°
being towards the west.

In total, four continuum peaks with seemingly corresponding ALMA C'®0(2-1)
and GBT C'0(1-0) emission were considered for the offset estimation. One of these
continuum peaks is shown in Creffig:peakl (top left) (the other three are shown in
Figures A.1, A.2, and A.3 in Appendix A), together with integrated intensity maps
of the GBT C"¥0(1-0) (bottom left), ALMA C'™0O(2-1) (top right), and ALMA
C'80(2-1) regridded to the same pixel scale and velocity channels as the GBT data
(bottom right).

The resulting offsets and corresponding directions, as well as the peak positions
considered, are shown in Table 3.1. It can be seen that the distances between the
continuum and ALMA C'80 peaks (deon) are smaller than the distance between the
ALMA and GBT C™O peaks (dgisg). There is also some spread in the computed
distances, possibly hinting towards there not being any systematic offset. Also
worthy to note are the position angles between the extracted peaks (feony and Ocisg).
The values of these span a large range of angles (7°—212°), indicating that the offsets
are in different directions for the different peaks. This further points towards there
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not being a systematic offset between the sets of data. However, a larger sample
would be needed to say anything for certain.
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Figure 3.3: Top left: ALMA continuum image of peak 1 (seen in the center,
and marked by the black plus in the other panels). Bottom left: GBT C'®0(1-0)
integrated intensity. Top right: ALMA C!®0(2-1) integrated intensity (78.0 — 79.0
km/s). Bottom right: ALMA C'¥0O(2-1) integrated intensity regridded to match the
spatial pixel scale of the GBT C'80(1-0) emission. In all panels except the top left,
a contour from the ALMA continuum image at 0.002 Jy/beam is overlaid.

Table 3.1: Positions (galactic longitude and latitude) of some continuum (columns
2 and 3), ALMA C'80(2-1) (columns 4 and 5), and GBT C'®0(1-0) (columns 6 and
7) emission peaks (column 1), as well as position angles and distances between the
different peaks (continuum-C'®0(2-1) in columns 8 and 9, and C'¥0(2-1)-C*®O(1-0)
in columns 10 and 11).

Peak leons (°)  beont (°) la-1 (°) D21 (°) Lo (°) bio0 (°) Ocomt (°)  deonmt (") Ocrsg (°)  deso ()
1 28.3221 0.0677 28.3221 0.0676 28.3222 0.0671 174 0.35 169 1.79
2 28.3429 0.0605 28.3427 0.0597 28.3420 0.0587 195 2.93 212 4.41
3 28.3478 0.0588 28.3481 0.0589 28.3482 0.0579 68 1.02 176 3.45
4 28.3656  0.0519 28.3656 0.0519 28.3657 0.0526 146 0.23 7 2.53
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3.3 Filamentary virial analysis

In order to do the filamentary virial analysis, the main part of the cloud was divided
into 14 strips. These strips were taken to have a width of 18", corresponding to a
physical scale of 0.44 pc in the plane of the sky at a distance of 5 kpc, and matching
the spatial resolution of the Herschel mass surface density map. Within each of
these strips an outer and an inner filament region were defined. The outer filament
regions were all taken to be centered at a galactic latitude of 0°03'40.9”, and given a
height of 2'. The inner filament regions were then taken to be centered at the center
of mass of the main part of the cloud, while having a height of 1’. The centers of
mass were calculated iteratively from the mass surface density map from Herschel.
In the first iteration, the center of mass of the outer filament region was computed.
From the second iteration onward, a region of the same height as the inner filament
region, centered on the center of mass of the last iteration, was used to compute the
new center of mass. This process was then applied until the center of mass either
did not move by a significant amount between consecutive iterations, it got stuck
jumping back and forth, or a maximum number of iterations was reached. The
resulting regions can be seen overlaid on the different data in Figure 3.4. For each
of the inner and outer filament regions, corresponding envelope regions were defined
to the north and south. In both the inner and outer cases, the envelope regions were
taken to extend an extra 30” from the filament boundary. This was chosen to be
consistent with the ratios of the outer radii to the filament radii of Hernandez et al.
(2012) (2 for the inner filament, and 1.5 for the outer filament).

3.3.1 Filament geometry and envelope subtraction

Since the detailed geometry of the filament is not known, it is assumed to be locally
cylindrical, with radius Ry, within a cylindrical envelope, with outer radius R, and
inner radius Ry, following the assumptions and notation of Hernandez et al. (2012).
A cross section of the filament with this geometry can be seen in Figure 3.5. The
envelope can now be divided into three parts, one overlapping with the filament along
the line of sight, and two where it does not overlap (called “on” and “off” regions
respectively, see Figure 3.5). In order to get the properties of the filament, the
envelope has to be subtracted off from the total in the “on” region. Take the case of
mass surface density first. It can be directly measured for the envelope “off” regions,
Yeof(N) and X, og(S) (assuming negligible other foreground and background). We
now want to derive an equation relating the average envelope “off” region mass
surface density, ie,oﬁ?, to the to the average of the envelope as a whole. This is
possible assuming an envelope of uniform density, p., as was done in Hernandez et al.
(2012). The average mass surface density within a region can then be expressed as

_ v
Yo=—
A )
where p is the density of the region, V' is the volume of the region, and A is the

projected area on the plane of the sky of the region. Assuming the envelope to be
a cylindrical shell (as described above) of height h we get V., = m(R? — R})h and

17



3. Data & Methods

¥ [g/cm?] I [Kkm/s]
0.0 0.2 0.4 0.6 0.8 1.0 0 2 4 6 8 10
ST T
yol ..o ) ° b, o° H ]
QTR By Ty
= =T = :
. I YR Yo R
-K.Sso‘? '?".*L- A
AV T LER e P
4 %w\‘ ﬁ} 1o 1 a‘{ -
v,) e o s 2 P L A
& Tef e AR Yt 3
CEY 4] L Ry S - &
. o &3’_{” O ¥ Q"a'"_! |
d & Pt b St 7 {
28.36° 28.34° 28.32° 28.38° 28.36° 28.34° 28.32°
L°] 1°]
Ay [mag] o [km/s]
0 20 40 60 80 100 2.6 28 30 32 34 36 38 40
T T
y LV ov & »
R g (> )
QLR I S
S SINTR Rl
. .
K_\Dc .SAFL s
VY LI LT a
g"\.v\‘ Y ;\} Y v 5 C"J’
3 [ﬁ->\u E o J
| o ‘<'5, 3 '1..\.‘ ()
= \&[ 1 8/ AV L/
2 i o b ,“-i',.;

2 il e aia falals LA P 0
28.38° 28.36° 28.34° 28.32° 28.38° 28.36° 28.34° 28.32°
N L]
BPOS [mG] Ba.long [mG]
0.0 0.2 0.4 0.6 0.8 0.6 0.8

1.0 1.2 1.4 0.0 0.2 0.4 1.0 1.2 1.4

(&)
5 'ﬁ

L u = * d : 1 A
28.36° 28.32° 28.38° 28.36° 28.34° 28.32°
L’ 1]

Figure 3.4: Top left: Herschel mass surface density map. Top right: GBT C*0O
integrated intensity map. Middle left: Spitzer MIR extinction map with positions
of detected ALMA continuum sources marked as black plus signs. The larger the
marker appears, the more massive the source was estimated to be. Overlaid as
a drapery is the inferred plane of sky magnetic field component. Middle right:
Velocity dispersion map from Law et al. (2024). Bottom left: Plane of sky magnetic
field strength map. Bottom right: Map of the magnetic field component along the
filament (i.e. in the east-west direction). In each panel, the inner and outer filament
regions are overlaid as dashed white and solid red lines, respectively, as well as MIR

extinction contours at Ay = 7, 15, 30, 60 mag.
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Line of sight Line of sight

Envelope

Figure 3.5: Schematic view of a cross section of the filament and its envelope.

A. = 2R.h for the envelope as a whole. The volume of the off regions is less trivial. It
is the area of two circular sector of angle 26, i.e. 20 R?, minus the area of two isosceles

triangles, 2R/ R2 — R%, all multiplied by the height of the cylinder. Thus, for the
“off” regions we get Vior = 2 (0R2 — Ry\/R2 — R3) h, and Acon = 2(Re — Rp)h.

Putting all this together we then get

e = Peg 1 s
2 R

and

_ 6R? — R;\/R? — R3

Ee,off = Pe R _ Rf

We now take the ratio of these two mass surface densities, which gives us

S.  mR-Rj R. — Ry

Seot 2 Re  9R2-R;JRE-R

-1
2 _ P2
R:—R3R.— R, (29_2RN/R6 Rf)
R. R ‘
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From Figure 3.5 we can see that cos (§) = Ry/R. and sin () = \/R? — R7/R.. This
gives us ~
2e
ie,off
Finally the average mass surface density of the entire envelope can then be calculated
as

= msin?(#)(1 — cos (0))(20 — 2 cos (A)sin()) .

o msin?(60)(1 — cos () =
©7 20 —sin(20) eoft
Note that Equation (3.3) is precisely Equation (1) of Hernandez et al. (2012). From
this result we get the average mass surface density of the envelope “on” region as
= R. - R.— Ry -
B

Ee on — 726
o Ry Ry

(3.3)

e,off- (3.4)

In our cases we have R,/R; = 2 for the inner regions, and R./R; = 1.5 for the outer
regions. This gives ¥ on/2e o = 0.918 and 0.768 for the inner and outer regions
respectively. The mass surface density of the filament is then given by

Yt = Yon — Seon- (3.5)

It should be noted that for strip 1, the envelope was estimated from only the
northern part to avoid the spur to the south. Similarly, for the inner case of strips
5-8, only the southern envelope was used for the subtraction in order to avoid the
spur to the north. This was only done for the mass surface densities.

3.3.2 Relevant parameters

In order to see if the data is consistent with the model of virial equilibrium by Fiege
& Pudritz (2000), described in Section 2.1.2, some parameters have to be calculated.
The mass surface densities of the envelope “oft” regions were computed directly from
the Herschel mass surface density map as area weighted averages. For the “on”
regions, the mass surface densities were computed as described in Section 3.3.1. In
the case of no envelope subtraction, the filament mass surface density was taken to
be the area weighted average of the “on” region instead (i = ion). From these
values, the masses were calculated by multiplying by the area in the plane of the
sky of the respective region. The line masses and densities were then calculated by
dividing the mass by the length along the filament and volume respectively of the
respective region. For the length, it is assumed that the filament is observed at an
inclination of i = 60° 4+ 15° (90° would be in the plane of the sky), following the
assumptions of Hernandez et al. (2012). The gravitational energy per unit length
was then calculated according to Equation (2.4).

In order to compute the pressures of the filament and envelope regions, C!80(1—
0) data from GBT was used. The central velocity, v., and the velocity dispersion,
o, were computed by the first and second order moments from the spectra

[ Tvdv
=

Ve
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o JI(v—wv)?dv
= 7 7
where M is the zeroth moment, i.e. the integrated intensity

g

M, = /]dv.

For the envelope regions, I is the average spectrum from the north and south en-
velope regions. For the filament, it is taken to be the average spectrum from the
“on” regions in the case without envelope subtraction. In the case with envelope
subtraction, the filament spectra were computed in the same way the filament mass
surface densities were. However, when calculating the different moments, all values
below zero in the subtracted spectra were neglected.

The magnetic field strength was estimated from the refined DCF method map
of Law et al. (2024). To get a field strength estimate in the filaments, the area
weighted average was computed for the “on” regions. For the magnetic pressure,
the map was first squared, and then an area weighted average was computed. The
magnetic pressure was then computed as

(BQ)aU on
Pma =—,
< g> 87T

(see e.g. Draine, 2011). Since the exact magnetic field structure is not resolved, the
magnetic surface pressure was computed in the same way, but for the data of the
envelope off regions. However, it is also scaled as the mass surface density is in
Equation (3.3).

3.4 Depletion analysis

For the calculations of the C'®O depletion factors, fp, the analysis of Hernandez
et al. (2011a) is followed. The depletion factor is defined as

Nexp
fp=-Ct20 (3.6)

obs

cl8o

where Né’igo and Ng?go are the expected and observed column densities of C**O
respectively. The expected column density is derived in two different ways. One
is from the mass surface density map by assuming a mass per hydrogen nucleus
pr = 2.34-107%* g, and an abundance ratio of C'®O to Hy of 6.12-1077 (same values
as assumed in Hernandez et al. (2011a)). Assuming all Hydrogen is in the form of

H,, the expected column density of C'*¥0 can be calculated as

X
ex _ —7 ~tot
NGR, =6.12-10 S (3.7)

The other way is by converting the extinction map to hydrogen column density, for
which the same conversion as Kainulainen & Tan (2013) is adopted:

mag

A
Ng =1.9-10*'cm 2 <V> .
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This column density of hydrogen is then converted to C*O column density by
multiplying by the same factor as stated above.

The observed column density of C*¥O can be derived from the general equation
(Equation (1) of Hernandez et al. (2011a))

ng?SO(U) 8t g T, Qrot (3.8)
dv AN g1 —exp (—hv/kgTy) giexp (—E;/kgTe) ‘

Here A is the Einstein coefficient, \g is the rest wavelength of the transition, g, and
g. are the lower and upper state degeneracies of the transition (g; = 2J + 1), 7,
is the optical depth of the line at frequency v, h is the Planck constant, kg is the
Boltzmann constant, Ty, is the excitation temperature, (), is the partition function,
and FEj is the energy of the lower state of the transition. In the case of C'80, the
partition function is that of linear molecules and is given by

[e.9]

Qrot = 2(2‘] + 1) €xp (_EJ/kBTeX)' (39)

J=0

Here E; = J(J + 1)hB is the energy of the rotational state with quantum number
J, and B = 54.891 GHz being the rotational constant of the C**O molecule.

The optical depth cannot be observed directly, but it can be derived from the
detection equation (Equation (2) of Hernandez et al. (2011a)):

_hl/

Ty, = —
B, .

(f (Tex) = f(Tog)) (1 —e7™), (3.10)
with Tz, being the main beam brightness temperature at frequency v, Ty, is the cos-
mic microwave background temperature of 2.73 K, and f(T') = (exp (hv/kgT)— 1)~
In the optically thin limit (7, small) it holds that e™™ ~ 1 —7,, and 7, can be com-
puted as
kg 1
hv f(Tex) — f(Thg)
for an observed T, and assumed Tiy.

In the case of this study, the C®O(J = 1 — 0) rotational transition is used, for
which the relevant parameters are listed below.

e A=6.266-10"8s71!

e M =2.731 cm

o v=109.78 GHz

* g = 1, Gu = 3

e B =0
The above values were taken from the Cologne Database for Molecular Spectroscopy
(CDMS, Miiller et al., 2005).

7, = Tpy (3.11)
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Results

In this chapter the results of the filamentary virial analysis, depletion analysis, and
offset estimation are presented.

4.1 Filamentary virial analysis

As mentioned in Section 3.3, several different cases of envelope subtraction were con-
sidered: 1) No envelope subtraction. 2) Mass surface densities envelope subtracted,
but not the spectra. 3) Mass surface densities and spectra envelope subtracted. In
all three cases the same geometrical considerations were made regarding the filament
and its envelope (see Section 3.3.1 for details). These three cases are also paired
with different amounts of consideration of the magnetic fields. Firstly, the magnetic
fields are not considered. Secondly, only the “on” region magnetic pressures were
considered. Lastly, both the “on” region and surface magnetic pressures were taken
into account.

The spectra from the different strips can be seen in Figures 4.1-4.8. The left
panel of each figure shows the total observed spectra for the “on” regions (solid red
line), together with the spectra of the north and south envelope regions (dashed
blue and dot-dashed brown lines respectively). The right panel instead shows the
total “on” region spectra (solid red), as well as the scaled mean envelope spectra
(dashed blue) and the envelope subtracted filament spectra (solid black). Figures
4.1-4.4 show the results for the inner strip regions, while Figures 4.5-4.8 are for the
outer strip regions. It can be seen that the envelope spectra are in general similar
in strength to the “on” region spectra, resulting in the envelope subtracted spectra
having quite low peak intensities in comparison. Another thing to note is that the
spectra from the northern and southern envelope regions can have markedly different
appearance. Some striking examples of this can be seen in Figure 4.7, where the
south envelope regions can be seen to have a peak at around 75 km/s, while this is
completely missing from the north envelope regions.

For the analysis without any envelope subtraction, the total spectrum of the “on”
regions were used. In the case with envelope subtraction, the envelope subtracted
spectra of Figures 4.1-4.8 were used first after setting all negative values to zero.
This was done in order to get more reliable results, since the computed second
moment (that is the square of the velocity dispersion) became negative otherwise.
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Figure 4.1: Spectra for the inner strip regions for strips 1-4 (bottom to top). The
red solid lines in both panels are the spectra extracted from the “on” regions, and
the green dashed lines show the respective zero-points for the different spectra. The
left panel also shows the spectra from the north and south envelope regions (dashed
blue and dot-dashed brown respectively). The right panel also shows the scaled
average spectra of the envelope regions (dashed blue), and the envelope subtracted
filament spectra (solid black).
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Figure 4.2: Same as Figure 4.1, but for strips 5-8 (bottom to top).
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Figure 4.3: Same as Figure 4.1, but for strips 9-11 (bottom to top).
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Figure 4.4: Same as Figure 4.1, but for strips 12-14 (bottom to top).
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Figure 4.5: Same as Figure 4.1, but for for the outer strip regions.
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As described in Section 3.3.1, envelope subtraction was carried out. The results
for this for the line masses and the virial line masses within the strips can be seen
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in Figure 4.9. The left panels show the line mass of the filament regions, the middle
panels show the virial line masses of the filaments, and the right panels show the ratio
of the two. In the top row, the inner filament case is shown, while the bottom row
shows the outer filament case. The different colors correspond to different cases of
envelope subtraction: Blue is for no envelope subtraction, red is for masses envelope
subtracted, and black is for both masses and spectra envelope subtracted. For the
line masses, the decrease due to the envelope subtraction can be seen to be similar
across all of the strips. This might indicate that the mass envelope is of similar
importance all along the filament. The same can not be said about the virial line
mass, however. In most cases it increases, following an increase in the computed
velocity dispersions. However, in a few cases it decreases instead, due to a decrease
in the computed velocity dispersions.

Another thing to note is that the envelope subtraction of the spectra seems to
have a greater importance in the inner case compared to the outer case, as can be
seen in the right panels of Figure 4.9. This might be due to the larger fraction
of the envelope spectra being subtracted from the “on” region spectra in the inner
compared to the outer case.
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Figure 4.9: Comparison figures for the different cases of envelope subtraction for
the filament line mass (my, left), virial line mass (M, r, middle), and the ratio of
the two (right). Top panels are for the inner filament case, while the bottom panels
are for the outer filament case. The blue represents the no envelope subtraction
case, the red is for masses envelope subtracted, and the black is for both masses and
spectra envelope subtracted.

The filament and envelope kinetic pressures can be seen in Figure 4.10 (P; and
P., left and middle panels respectively), while the ratio P./Py is seen in the right
panels. Top and bottom rows, as well as the color scheme is the same as in Figure 4.9.
The effect of the envelope subtraction of mass can be seen to be roughly the same as
in Figure 4.9, which is to be expected as the kinetic pressure is directly proportional
to the density, and thus the mass. The effect of also doing envelope subtraction
of spectra can be seen to have a more varied effect. In some cases, the increase in
velocity dispersion is large enough to balance the decrease in mass (see strips 3, 5,
6, 12 and 13 in the top left and top right panels of Figure 4.10). It can also be
noted that the envelope to filament pressure ratio is less than one in most cases,
only exceeding one in a few strips for the outer cases with envelope subtraction. The
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main reason for the outer strip regions exceeding one here seems to be the envelope
subtraction of mass, due to the similarity between the red and black lines.
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Figure 4.10: Comparison figures for the different cases of envelope subtraction for
the filament pressure (P, left), envelope pressure (F,, middle), and the ratio P./P;
(right). Top panels are for the inner filament case, while the bottom panels are for
the outer filament case. The blue represents the no envelope subtraction case, the
red is for masses envelope subtracted, and the black is for both masses and spectra
envelope subtracted.

With the above presented results it is possible to compare to the model of
filamentary virial equilibrium of Fiege & Pudritz (2000) presented in Section 2.1.2
(in particular Equation (2.5)). The results are presented in Figure 4.11. There,
the envelope to filament pressure ratio is plotted against the ratio of the line mass
to the virial line mass for the three different cases presented above. In all panels,
the red dots represent the inner filament values, while the blue dots represent the
outer filament values. The black lines show Equation (2.5) for different values of the
magnetic to gravitational energy ratio (see values in the upper left panel), where
the dashed line indicates magnetic neutrality. Also shown in the upper left panel is
the typical estimated error.

It can be seen in Figure 4.11 that the inner filament would be generally consistent
with magnetic neutrality for the cases without envelope subtraction and with masses
envelope subtracted. In the case where spectra have been envelope subtracted as
well, the inner filament case instead seems to be consistent with M/|[W| = —1
instead, indicating that magnetic fields are needed to provide extra confinement for
the filament to be in virial equilibrium. This can be compared to what Hernandez
et al. (2012) found in the case of IRDC G35.30-0.33 (Cloud H, see their Figure
2). They only considered one case, which was with envelope subtraction of masses
and spectra, for which they found the inner filament to have values consistent with
the case of magnetically neutral virial equilibrium. It can also be noted that the
pressure ratio generally increases as one zooms out from the inner to the outer
filament, which is the same general behavior that Hernandez et al. (2012) found for
their cloud. However, in contrast to their results, this study finds that the line mass
ratio generally increases as one zooms out from the inner filament to the outer.
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Figure 4.11: Ratio of envelope to filament pressure, P./Py, against filament line
mass ratio, my/myi r. The top panel shows the case of no envelope subtraction.
The middle panel shows the case where mass surface densities have been envelope
subtracted. The bottom panel shows the case where mass surface densities and
spectra have been envelope subtracted. The dashed and dotted lines correspond
to different values of M /|W| in Equation (2.5): The magnetically neutral case
(M/IW]| = 0, dashed), and magnetic confinement (< 0, dotted) and support (> 0,
also dotted) (see top panel for exact values). The typical error of the quantities is
also shown in the top left panel.

Moving on, the virial state of the different parts of the cloud are assessed. This
is done by comparing the computed envelope to filament pressure ratio (left hand
side of Equation (2.6)) to the right hand side of Equation (2.6). In order to make
this comparison, estimates of the magnetic pressure terms are needed. Since this
filamentary virial analysis mainly concerns radial stability of filaments, the analysis
should only consider the magnetic field component which is able to provide radial
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support/confinement. This component is the one along the filament (taken to be
the east-west component here for simplicity). This component was computed from
the plane of sky magnetic field map and the polarization angle (6,,1) map as

Balong = BPOS| sin (0p01)|7

where the polarization angle is measured from the north towards the east. The
resulting map can be seen in the bottom right panel of Figure 3.4. It can be seen
that the magnetic field strength varies along the filament. Notable are the low values
within the inner filament regions of strips ~ 4 — 10, since many ALMA continuum
sources have been found towards this region (see middle left panel of Figure 3.4).
This part with low field strength along the filament and many continuum sources
(strips 4-10) are termed the center region, while strips 1-3 are termed the east region,
and strips 11-14 the west region.
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Figure 4.12: Comparisons of the left and right hand sides of Equation (2.6). The
top row shows the case without envelope subtraction, the middle row the case with
masses envelope subtracted, and the bottom row shows the case with masses and
spectra envelope subtracted. The left column shows the case where the magnetic
surface pressure has been neglected, while the right column considers it. The gray
line is the virial (one-to-one) line. Red and blue points are for the inner and outer
filament regions respectively.
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From the computations of the magnetic pressures from the field strength map
(bottom right panel of Figure 3.4), the virial state within the different strips can
be assessed. The results can be seen in Figure 4.12, where the left and right hand
sides of Equation (2.6) are compared with each other. It can be seen that the inner
filament regions of the center region (marked as filled red dots) generally lie close to
the one to one line (gray line). The other points for the inner filament are generally
further from the one-to-one line, with the east region being generally somewhat
closer. This could indicate that the regions where stars are forming are closer to
virial equilibrium than other regions, and that these other regions generally have a
large amount of magnetic pressure support against collapse.

4.2 Depletion analysis

As described in Section 3.4, in order to compute the C'¥O depletion factor two
different measures of the column density of gas-phase C'80 are needed. These are
termed the observed column density, computed from the C*O spectral data, and
the expected column density, computed from the Herschel mass surface density map
and the the Spitzer extinction map. In the case of the Herschel map, the GBT C*O
data was regridded to match the spatial resolution of the Herschel map. In the case
of the extinction data, it was regridded to match the spatial resolution of the GBT
data instead. For both of these cases, the range of integration for computing the
observed column density was taken to be 70 — 85 km/s, as that is the range over
which C'®O emission was seen (see Figures 4.1-4.8).

The resulting column density maps for the Herschel case can be seen in Fig-
ure 4.13. The left panel shows the observed column density, while the right panel
shows the expected column density. The different color scales in the two panels
should be noted, where the scale in the left panel only comprises the bottom ~fifth
of that of the right panel. Thus, it should be pointed out that the expected column
density is, in general, higher than the observed one within the main filament of the
cloud. It can also be noted that the shape of the cloud is more easily seen in the
right panel of Figure 4.13 compared to the left panel. This can be explained by the
C™O being more extended than the sub-mm emission used to derive the Herschel
mass surface density map. Also worth to note is that the peak value of the expected
column density for regions within the strips considered (see Figure 3.4) is ~ 1.3-10'7
cm™ 2.

For the case of the extinction map the resulting column densities can be seen
in Figure 4.14 (observed column density in the left panel, and expected in the right
panel). Comparing the left panel here to the left panel of Figure 4.13, most of the
same general features can be seen, although less pronounced. Again, more detailed
cloud structure can be seen in the expected column density map than the observed
one. However, in this case the magnitude of the column densities are fairly similar
across the main cloud filament, as opposed to in Figure 4.13.
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Figure 4.13: Left: Observed C®O column density (i.e. computed from the C*O
data). The data has been regridded to match the spatial resolution of the Herschel
mass surface density map. Right: Expected C'®*O column density computed from
the Herschel column density map.
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Figure 4.14: Left: Observed C®O column density (i.e. computed from the C*O
data). Right: Expected C*®O column density computed from the Spitzer extinction
map regridded to match the spatial resolution of the GBT C'¥0(1-0) data.

The depletion maps resulting from the the above column density maps (Figures
4.13 and 4.14) can be seen in Figure 4.15 for the Herschel mass surface density map
case, and in Figure 4.16 for the case of the extinction map based calculations. In
the left panel of Figure 4.15, the excitation temperature has been assumed to be
7.5 K everywhere, while in the right panel the excitation temperature is set to 20
K within the black box (the C9 region), but is kept at 7.5 K elsewhere. This was
done to better match the derived dust temperature of that region (see Figure 3 of
Lim et al., 2016). It should be noted that the color scale has been truncated at
fp = 10 in order to match the peak value outside the C9 region, while the depletion
can be seen to be higher in the C9 region. Due to the higher temperature, the lower
energy levels will be less populated as the molecules can be more readily excited.
This might be a reason behind the higher depletion factors towards the C9 region,
in contrast to the more established view of depletion being due to freeze out onto
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dust grains.
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Figure 4.15: Left: Depletion map derived from the Herschel mass surface density
map and the GBT C'®0 data, assuming Ty, = 7.5 K. Right: Same as on the left,
but assuming T, = 20 K towards the C9 region (marked by the black box in both
panels). The color scale has been truncated at 10 to match the peak value of the
depletion factor outside of the C9 region.

The extinction map derived depletion map is shown in Figure 4.16. Again the
excitation temperature was assumed to be 7.5 K everywhere. Due to there already
being a hole in the extinction map towards the C9 region, caused by a MIR-bright
source at that location, there is no need to change the excitation temperature in
this case. Comparing this map to the ones in Figure 4.15 it can be seen that the
depletion is generally lower in this case. This mainly stems from the decrease in the
column density map derived from the extinction map compared to the one from the
mass surface density map.
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Figure 4.16: Depletion map derived from the Spitzer extinction map and the GBT
C™0 data, assuming T, = 7.5 K.
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Discussion & Conclusions

In this chapter the results presented in Chapter 4 are put in context of the different
theories of massive star formation, as well as compared to results found in previous
studies. The general conclusions of this work are also summarized.

5.1 The virial state of G28.3740.07

The dynamical state of the cloud has strong implications on different theories of
massive star formation. Theories such as the core accretion model suggest that the
formation of massive stars and star clusters occur in an equilibrium state. On the
other hand, competitive accretion (or hierarchical gravitational collapse) suggests
clouds to be always supercritical. From Figure 4.12 it is found that the virial state
varies along the filament, with what we call the center region being closer, in general,
to virial equilibrium than the east and west ends. As this also is the region where
most of the ALMA continuum sources are found, these general results favor massive
star formation occurring at equilibrium conditions (McKee & Tan, 2003; Tan et al.,
2013). The need to include surface terms in the virial analysis should also be stressed,
as neglecting this may overestimate the contribution of the magnetic field support.
The most striking feature against some literature studies on the same region (e.g.
Liu et al., 2024) is that the cloud goes from supercritical (i.e. gravity dominated)
to equilibrium or even slightly subcritical instead of going from subcritical to super
critical with column density. This difference probably arises by properly taking the
cloud geometry into account and also including the surface pressure terms.

5.2 C¥0O depletion

As mentioned in Section 1.3.1, Entekhabi et al. (2022) computed abundances for
several different molecules towards ten regions of cloud C. These regions can be seen
in Figure 5.1, overlaid on the depletion map of the left panel of Figure 4.15. Since
one of the molecules studied was C'80, depletion factors can be computed from their
abundances and compared to what is found in this work.

The depletion factor was computed towards the ten regions by extracting average
spectra to compute the observed column density of C**Q. Firstly, the velocity range
70—85 km /s was used, matching what was used to construct the depletion maps. The
results of these calculations can be seen compared to the depletion factors computed
from the abundances of Entekhabi et al. (2022) in the left panel of Figure 5.2. It can
be seen that the depletion factors from this work (fp(L)) are, in general, slightly
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higher than those of Entekhabi et al. (2022) (fp(E)), with values ranging between
~ 5 and 13. However, Entekhabi et al. (2022) used the range 77 — 82 km/s in
their abundance calculations. Thus, in order to get a more fair comparison, the
depletion factors were computed using this velocity range as well. The effect of this
was increasing the depletion factors further to ~ 8 — 20, now always being higher
than those of Entekhabi et al. (2022). An explanation for this difference might be
that different telescopes were used for the C'80 observations, with this work using
GBT, while Entekhabi et al. (2022) used IRAM. One should note that some of the
values of fp towards these ten regions are larger than any of the values found within
the depletion maps. This shows that the order in which averaging is done, that is
using average spectra and mass surface density versus averaging already computed
depletion factors, can have a large impact on the results.
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Figure 5.1: Ten regions studied by Entekhabi et al. (2022) (red circles) overlaid
on the depletion map of the left panel of Figure 4.15.
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Figure 5.2: Comparisons between the depletion factors derived in this work (fp (L))
and those derived from the abundances of Entekhabi et al. (2022) (fp(FE)). The left
panel has fp(L) computed from the velocity range 70 — 85 km/s, while in the right
panel it is instead computed from the range 77 — 82 km /s, matching the range used
in Entekhabi et al. (2022).
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5.3 Conclusions and future outlooks

In this work, a filamentary virial analysis following Fiege & Pudritz (2000) has been
conducted, including contributions from magnetic fields and surface terms, along
the main filament of IRDC G28.37+0.07. The main findings of this analysis are as
follows: The virial state of the cloud seems to change from supercritical to close to
equilibrium from the outer to the inner filament, which seems to be in opposition to
what has been found in previous studies. Magnetic fields are dynamically important
in setting the initial conditions for massive star and star cluster formation. It is
important to take surface terms into account when assessing the virial state of these
kinds of structures. These overall findings might point slightly towards massive star
formation occurring in equilibrium conditions.

Also as a part of this work, the state of C'*O depletion was studied. The re-
sults of the depletion maps point towards C!*O being highly depleted across the
cloud, with depletion factors generally > 3, and with values upwards of 10 in cer-
tain regions. Comparisons were also made for ten regions studied by Entekhabi
et al. (2022). This work generally finds higher values of the depletion factor than
Entekhabi et al. (2022), possibly stemming from different telescope being used to
observe the molecular line emission. All of these results point towards C*O being
highly depleted, and this should be taken into account when conducting further
studies.

In order to get an even better understanding of the importance of magnetic fields
in the process of massive star formation, similar analysis to what gthas been done
in this work is planned for more clouds in the POLIMAP survey. Among these are
Clouds F and H, which, as mentioned previously, have been studied by Hernandez
et al. (2011a) and Hernandez et al. (2012). With the inclusion of magnetic terms, it
will be interesting to see how the results will differ from those previously obtained.
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Additional table and figures

Table A.1 summarizes all the quantities for the filamentary virial analysis.

Table A.1: Values for the different quantities. The first row for each quantity
is without envelope subtraction, while second and third rows show envelope sub-
tracted quantities (Without brackets: only ¥ subtracted. With brackets: spectra
also subtracted.). For the magnetic energies per unit length, the first and second
rows are without and with the surface term respectively. The last column shows a
total (either sum or mean) of the 14 strips.

Inner filament

Cloud property I, 2 3 5 7, 10, 11 12, 13
S.(N) (g/en?) | 0.1784 0.1619 0.1781 03125 05504 0.2168 0.1077 0.1574 0.1143
£.(S) (g/em?) | 0.3122 0.2141 0.1875 0.1549 0.1652 0.2106 02796 0.2468 0.207
Son (g/cm?) 0.3291 0.3847 0.4333 0.5048 0.404 0.4085 04419 0.4706 03938
S, (g/cm?) 01711 0.17: 0.1485 0.1581 0.205 0.2289 0.1938 0.1541
S (gfem?) 0.3291 0.43: 0.5048 0.404 0.4085 0.4419 0.4706 03938
0.1653 0.3626 0.2523 0.2563 02123 0.2228 0.2851 0.2483
1040 902.8 962.9 1447 1246 1391 1178 4
1000 1534 1228 1472 1241 1343 1430
502.2 1102 766.8 779 645.3 677 866.3
my (Mo /pe) 1985 3045 2437 2021 2464 2665 2838
996.8 2187 1522 1546 1281 1344
My (Mo/pe) | 2539 2480 2302 2705 2615 2008
[4215] 3359] 3028] [4654] [2203) [2474]
vy (km/s) 78.7 78.75 78.88 78.71 785 78.84
78.31] [78.4] [78.11] 78.08] [77.5] [78.85]
v (km/s) 78.63 78.85 78.98 787 7875 7853
oy (km/s) 2342 2314 2417 2377 2129
3.011) [2.688) 3.164) [2.176) [2.306]
o, (km/s) 2476 2437 2574 2,546 2,496
oy (Mg /pe?) 1195 1833 1758 1483 1604
1317 930.6 1263 770.9 808.9
350.5 576.4 510.1 196.1 554
9 6.465-9 | 6.643-9 | 5.309e-9 9 | 76119 | 5.669e9 | 4.921e-9
2.227¢-9 4.772e 3.9460-9 3.68¢9 | 48189 | 2.947e-0 | 2481e9 :
3.681e-9] 6.695¢-9] 6. 5.7540-9] (6.304e-0] | [7.032¢-9] | [2471e-9] | [2.912e-9) . 4.969¢-9] [5.041e-9]
Py (ergfem®) | 1.719e-9 1.671e-9 L4d45e-9 | 11559 258500 | 22609 | 2.177e9 | 2.337e-9 1.66-9 1.226e-9 1.782e-9
By (mG) 0.7488 0.7966 08184 0.7401 06494 0.6144 0.6435 0.8336 0.9689 1.042 1.214 0.8241
B (mG?) 0.5821 0.6649 0.7185 0.568 04388 0.3723 0.3308 0.4271 0.719 0.9985 1125 1.516 0.7404
W (erg/em) | -1.002¢429 | -1.4920+29 | -1.892¢+29 | -1.779e+29 | -2.57e+29 | -2.211e+29 | -1.645¢+29 | -2.3650+29 | -3.047¢+29 | -1.6830+29 | -1.969¢+29 | -2.2330+29 | -1.58¢+29 | -1.007e+29 | -1.897e+29
de+28 | -4.537c+28 | -7.0060+28 | -6.022¢-+28 | -1.3260+29 | -1.221e+29 | -6.419¢+28 | -6.625¢+28 | -1.221+29 | -4.546e-+28 | -5.005¢+28 | -8.1930+28 | -6.217¢+28 | -3.16e-+28 | -7.018¢+28
M (crg/em) | 1.317¢+29 | 1.008c+29 | 3.530c+28 | 1.866c+28 | 1.250c+28 | 7.18¢+27 | 1.943c+28 | 3.11e+28 | 8.507c+28 | 3.135c+29 | 4.57c+20 | 3.523¢+29 | 3.676c+20 | 2.465¢+29 | 1.557c+29
8.777c+28 | 6.5120+28 | 2.502¢+28 | 2.6020+25 | 2.97c+26 | -1.378c+28 | -6.741c+28 | -4.563c+28 | -6.266¢+27 | 1.476c+29 | 2.721c+29 | 2.3920+29 | 2.903¢+29 | 2.128¢+29 | 8.622c+28
Outer filament
Cloud property 1, 3% 1 5, 7o 3, 9, 10, 11,
T.N) (g/cu?) | 0.1845 0.1061 0.2078 02758 02018 0.126 0.00809 | 0.08054 | 0.08511
5.(S) (g/cm?) | 0 01729 0.1547 0.102 0.08399 0.1059 0.113 0.1263 0.1478
Son (g/cm?) 0 0.287 0.3053 0.4069 0.4043 0.3736 0.3853 0.3112 0.3481
S, (g/cm?) 0.1873 0.1417 0.184 0.1918 0.1178 0.1072 0.105 0.1183
S (gfem?) 0.2734 0.287 0.3053 0.4069 0.3736 0.3853 03112 0.3481
0.08039 0.141 0.1157 0.2092 0.267 0.2522 0.2749 0203 02262
M, (M) 1708 1291 1678 1749 1403 1074 976.9 957.3 1078
My (M) 1662 1744 1855 2473 2587 2270 2342 1891 2116 1453 2.8360-+4
488.6 856.9 702.9 1272 1623 1533 1671 1234 1375 760.3 1.6160+4
my (Mo/pc) 3208 3462 3683 1908 5134 4506 4648 3754 1199 ’ 1020
969.7 1701 1395 2524 3043 3316 2729 5 2291
many (Mo/pe) | 2595 2897 3033 2892 2845 2617
[2420] 3115 3209] [3470] [3483] [2816]
vy (km/s) 78.73 78.63 78.57 78.68 78.62 78.71
78.81] [78.67) [78.26] 78.34] [78.36 78.50]
v, (km/s) 78.67 7855 78.59 78.81 78.67 78.71
oy (km/s) 2368 2,501 2,559 2.357 2499 2479 2374
[2:281) [2.588) [2.627) 2:302) 2.732) [2.737) 2.456]
o, (km/s) 2576 2,573 2716 2,502 2503 2,466 2505
oy (Mg /pe?) 196.3 520.9 551.2 738.6 678.1 699.4 605
145.9 255.9 209.9 379.8 4579 499 344.7
pe (Mo /pc?) 408.1 307 308.6 400.9 417.9 335.2 256.5 233.4 303.1
(P) (erg/em®) | 1.883e-9 | 2015¢9 | 2.206e-9 | 2457¢9 | 2.778¢-9 | 2.706¢-9 2.867¢-9 | 2.909¢-9 . 1.343¢9 | 2317¢9
Te-10 | 9.161e-10 | 1.084e-9 | 9.307e-10 | 1428¢9 | 1.698e-9 193609 | 2076e-9 | 1. 7.0290-10 | 1.317e-9
9¢-10] | [8.393¢-10] | [1.16e-0] | [9.806e-10] | [1.362e-9] | [1.701e-9] [2312e-0] | [253e-0] | [L515e-9] | [1515e-9] 9.583¢-10] | [1.424e-9]
Py (ergfem®) | 18320 | 1484e-9 | 1383e-0 | 2.00le-9 1.9¢-9 1.381e-9 LOSRe-9 | 960510 | 1.051e0 | 1.169e9 | 1.193e-0 | 8 7.4090-10 | 1.306e-0
By (mCG) 0.606 0.595 0.5011 0.6443 0.6043 05580 0.5719 5687 0.6637 0.766 0.8012 0.8796 0.7263 0.6562
B} (mG?) 0.4139 0.4133 0.4163 0.4863 0.3082 03354 0.3332 99 0.4927 0.676 0.7419 09478 0.6467 0.5042
W (erg/em) | -3.015¢429 | -2.8640-+29 | -3.321+29 | -3.750¢+29 | -6.677¢+29 | -7.305¢-+29 -5.628¢+29 | -5.988¢+29 | -3.905¢+29 | -4.887¢+20 | -4.861c+29 | -3.446¢+20 | -2.306e+29 | -4.611e+29
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Figures A.1, A.2, and A.3 show the three remaining continuum peaks considered
in the radial profile offset analysis. Layout of the panels is the same as in Figure 3.3.
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Figure A.1: As Figure 3.3, but for continuum peak 2, and with integration interval
77.5—78.5 km/s.

IT



A. Additional table and figures

Intensity [Jy/beam] I [Jy/beam-km/s]
0.000 0.002 0.004 0.006 0.008 0010 0.012 0.00 0.05 0.10 0.15 0.20 0.25 0.30

0.061°

0.060°

5 0.059°

0.058°

0.057°

28.350° 28.348° 28.346° 28.350° 28.348° 28.346°

1(°) L")

I [Kkm/s] I [Jy/beam-km/s]
1.4 1.6

1.0 1.2 1.8 2.0 -0.025 0.000 0.025 0.050 0.075 0.100 0.125 0.150

0.061°

0.060°

2 0.059°

0.058°

0.057°

28.350° 28.348° 28.346° 28.350° 28.348° 28.346°

1(°) 1(?)

Figure A.2: As Figure 3.3, but for continuum peak 3, and with integration interval
77.5 — 78.9 km/s.
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Figure A.3: As Figure 3.3, but for continuum peak 4, and with integration interval
78.6 — 79.2 km/s.
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