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Gas Flows in a Prototypical Galactic- Scale Filament
NICKLAS BRODIN
Department of Space, Earth and Environment
Chalmers University of Technology

Abstract
The study of the filamentary interstellar medium (ISM) is crucial for understanding
both star formation and galactic evolution. Filamentary structures that exceed 100
parsecs present optimal conditions for studying the formation of stars, star clusters,
and large-scale dynamical filamentary evolution. The work presented in this thesis
mainly utilized molecular line transitions observed with the Atacama Large Millime-
ter Array (ALMA) to analyze the gas kinematics of the prototypical galactic-scale
filament Nessie. We describe the kinematic properties of the filaments traced by
the HNC and N2H+ molecules from 100-parsec to sub-parsec scales. The general
structure of the Nessie filament was shown to extend even further than established
in prior studies, yet remains a single coherent structure. There were also clear signs
of large-scale velocity gradients indicating galactic-scale interactions with the fila-
ment. We further quantify the velocity gradients along the main spline tracing the
filamentary structure to estimate the mass flows onto parsec-scale gravitationally
collapsing clumps. These were characterized by a directional flip of the mass flow
direction along the spline associated with a local density peak. Using these sig-
natures, we propose 11 candidates for such clumps and estimate the mass inflow
rates toward them. The resulting mass flows showed consistency with evolution-
ary timescales of these clumps. This clearly demonstrates that Nessie is a highly
dynamic environment, rich in potential sites for star formation.

Keywords: ISM, filaments, Nessie.
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1
Introduction

To provide the necessary foundation for the concepts, theories, and models in this
thesis, this chapter provides an overview of the ISM, star-forming environments,
and the filamentary nature of the medium. This chapter will also highlight the
main objectives of the thesis.

1.1 Star formation and the filamentary ISM
To study how stars form, one has to look at the environment in which they are born.
This has opened up the vast field of study into the region of space between stars,
called the interstellar medium (ISM). This region is mostly dominated by hydrogen,
which is left over from the formation of the Milky Way. Compared to the number
density in the Earth’s atmosphere, which is of the order of magnitude n = 1019

molecules per cubic centimeter, the ISM is much more diffuse with number densi-
ties ranging from 1 to 105 molecules per cubic centimeter (Draine 2011; Rathborne
et al. 2010). Despite the lower densities, the medium is still very dynamic and is
affected by various instabilities and compressions to form larger structures. In the
density wave theory of spiral galaxies, gas is compressed in certain regions as it
passes through the spiral arms of the galaxy (Vogel et al. 1988). An increase in local
surface density lowers the Toomre stability parameter, which is a measure of the
stability of a rotating disk, and results in the fragmentation of parts of the spiral
arms (Toomre 1964; Comins et al. 1997). The regions can be further compressed due
to the influence of shear forces from galactic rotation and stellar feedback, resulting
in the formation of self-gravitating structures called molecular clouds.

These clouds remain coherent and self-gravitating due to the balance between ki-
netic and gravitational potential energy, known as virial equipartition. In this state,
internal kinetic energy is not sufficient to disperse the clouds, but self-gravity is not
sufficiently large to trigger a gravitational collapse. However, shock waves through
the interstellar medium cause the molecular clouds to compress, resulting in the for-
mation of local overdensities which form filamentary structures, typically referred
to as filaments. The filaments are characterized by high number densities up to
105 cm−3, cold temperatures close to 10 K, and elongated morphologies (Rathborne
et al. 2010).

One of the earliest studies of these types of structures was made by Schneider et al.
(1979) in which several molecular filaments were observed and cataloged. The moti-
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1. Introduction

vational push to study filaments was threefold: the first was to study the evolution
of very large and complex cloud structures; the second was to use the filaments to
examine the magnetic field orientation by measuring the polarization of light; and
the third, and most significant in the context of this thesis, was to investigate the
signs of fragmentation into smaller structures where star formation could occur.

With the launch of the infrared space telescope Herschel Space Observatory, studies
have shown that the entire ISM is intrinsically filamentary (André et al. 2010). Given
the ubiquity of filamentary structures, they will exhibit vastly different properties
depending on their environments, such as densities, scales, and geometries. There
have been attempts to classify the vast amount of filaments into different categories,
so-called "families" depending on their properties and morphologies (Hacar et al.
2023). Among the absolute largest types of filaments are the "Giant Filaments",
which have typical lengths of 32 pc to 83 pc (Ragan et al. 2014; Abreu-Vicente et al.
2016; Zucker et al. 2015) but can potentially be up to 2 kpc (Veena et al. 2021).
These filaments are characteristically found to be very dense structures, tracing the
spiral arms of galaxies, including the Milky Way. These observations have caused
this type of filament to sometimes be referred to as "bones", or "spines" of the galaxy
(Goodman et al. 2014).

Due to their high density, several of these filamentary structures are observed as
high opacity shadows against the bright galactic mid-plane in the mid-infrared wave-
lengths at 8 µm (Draine 2011; Rathborne et al. 2010). It is from this property that
these filaments are referred to as infrared dark clouds (IRDCs). The most common
way to observe these clouds is to use optically thin molecular line transitions, which
are able to observe the interior of the regions. In studies examining the interiors of
clouds, it has been shown that local overdensities of matter are strongly associated
with the formation of young stellar objects (André et al. 2010). These objects form
in regions where the virial equipartition is perturbed, causing parts of the molecular
clouds to collapse gravitationally.

Most studies of filaments and their interior structure highlight that there are several
aspects that are still open questions. This includes the formation of filaments,
how filaments behave kinematically on large scales, the processes of filamentary
fragmentation, how clumps and cores are formed, and the star formation rate within
these structures. Several studies have made progress in providing insights into these
aspects, but further observational studies of filaments are needed to fully explain
their nature. This motivates the need for more observational studies of known
filaments in the Milky Way.

1.2 Objectives of the thesis
This thesis will address some of the open questions regarding filaments, primarily
to study the kinematics on both large and small scales, and the fragmentation of
the filament into clumps. To do this, the aim is to study the prototypical giant
filament Nessie and characterize the dynamics across the entire structure. The
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1. Introduction

main goals of this thesis can therefore be summarized into two parts. The first
is to study the kinematic structure and velocity gradients of the entire filament.
This will involve utilizing the molecular line transitions of HNC and N2H+ and
kinematic analysis tools such as moment maps, Gaussian decomposition of spectra,
and velocity gradient estimation. The second part is to study the mass flows along
the filament on parsec-scales to possibly identify regions of significant mass inflows
or outflows. By combining velocity gradient maps generated from the first part with
column density maps, mass flows along the filamentary structure can be examined.
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2
Theory

To provide a framework for interpreting the results provided in this thesis, it is nec-
essary to establish the underlying physical processes that govern the filaments. This
chapter will provide the theoretical background and examples of simple models used
to study the stability of filaments, their dynamical evolution through fragmentation
and collapse. It will also include information on how molecular line emissions are
used to trace the kinematic structures of the diffuse and dense parts of filaments.

2.1 Simple models of filamentary gas structures
Because of the complex geometries and inhomogeneous behavior of the ISM, fila-
ments are difficult to fully explain using analytical mathematical models. However,
there have been studies that use specific idealized cases to study how certain config-
urations and properties affect the stability and evolution of filaments. The simplest
model of a filamentary molecular cloud was proposed by Ostriker (1964) as self-
gravitating, infinitely long cylinders of gas and dust. In this model, the cylinder is
assumed to be an isothermal polytrope in hydrostatic equilibrium. This means the
entire filament has a constant temperature, and the internal pressure of the cylinder
depends only on the density, which balances the pressure from gravity. From this,
they were able to derive a profile for the mass per unit length contained within a
radius of the filament. The resulting profile can be expressed as (Ostriker 1964;
Tomisaka 2014)

m(r) = 2c2
s

G
· r2/8H2

1 + r2

8H2

, (2.1)

where cs is the thermal velocity dispersion and H is the scale height of the filament,
defined as H = cs/

√
4πGρc for a central density ρc. The mass per unit length m

is a characteristic property of filaments which is referred to as the line mass. The
line mass has a finite value as the radius extends to infinity, which is interpreted
as a critical limit where the support of thermal pressure counteracts gravitational
pressure. This limit is defined as the critical line mass, which is expressed as

mcrit = 2c2
s

G
= 2kBT

µm0G
. (2.2)

In the molecular clouds of the ISM, assuming T = 10 K, this value becomes approx-
imately Mcrit = 16.6 M⊙pc−1 (Hacar et al. 2023). For a given filament, if the line
mass is greater than the critical line mass, the filament is said to be supercritical,
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2. Theory

and should therefore undergo self-induced gravitational collapse.

In observations of filaments since the model put forward by Ostriker (1964), it has
been shown that many filamentary clouds exist with line masses that exceed the
critical line mass. One explanation for the observed behavior is that the definition
of criticality does not account for non-thermal contributions to the internal pressure
support of the filamentary structure. To account for the non-thermal contributions
of velocity dispersions, which provide support for the filament, the total velocity
dispersion is defined as

σ2
tot = σ2

nt + c2
s (2.3)

where σnt is the non-thermal velocity dispersion. From this, the total Mach number
can be defined as

M = σtot

cs

, (2.4)

to measure if the region of the filament is supersonic or subsonic, corresponding to
M > 1 or M < 1. The total velocity dispersion is used to replace cs in equation 2.2
from which the virial line mass is obtained (Hacar et al. 2023).

The virial line mass still does not account for all factors that can further affect the
stability of the filament, such as magnetic fields. Magnetic fields have been known
to affect the critical line mass of the filament depending on the geometry of the mag-
netic fields (Stodólkiewicz 1963). If the fields are parallel to the length of a straight
filament, the critical line mass is increased, indicating that it provides structural
support for the filament (Fiege et al. 2000). In the case where a filament is oriented
as a toroidal structure, magnetic field lines oriented in an azimuthal direction along
the filament arc will reduce the stability. This geometry will force matter into denser
regions, which will, alongside gravity, contribute to the critical line mass (Fiege et
al. 2000; Tomisaka 2014). Since filaments can assume many complex shapes and
sizes, the geometry and orientation of magnetic fields can affect the stability of the
filaments.

It is worth mentioning that several factors can affect the profiles and stability of
filaments in several ways besides velocity dispersion and magnetic fields. The effects
of external pressure have been studied by Fischera et al. (2012) who found that an
infinite cylinder confined by an external pressure from the surrounding medium will
not affect the critical line mass. However, the radial profile of the cylinder itself
will become smaller and denser with an increase in external pressure. The external
pressure can be further increased from the accretion of free-falling material onto
the filament, inducing a ram-pressure (Heitsch 2013). The external pressure will
compress the filament, making it more prone to perturbations that could induce
gravitational collapse.

Idealized filaments are useful starting points to study properties such as density
profiles and stability. However, even the most complex models will fail to capture
the intrinsic dynamical behavior of real filaments. Static models can only provide
some insight into the true nature of the filaments, but they fail to fully explain
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2. Theory

the physical processes observed in filaments. The dynamical properties of filaments
are not fully understood with the current models, but several works have provided
frameworks to explain their dynamical nature.

2.2 Gravitational collapse and fragmentation
Much like the hydrostatic models of filamentary gas structures, dynamical models
are difficult to analytically construct to yield a full description of the filaments. To
study certain dynamical properties, many models need to be considered in simplified
cases. Most studies, in particular, study the fragmentation of filaments. This refers
to how filamentary structures will form separate substructures and overdensities.
Ostriker (1964) showed that a filament can remain in hydrostatic equilibrium by
just thermal support up to the critical line mass, but once a filament is supercriti-
cal, the fragmentation and collapse can be initiated in several ways.

The infinite cylinder model proposed by Ostriker (1964), henceforth referred to as
Ostriker filaments, that vastly exceeds the critical line mass, tends to collapse into
a dense spindle (Bastien 1983; Inutsuka et al. 1992). However, there are certain
initial conditions and regimes for filaments for which the collapse will lead to the
fragmentation into one or more overdensities. When considering a filament of finite
length, Bastien (1983) showed that filaments that are close to criticality will have
non-negligible edge effects. From numerical simulations, it was shown that these
filaments will form two subcondensations, which will then undergo two types of col-
lapse. In one case, the subcondensations will sweep up material along the axis and
collapse the entire filament into the central region. The other case for more massive
filaments will result in the subcondensations having a faster timescale for collapse
than the global collapse of the entire filament. This results in the subcondensations
evolving more rapidly and causing the filament to fragment into two distinct regions.

This fragmentation of filaments has also been studied using perturbation theory.
Inutsuka et al. (1992) used this to show that if the Ostriker filament has a line mass
that is close to the critical line mass, perturbations tend to grow exponentially,
causing the filament to fragment. What separates this result from the findings of
Bastien (1983) is the effects that axisymmetric perturbations have on the fragmen-
tation process. For a filament with a diameter of λ, the perturbations with Fourier
components corresponding to a wavelength greater than 2λ will cause a periodic
fragmentation (Inutsuka et al. 1992; Inutsuka et al. 1997). In this case, the filament
will form denser clumps as a consequence of the fragmentation, with a characteristic
periodic spacing of 4λ. This is sometimes referred to in literature as a "sausage"
instability, due to the similarities between it and a chain of sausages.

Works focusing on numerical simulations of filaments with different types of initial
conditions have found that periodic instabilities can occur in a number of ways.
Gritschneder et al. (2017) studied how an oscillatory filamentary geometry will re-
sult in the formation of cores at twice the frequency of the geometric perturbation.
If instead there is a periodic density profile of a straight filament, the cores appear
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2. Theory

at the maxima of the density profile, with the same wavelength (Clarke 2016). The
periodic formation of denser regions can therefore be attributed to several processes.

The denser regions formed from fragmentation will accrete matter and eventually
undergo a gravitational collapse into protostars, where the thermal support is in-
sufficient to compensate for the gravitational pressure. This limit is characterized
by the Jeans instability criterion, where a small perturbation to an approximately
homogeneous region of gas will cause the instability to undergo exponential collapse
(Jeans 1902). This expression can be summarized in the Jeans mass corresponding
to the instability criterion (Draine 2011)

MJ = 1
8

(
πkBT

Gµ

)3/2 1
ρ

1/2
0

= 0.32M⊙

(
T

10K

)3/2(mH

µ

)3/2(106cm−3

nH

)1/2

. (2.5)

There are two factors that are of particular interest, which are the number den-
sity of hydrogen nH and the temperature of the cloud T . This means that for lower
temperatures and higher densities, molecular clouds are more likely to undergo grav-
itational collapse. This makes the colder and denser phases of the ISM, such as the
molecular clouds, very suitable for star formation.

The fragmentation of filaments shares several aspects with the Jeans instability. The
derivation is made essentially in the same way, and the Jeans mass is equivalent to
the critical line mass. Once the mass of a region in a cloud exceeds the Jeans mass,
the region will undergo self-gravitational collapse in a free-fall timescale, which is
expressed as (Draine 2011)

τff =
√

3π

32Gρ
, (2.6)

for a density ρ. Once a spatially varying "sausage-type" perturbation has grown,
this will lead to the formation of denser cores along the filament. The cores will
accrete nearby material, which will have a near-free-fall collapse into the region and
cause the filament to fragment.

2.3 Molecular line emission
One challenge in observing regions of the ISM is to study objects and structures
that are dark in most observed wavelengths. However, these objects still emit ra-
diation in very specific wavelengths. In this section, the fundamental principles of
molecular line transitions and the observational principles utilizing them are going
to be presented.

2.3.1 Excitation and line emission
The observations in radio wavelengths correspond to molecular transitions where an
atom or molecule emits energy after being excited to a higher energy level. Since
most of the ISM is cool, not all energy levels of molecules are commonly populated.
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2. Theory

The levels most easily populated correspond to the lower energies, often associated
with rotational excitations. The angular momentum of molecules is quantized, which
results in the rotational kinetic energy levels of a diatomic model obeying the relation
(Draine 2011)

EJ = ℏ2

2mrr2
0
J(J + 1). (2.7)

In this expression, mr is the reduced mass of the atoms, r0 is the separation of the
two nuclei, and J is the quantized rotational number. Thus, the energy difference
between levels J and J − 1 is

∆EJ→J−1 = ℏ2

mrr2
0
J. (2.8)

This energy will be emitted as radiation with characteristic frequency hν = ∆EJ→J−1.
The expression can be further extended to include the rotational energy levels of
linear molecules used in probing the ISM, such as HNC and N2H+, that have more
than two nuclei.

2.3.2 Effective excitation density
To probe the denser and colder parts of the interstellar medium, one has to use
molecular transitions of heavier molecules as a proxy for the abundance of hydro-
gen. This is mostly because molecular hydrogen has no permanent electric dipole
and will therefore not radiate the excitation energy as often (Draine 2011). To use
heavier molecules as probes, there has to be a sufficient amount of that molecule
interacting with hydrogen for emissions to be detectable. This happens when the
collisions of the molecule with H2 dominate over radiative processes. The threshold
for when these two reactions are equal is called the critical density (Shirley 2015).
The abundance of collisions with H2 ensures that the molecular probes are in an
excited energy state, thus able to radiate away the energy which is observed.

The critical density is not identical for each molecule, since all molecules have differ-
ent collisional and radiative probabilities. This density is not only species-dependent
but also temperature-dependent. By observing molecular species with known criti-
cal densities for certain temperatures, one can quite accurately trace both the more
diffuse and denser regions of the ISM. The most common choice of molecular tran-
sition is usually CO (J=1-0), due to it being easily excited and usually having a
stable abundance ratio to molecular hydrogen. However, for the purpose of probing
the denser regions of the ISM, this molecular transition becomes less suitable for
two reasons. The first is because the molecule and its isotopologues become frozen
onto dust grains for higher densities relevant to prestellar cores (Bacmann et al.
2002). The second reason is that CO transitions are generally optically thick and
are not suitable for probing denser regions. In these regions, the molecular tran-
sitions of HNC (J=1-0) and N2H+ (J=1-0) are much better at tracing the structures.
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2. Theory

The molecular transition of HNC (J=1-0) is useful when tracing the cold and dense
regions of the ISM, due to having a high critical density and low rate of freeze-
out. When accounting for radiative trapping in regions, the effective excitation
density becomes a better measure of the densities at which the molecular transition
is observable. This measure is defined as the density required to observe 1 K kms−1

integrated intensity for the molecular line (Shirley 2015). For HNC (J=1-0), this
density is neff = 3.7 · 103 cm−3 at T = 10 K (Shirley 2015). This transition does
not have any hyperfine transitions, resulting in a single observed peak. For the even
denser regions of molecular clouds, the N2H+ (J=1-0) transition can be used since
it has a higher effective excitation density of neff = 1.0 · 104 cm−3 at T = 10 K
(Shirley 2015). When observing the transition, three peaks are detected closely
together (Green et al. 1974). These peaks appear due to the hyperfine structure of
the molecule, which results in seven peaks in total (four of them being very small in
comparison), grouped in three, resulting in a triplet transition (Fehér et al. 2024).
By using molecular transitions such as this, it becomes possible to study the internal
dynamics of regions such as molecular clouds.

2.4 Molecular lines as probe of gas kinematics
Molecular line transitions are useful probes to examine the kinematic structure of
the clouds in several ways. The main way to estimate kinematics is by examining
the Doppler shift

vlos = c
(ν0 − ν)

ν0
(2.9)

of the observed line frequency ν relative to the rest frequency ν0 of the observed
transition on Earth. The magnitude of the Doppler shift is a measure of the veloc-
ity of the object in the line-of-sight (LOS) of the observer. This makes it possible to
observe the kinematic velocity of the entire filament and local gas movements within
the structure, to identify fragmentation and potential mass inflows and outflows.

Using the Doppler-shifted line transitions, it has been possible to determine the
velocities of molecular clouds in the Milky Way. This resulted in the findings that the
rotational velocities of objects further out from the galactic center are independent of
the radius. This is more commonly known as the flat rotation curve. Since Doppler
shifts are used to observe the kinematics of objects, only the velocity component
in the line-of-sight is actually observed. Using geometrical relations, the detected
line-of-sight velocity for a given galactic longitude l and latitude b can be expressed
as (Levine et al. 2008)

Vlos = V0

(
R0

R
− 1

)
sin(l) cos(b). (2.10)

In this equation, V0 is the tangential velocity, which is approximately 220 kms−1,
the distance from the Earth to the galactic center is approximately R0 = 8.5 kpc,
and R is the distance between the center and the observed object.
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2. Theory

Once the global velocity of an object is corrected for, local velocity variations within
the structure can be observed. Since objects can have separate substructures with
slightly different velocities, this would result in the Gaussian shape of the line being
Doppler shifted for each substructure. The observed spectra would be a superposi-
tion of all the components combined. It is thus possible to detect multiple kinematic
components for an observation of a single molecular line in a frequency window. The
mean velocity of a Gaussian component is often referred to as the centroid velocity.
Due to internal kinematics such as thermal velocity dispersion and turbulence, the
observed line gets broadened, resulting in each Gaussian component potentially hav-
ing a different width. This is referred to as the observed line width of the transition.
Since multiple processes can contribute to the broadening of the line, it is not always
possible to determine the origin of the broadening.

The kinematic properties in observed molecular lines provide a very direct way to
observe the dynamical processes within the filaments. For example, observations of
gravitational core collapse are made possible through the use of line-of-sight velocity
shifts of molecular line transitions. In ideal conditions, the total energy of a mass m
in free-fall towards a core with mass M will be conserved. The gravitational potential
energy would be converted to kinetic energy with a radial velocity vr according to

Ekin + Egrav = 0,

mv2
r

2 − GMm

r
= 0,

vr =
√

2GM

r
∝ 1√

r
.

(2.11)

The gas will, in this case, be accelerated asymptotically towards the core propor-
tional to the inverse of the square root of the radial distance r. For this to be
observed, an inclination of the filament is required with respect to the line-of-sight
of the observer to detect the redshifts and blueshifts. A face-on orientation will yield
no observable Doppler shifts in the line of sight. Since observations are smoothed
due to the point spread function, or synthesized beam for observations with in-
terferometers, the singularity at r → 0 is observed as a sign-flip of the line-of-sight
velocity. This sign-flip would be aligned with a local density maximum as illustrated
in Figure 2.1.
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2. Theory

Figure 2.1: The figure illustrates the idealized model and results of filamentary
fragmentation in IRDC L1517. Figure (a) illustrates a toy model of the observed
density distribution and line-of-sight velocity difference due to gravitational collapse.
Figures (b) and (c) compare the observed fluxes and line-of-sight velocity data with
the expected sinusoidal patterns. Reproduced from (Hacar et al. 2011) with permis-
sion from Alvaro Hacar.
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3
Observational data and methods

This chapter will provide relevant information about the Nessie filament from lit-
erature and an overview of the data reduction process of the ALMA observations.
The latter part of the chapter will describe the methods utilized in the analysis of
the data.

3.1 Nessie
Nessie is a filamentary IRDC located at approximately the galactic longitude of
l = 338◦. In the first study of the filament by Jackson et al. (2010), the kinematic
distance to the filament was estimated to be approximately 3.1 kpc, using the flat
rotation curve for the Milky Way. Due to the kinematic redshift of the filament and
its contiguous structure, it is assumed to be tracing the Scutum–Centaurus Arm of
the Milky Way (Goodman et al. 2014). Using an alternate method of deriving dis-
tance independent of the kinematics of the filament, Mattern et al. (2018) estimated
the distance to Nessie using stellar population models and interstellar extinction,
which resulted in a distance of 3.5 ± 0.5 kpc (Mattern et al. 2018).

More extensive studies of the part of the filament that was originally referred to as
Nessie, stretching between l = 338◦ to l = 339.1◦, have later been redefined to be
called Nessie "Classic". This was necessary due to more recent studies showing that
the structure can be extended on both sides to include more that potentially be-
long to the same filament. This has resulted in this being called Nessie "Extended",
which spans longitudes from approximately l = 337.15◦ to l = 339.55◦. (Goodman
et al. 2014). The approximate regions corresponding to Nessie "Classic" and Nessie
"Extended" are illustrated in Figure 3.1. A further extended structure has also
been proposed to stretch up to 8◦ in length, labeled Nessie "Optimistic" (Goodman
et al. 2014). The range covering Nessie "Optimistic" will not be covered in this thesis.

The structure of the entire Nessie filament exhibits several substantial changes along
its longitudinal length. There are at least 3 notable HII bubbles at l = 337.6◦,
l = 338◦, and l = 339.15◦ (Churchwell et al. 2006; Simpson 2012). These bubbles
are proposed to be remnants of evolved stars which then interact with the interstellar
medium (Simpson 2012). These are labeled in Figure 3.1 as B1, B2, and B3, and will
be referred to accordingly. The filament has also been identified to harbor several
regions of brighter emissions dubbed as cores, which have been proposed as being
star-forming regions (Jackson et al. 2010; Contreras et al. 2016). A set of cores from
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Figure 3.1: The image is a three-color image of the Nessie filament. The white
rectangle indicates the region referred to as Nessie "Classic" and the blue rectan-
gle indicates the Nessie "Extended" region (Goodman et al. 2014). The three HII
bubbles are labeled B1, B2, and B3 from left to right, corresponding to the galac-
tic longitudes l = 339.15◦, l = 338◦, and l = 337.6◦. The image was cropped,
and annotations were added from the original available from the Harvard Dataverse
(Replication data for: High-Resolution Spitzer Image of Nessie IRDC 2013), under
CC0 1.0.

l = 339.054◦ to l = 337.891◦ has been identified to have mean separations of 3.2 pc,
which is in accordance with periodic "sausage" instabilities (Contreras et al. 2016).
Further studies have estimated the star formation rate (SFR) based on the number
of young stellar objects to be SFR = 371 M⊙Myr−1 (Mattern et al. 2018). The
dynamic and star-forming nature of the Nessie filament motivates further studies of
the mass flows and gas kinematics of the filament.

3.2 Observational data
This thesis utilized several datasets observed with the Atacama Large Millimeter
Array (ALMA) interferometer, the Spitzer Space Telescope, and the Visible and
Infrared Survey Telescope for Astronomy (VISTA). This section will briefly explain
how the datasets were produced, along with some of the algorithms used.

3.2.1 Observations with the ALMA interferometer
The observations of the Nessie filament were made using ALMA in Chile, using the
Atacama Compact Array (ACA). The ACA consists of twelve 7 m telescopes used
as an interferometer, arranged in a tight formation that is able to observe extended
sources. The array also has four 12 m telescopes used for single dish observations,
mainly to calibrate the total flux. Using this configuration, the array observed the
molecular transitions of HNC (J=1-0) at a frequency of 90.663568 GHz and N2H+

(J=1-0) at a frequency of 93.173764 GHz in Band 3 with both the ACA interferom-
eter and single dish telescopes. The mapping covered the entire Nessie "Extended"
region from l = 337.15◦to l = 339.55◦, and galactic latitudes from b = −0.32◦ to
b = −0.55◦. The mapping of the region was made in nine partially overlapping
mosaics covering the filamentary structure. These observations were made over the
span of approximately 7 months, from 2018-12-26 to 2019-07-14.
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During the data processing stage, the observed visibilities from the nine mosaics were
concatenated into a single measurement set. The image was cleaned to reduce the
influence of sidelobes using the tclean algorithm using the ALMA Pipeline (Hunter
et al. 2023). To account for missing total flux, the single dish observations were
combined with the cleaned images using the Model-assisted CLEAN plus Feather
Method (MACF) algorithm (Plunkett et al. 2023; Cortes et al. 2026). The result-
ing data cubes were produced with a synthesized beam full-width at half maximum
(FWHM) 26.277"×26.277" for HNC and 25.6"×25.6" for N2H+. The gridded data
had a pixel resolution of 13.6" per pixel. This data reduction was performed by As-
soc. Professor Alvaro Hacar from the Department of Astrophysics at the University
of Vienna.

The observational data of HNC and N2H+ were stored in data cubes with axes for
the galactic longitude l, galactic latitude b, and frequencies ν of each voxel (pixel
in 3D space) observed. The observed intensity of each voxel in the data cube will
be expressed as I(li,bj,νk), with units Jy/beam. When examining the data, it was
noted that not all of the hyperfine components of N2H+ were captured in the data
reduction for the final data cube. The most blueshifted peak of the three groupings
was cropped for l < 338◦. Due to this limitation, the main work in the thesis focused
on the HNC data and only used the N2H+ data in cases where only the central peak
is relevant.

3.2.2 Dust column density data
In addition to the molecular line observations with ALMA, an extinction map of the
Nessie "Extended" filament was used to estimate the mass distribution of the region
(Mattern et al. 2018). For this, we adopt a dataset of extinction data derived from
near-infrared and mid-infrared observations. The extinction map probed densities
between 1021 to 1023 cm−2 excluding the regions surrounding the B1, B2, and B3
bubbles, with a resolution of 2". To get a proper estimate for the column density
of molecular hydrogen in the datasets, the extinction to column density conversion
was calculated using the empirical relation (Mattern et al. 2018)

N(H2) = AV · 0.94 · 1021 cm−2mag−1. (3.1)

The column density map was smoothed to match the resolution of the ALMA ob-
servations and regridded to ensure the column density mapped onto the regions of
HNC data accurately. Only pixels where both the molecular line data and extinc-
tion data had defined values were considered in the analysis. All other pixels were
ignored.

3.3 Data analysis
In this section, the main principles of the methods used for data analysis are de-
scribed along with the underlying theory.
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3.3.1 Moment maps
A common way to analyze data cubes of molecular line transitions is to utilize
moment maps. These are useful due to their property of visualization of physically
interesting properties, such as centroid velocity and velocity dispersion. The overall
intensity at each spatial pixel was obtained by integrating the intensities over the
entire spectral range. This created the moment map of 0th order, which is defined
as

M0(x,y) =
∫

I(x,y,v) dv, (3.2)

for an intensity I(x,y,v) and kinematic velocity v. This intensity map visualizes the
regions of the observed object with higher emissions of the observed molecular line,
in units of Jy beam−1 kms−1.

It is common to convert this to a brightness temperature TB, which is the equivalent
power a perfect blackbody would emit. The brightness temperature for a given flux
density S(x,y,ν) and solid angle Ω, is calculated from a using the Rayleigh-Jeans
law

Tb = S(x,y,ν)
Ω

c2

2ν2kB

= S(x,y,ν)
beam︸ ︷︷ ︸

= I(x,y,ν)

beam

Ω︸ ︷︷ ︸
= 1/Ωbeam

c2

2ν2kB

= I(x,y,ν)
Ωbeam

c2

2ν2kB

. (3.3)

The quantity Ωbeam corresponds to the solid angle per observational beam, which
is approximated to be an ellipse with a major diameter θmaj and a minor diameter
θmin. From this, the solid angle per beam is expressed as1

Ωbeam = πθmajθmin

4 ln(2) . (3.4)

The moment 0 map in units K kms−1 can be expressed as

M0(x,y) =
∫

Tb(x,y,ν) dv =
∫ I(x,y,ν)

Ωbeam

c2

2ν2kB

dv =
∫ I(x,y,ν)

Ωbeam

c2

2ν2kB

c

ν0
dν. (3.5)

This expression is also used to calculate the higher-order moment maps, which
contain kinematic information about the observed region. These are calculated
using the following equations

M1(x,y) =
∫

vI(x,y,v) dv

M0(x,y) , (3.6)

and
MN≥2 =

∫
(v − M1(x,y))NI(x,y,v) dv

M0(x,y) . (3.7)

The highest order used for this work was N = 2. The moment 1 map corresponds
to the intensity-weighted mean of the velocities, which is used to highlight the line-
of-sight velocities. The moment 2 map is the intensity-weighted variance, which
traces the total velocity dispersion of the observed regions. To ensure a high level of
accuracy in the discretization of the equations described, the SpectralCube package
developed by Ginsburg et al. (2026) was used for the generation of the moment maps.

1This expression is derived from integrating an elliptical 2D Gaussian, where θmaj and θmin are
diameters at FWHM for the major and minor diameter.
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3.3.2 Gaussian decomposition using GaussPy+
To examine and isolate separate velocity components from the data cube without
any smoothing or interpolation, a Gaussian fitting routine was implemented for each
spatial pixel. The fully automatic Gaussian fitting package GaussPy+ (Riener et al.
2019) was used, which included some parameters for fine-tuning the fitting process.
For N2H+, the default parameters were used to ensure all hyperfine components were
captured in the fitting procedure. For the HNC observations, however, most spectra
should be fitted with very few Gaussians, but the default parameters in the package
often overfit the spectra with more Gaussians than necessary. This motivated the
change of some parameters, such as changing the signal-to-noise ratio (SNR) to be
snr=7 (default was 3) in order to ensure only high signal components were fitted.
The second modified parameter change was min_channels=30 (default was 100).
This reduced the minimum number of spectral channels expected to have a signal,
which reduced the number of fitted Gaussians to the spectra.

The Gaussian component with the largest amplitude for each spatial pixel was se-
lected to create maps of centroid velocities and line widths, referred to as maximal
amplitude component (MAC) maps. The interpretation of the resulting maps is
fundamentally different from moment maps, since moment maps inherently produce
weighted average values of the entire data cube, but MAC maps only trace the
strongest components at each pixel. In practice, this means the MAC maps can
trace the kinematics of the main velocity structure without factoring in separate,
smaller substructures. Since Nessie has a distinct main velocity structure, the MAC
maps would trace the kinematics of the main filamentary structure and make for
velocity maps without interference from noise or other regions. This allows for more
physically meaningful velocity maps to be computed more accurately.

3.3.3 Velocity Gradient Estimation
The quantitative values of how velocities change across some length are essential to
characterize the dynamic behavior of an object. Estimating velocity gradients at sev-
eral scales can provide valuable insights into the underlying physical processes. To
avoid interpolation errors contaminating the gradient maps, and to reduce spillover
effects from NaN-values, a scalable plane fitting algorithm was created and utilized.

The vertical height of any given position (x,y) for a plane is expressed as

v = Ax + By + C (3.8)

where A, B, C are coefficients of the plane. For a set of data points, this can be
generalized with vector notation as

v = Ax + By + C1 = Xθ, X =


... ... ...

xi yi 1
... ... ...

 , θ =

A
B
C

 . (3.9)
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Since each observed vertical point is associated with some noise, the optimal fit of
the plane to the data points will minimize

ε = ||vobs − Xθ||2 , (3.10)

which can be done using the linear least squares method. Thus, to find the optimal
parameters of the plane θ, the following equation needs to be solved:

θ = (XT X)−1XT vobs, det(XT X) ̸= 0. (3.11)

The normal vector of the plane associated with the optimal parameters θ will be
n = (A, B,−1)T , which describes the gradient of the selected data points. To obtain
a gradient on several scales centered around some point, a selection function was
implemented. The selection region was specified to be a circle of radius r, which was
implemented for radii from 1 pixel to 8 pixels. Equation 3.11 was used to estimate
the gradients of the centroid velocities using the MAC maps. The gradient was only
calculated for pixels where the selection region contained more than 75% non-zero
finite velocities. The magnitude of the gradient, in kms−1pc−1 was calculated by

|∇v| =
√

A2 + B2

D
(3.12)

for a distance D to the source. For this thesis, the distance to Nessie was assumed
to be D = 3.1 kpc (Jackson et al. 2010), which was used for all subsequent analysis.

3.3.4 Ridge definition and mass flows
To roughly trace the filamentary structure, a cubic spline was created using the
scipy.interpolate.CubicSpline algorithm. The points for the spline were spec-
ified using visual estimations from the moment 0 map. From this, the spline was
sampled every 13.6" for the entire longitudinal range of the filament. The tangent
vector of the spline was estimated using the central difference approximation, ex-
pressed as (

∆y

∆x

)
n

≈ f(xn+1) − f(xn−1)
xn+1 − xn−1

. (3.13)

The resulting normal vector is expressed as

nn = (∆ln,∆bn) =
(

∆ln,

(
∆b

∆l

)
n

∆ln

)
, (3.14)

which was normalized to be a unit vector and defined to trace the spline from left to
right. A corresponding perpendicular vector was calculated by rotating the tangent
vector 90 degrees counterclockwise. For each point along the spline, a rectangular
selection region was generated with a width of 81.6" a perpendicular height of 163.2".
The rectangular height was centered around the spline and oriented so the width
was always parallel and the height was always perpendicular to it. All points inside
this rectangle were considered when computing the local mass and mass flow.
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The mass flow of a single point mass M accelerating with a velocity gradient ∇v
can be expressed using (Henshaw et al. 2014)

Ṁ = M∇v

tan(θ) (3.15)

for a local inclination angle θ with respect to the line-of-sight. The tan(θ) depen-
dence comes from the projection effects from observing velocities in the line-of-sight
and the projection of lengths. Since the local inclination angle is often unknown, it
is standard practice to assume tan(θ) = 1. To compute the total mass flow within a
specified region R, the contributions of all masses must be considered. By defining
positive mass flow to be in the left-to-right direction along the filament, described
by the tangent vector n, the net mass flow within the selection region is expressed
as

Ṁnet =
∑

(l,b)∈R

M(l,b)∇v(l,b) · n. (3.16)

An additional restriction was imposed upon this sum to only add terms where the
angle between the gradients and the normal direction was less than 30◦ for positive
mass flow and more than 150◦ for negative mass flow. This was to eliminate contri-
butions that are not in close alignment with the tangent vector of the defined ridge.
Positive and negative contributions to the net mass flow were calculated separately.
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4
Results

This chapter contains the results from the data analysis in order to study the kine-
matics and gas dynamics of the Nessie filament. The results are presented from
large-scale to smaller-scale findings.

4.1 Kinematics across the Nessie filament
There were several results identifying the kinematic structure and behavior of the
Nessie filament on both large and small scales. In the following subsections, the
overall velocity structure, the kinematic complexities, and the velocity gradients are
presented.

4.1.1 Velocity coherence of Nessie
The first large-scale result was found by examining the data cubes in position-
position-velocity (PPV) space for HNC and N2H+. In this space, the velocity axis is
to be interpreted as the kinematic redshift of the gas and not to be confused with a
physical position. From this, it is clear that the Nessie "Extended" structure has one
main velocity structure that is coherent over the entire span of galactic longitudes,
indicating that it is indeed an extension of the Nessie "Classic" region. In Figure
4.1, the velocity coherent structure extends from left to right with velocities within
approximately -35 kms−1 to -45 kms−1, with smaller local velocity changes along
this filament length.

There are some small regions in Figure 4.1 that are outside of the main velocity range
for Nessie. These appear as disjoint regions even when imposing a strict signal-to-
noise threshold. Most of these are regarded as either foreground or background
objects, which would explain their distinct and separate velocity structures. Since
these are unlikely to be related to the main gas flows of the Nessie region, they will
not be discussed further.

4.1.2 Kinematic structures
For a kinematic overview of the velocities and velocity dispersions of the filament,
one can use the moment maps of orders 0, 1, and 2. These are shown for the HNC
data in Figure 4.2. In the integrated intensity map, it is clear that the strongest
emissions come from two regions. Most of the emissions come from the B2 bubble,
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Figure 4.1: The position-position-velocity (PPV) cube of the HNC observations
with a SNR>5. The color of each point is the logarithm of the brightness tempera-
ture. For better visualization, the scale of the b axis is twice as long as the normal
aspect ratio in the figure.

and the second region is located at l = 337.45◦. These regions are associated with
a great number of young stellar objects and dense cores, and the two regions are
also associated with star clusters (Messineo et al. 2018; Borissova et al. 2011). The
HNC emissions also trace several interspersed regions of higher intensities. These
are spread out fairly evenly throughout the length of the filament, with a tendency
of more frequent occurrences to the left and larger structures toward the right.

Several of these regions show multiple peaks in the spectra of the HNC observations.
Since the HNC (J=1-0) transition is expected to have only one peak, this indicates
that there are more complex kinematic substructures within the Nessie filament.
The mean number of fitted Gaussians throughout the entire filament was 1.27 per
spatial pixel, with a positive correlation with integrated intensity. Where there ap-
pear to be multiple components, these features have centroid velocities which differ
by 0.5 − 2 kms−1 from the main velocity structure. The spectra of an example re-
gion showing the bifurcation of the main filamentary velocity structure are shown
in Figure 4.3. Since these features appear in several spectra in a geometrically con-
nected region, it is indicative of some spatially connected structure with a separate
kinematic velocity.

The region containing higher integrated intensities at l < 337.4◦ shows a notable
increase in velocity dispersion, as seen from the moment 2 plot in Figure 4.2. To
get a conservative estimate for the Mach numbers, the assumed temperature of the
filaments was chosen to be T = 20 K. In this region, labeled "B" for "blueshifted",
the mean Mach number is MB = 23.7 ± 9.14 compared to MR = 13.9 ± 7.2 for the
region l > 337.4◦, labeled "R" for "redshifted". This indicates that the mean velocity
dispersion of the entire filament is supersonic and that there is a substantial differ-
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4. Results

Figure 4.3: Example spectra from the Nessie filament at l = 338.9◦ and
b = −0.436◦. The maximal peak is indicated with a vertical blue line.

ence between the two regions.

The difference between the two regions might be an artificial effect due to the
inherent weighting of the moment maps. When comparing them to the MAC
FWHM maps in Figure 4.5 and 4.6, the difference is not as pronounced. By con-
verting the obtained FWHM value to the standard deviation of a Gaussian with
FWHM = 2.355σ, this resulted in the Mach numbers MB = 3.84 ± 1.37 and
MR = 3.89 ± 1.43 for the HNC data and MB = 3.52 ± 1.49 and MR = 3.19 ± 1.39
for the N2H+ data. The filament still appears to be supersonic, but the difference
seen in Figure 4.2 is not as big.

This is also most likely a lower limit of the Mach numbers for the filament, since
only the FWHM of the maximal component is considered, not the width of the
entire peak. This becomes most apparent for spectra where the main peak has a
"shoulder", meaning a separate, smaller component that is slightly offset from the
main centroid velocity. These are fitted with two or more components, and thus
have narrower line widths. An example of this can be seen for the decomposition
in Figure 4.4 with several added Gaussian components, in which the MAC has a
FWHM less than half of the total peak. Although this could be more representa-
tive of the actual main structure of the filament, this could require more fine-tuned
Gaussian fitting to get a proper estimate for the true Mach numbers.

The velocity maps of the HNC data show that there are significant velocity changes
along the length of the filament, both in the moment 1 map and the MAC velocity
map. These changes can be seen on a scale of up to 100 pc, and on more local scales

24



4. Results

Figure 4.4: An example spectrum of HNC observations with several fitted Gaus-
sians.

of just a few parsecs. This will be discussed in further detail in Section 4.1.3.

4.1.3 Velocity gradients
The most direct way to demonstrate the observed velocity changes is by examining
the moment 1 map of the HNC observations in Figure 4.2. The largest scale veloc-
ity gradient is seen across the length of the entire filament, with a sharp drop in
velocities at l = 338◦. This location coincides with the B2 bubble at the same longi-
tude, and also the edge of the classification of Nessie "Classic" and Nessie "Extended"
(Goodman et al. 2014). The region to the right is significantly more blueshifted than
the rest of the filament, with mean velocities vlos = −40.85 ± 2.63 kms−1 compared
to vlos = −38.23 ± 1.71 kms−1, which is a 2.62 kms−1 difference. The blueshifted re-
gion is also seen when studying the MAC velocity maps of HNC and N2H+ in Figure
4.5 and 4.6. This concludes that it is not some artifact from the weighted averaging
in the moment maps, but rather a physical phenomenon. For future reference, this
will be referred to as the global velocity gradient.

An attempt to estimate the magnitude and orientation of the global velocity gra-
dient was made using the fitting procedure detailed in Section 3.3.3. Using all of
the MAC centroid velocities with the convention that gradients point towards larger
values, this yielded velocity gradients in the longitudinal and latitudinal directions.
These were ∇vlos = (0.027,−0.219) kms−1pc−1 for HNC and ∇vlos = (0.024, −0.238)
kms−1pc−1 for N2H+. The gradients show that the values are very similar for both
the HNC and N2H+ data, and that the magnitude of the latitudinal gradient is
almost 10 times greater than the longitudinal gradient.

To study the velocity gradients more quantitatively, the centroid velocities of the
MACs are shown in position-velocity (PV) plots in Figures 4.7 and 4.8. In these
plots, the centroid velocities are plotted against the longitudinal position of the
spatial pixel, which highlights the local-scale velocity variations along the filament
length. From this, one can compare the global velocity gradient with the expected
line-of-sight values for a simple galactic rotation-curve model. Using the distance
D = 3.1 kpc to Nessie, this model assumes the filament behaves like a straight line
and that all velocity shifts are due to the rotation of the galaxy. For full derivation,
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see Appendix A. The fitted gradient and the theoretical model do agree with each
other fairly well for the observed MAC centroid velocities. While this model seems
to explain the overall trend, it fails to capture the more local-scale velocity variations.

Figure 4.7: The scatter plot shows the MAC centroid velocities of HNC observa-
tions against the galactic longitude along the filament. The strongest component
along each longitudinal pixel is highlighted in a deeper red. The dashed gray line is
the fitted line-of-sight velocities from the global velocity gradient, and the straight
blue line is the rotation curve model for the filament. The black curve is a fitted
sinusoidal to the velocity variations to the right.

Figure 4.8: Same as Figure 4.7 but using N2H+ data.

One large-scale pattern that is observed for the right half of the observed longitudes
is an oscillatory pattern between l = 338.7◦ and l = 337.1◦. This pattern for the
HNC data was fitted with a sinusoidal function, which resulted in a sinusoid centered
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around δvlos = −40.1 ± 0.08 kms−1, with an amplitude of A = 2.1 ± 0.12 kms−1.
The wavelength of this fitted sinusoidal corresponds to λ = 95.5 ± 3.26 pc. This
fit is shown in Figure 4.7 as a black curve. When applying the same process to the
observations of N2H+, the results also yield a well-fitted function to the sinusoidal
pattern, as seen in Figure 4.8. This sinusoid was centered around δvlos = −39.8±0.07
kms−1, with A = 2.2 ± 0.10 kms−1, and λ = 92.2 ± 2.25 pc. These values are very
closely related to the ones obtained for HNC, which further support the connection
to an underlying physical process causing this velocity pattern.

In Figure 4.7, one can also see that the velocity curve from the strongest compo-
nents is not strictly one continuous structure, even when accounting for the sinu-
soidal pattern. At l = 339.05◦, the strongest components for the longitude make a
discontinuous jump, and again at l = 338.8◦. The jump at l = 339.05◦ does seem to
coincide with the rightmost edge of the B1 bubble found at l = 339.15◦, which was
also observed in Figure 4.8 for the N2H+ observations. It is entirely possible that
the shockwave of the bubble has impacted the filament and thus caused a portion of
it to have a different velocity direction, which is observed as a discontinuous line-of-
sight jump. The jump at l = 338.8◦ is not as straightforward to explain, since the
moment maps and PPV plots do not display any notable behavioral changes. This
behavior was not seen in Figure 4.8 for the N2H+ observations. However, in the
MAC FWHM map, there appears to be an increase in velocity dispersion around
these regions from the HNC observations in Figure 4.5, which could indicate that
this is due to kinematic substructures.

Throughout both the blueshifted and the redshifted region in Figures 4.7 and 4.8,
there appear to be many more local parsec-scale velocity variations. These changes
are much smoother than the discontinuous velocities mentioned before. By counting
the number of local blueshifted regions within the two larger regions, one can find
at least three in the redshifted region to the left, and two in the blueshifted region
to the right. Where these local and smooth variations are closely associated with an
increase in emissions, they are less likely to be separate substructures and are more
likely to be the early onset of gravitational collapse.

4.2 Mass flows along the filament ridge
The first step in calculating the mass flows of the filament is to estimate the masses
at each pixel. To ensure the masses correspond to observed intensities of the HNC
data, the conversion from integrated intensity to column density was estimated using
the observed ALMA data and the re-gridded dust column density map. The two
quantities were plotted against each other, and a power-law fit was computed using
scipy.optimize.curve_fit (Virtanen et al. 2020). The resulting fit yielded

N(H2) = 3.54 · 1021 · I(HNC)0.48 cm−2/(kms−1K), (4.1)

which is illustrated in Figure 4.9. This eliminated some of the foreground regions
of extinction seen in the extinction map that were not visible in the observational
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data. Furthermore, the power-law fit was more apt for the conversion of higher
intensity behavior than a linear fit in log-log space, which was more biased to favor
low-intensity values. Using this, an estimate for the mass per pixel was calculated.

Figure 4.9: The figure shows the scatter of moment 0 values and the estimated
column densities from extinction in a log-log plot. The blue line is a fitted power
law.

By computing the parallel mass flows using the methods described in Section 3.3.4,
there appear to be significant mass flows along the filament ridge. As illustrated
in Figure 4.10, there are several locations where there is a local increase in mass
closely associated with where the sign of the net mass flow flips. These regions
could be candidates for either gravitational inflow or outflow. Due to observational
limitations, it is not possible to ascertain which of the two is the true nature of the
mass flow, which is something that will be further discussed in Section 5.2.1.

With the uncertainty of the true nature of the mass flows in mind, it was possible to
determine at least 11 candidates that match the expected signatures of inflow/out-
flow. This list was created by examining the net mass flow in Figure 4.10, and seeing
if there is a sign flip associated with a local mass peak at approximately the same
longitude. These locations are illustrated by the vertical dashed lines in Figure 4.10.
These candidates are listed in Table 4.1 along with several properties characterizing
them. In this table, a property listed is the symmetry ratio r, which is defined as

r = Ṁ+∣∣∣Ṁ−

∣∣∣ , (4.2)

where Ṁ+ is the peak positive mass flow and Ṁ− is the peak negative mass flow
associated with the potential clump.

If one were to treat all of the candidates as the case of gravitational inflow, one
could estimate the accretion timescales using

τacc = M

Ṁtot

= M

Ṁ+ +
∣∣∣Ṁ−

∣∣∣ (4.3)
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Table 4.1: The table lists the candidates for inflows/outflows, and their corre-
sponding locations. The type describes if the candidate is characterized in Figure
4.10 by first a positive net flow followed by a negative net flow (Type 1), or the
opposite case (Type 2). The symmetry ratio measures the relative peak amplitude.
The next column is whether the candidates are close to a known core from Jackson
et al. (2010), and the last three columns contain the total mass flows towards the
clumps with the estimated timescales for the mass accretion and free-fall, assuming
gravitational inflows.

Candidate Location Type Symmetry ratio Location in Mass flow Timescale Timescale
l [◦] r [1] Jackson et al. (2010) Ṁtot [M⊙/Myr] τacc [Myr] τff [Myr]

1 339.43 1 0.34 - 115 2.2 2.7
2 339.39 1 0.62 - 115 3.2 2.3
3 339.27 1 0.09 - 138 1.9 2.7
4 338.87 1 0.43 l = 338.87◦ 111 2.7 2.5
5 338.65 2 1.46 l = 338.63◦ or l = 338.68◦ 72 3.3 2.8
6 338.40 1 0.27 l = 338.41◦ 114 2.9 2.4
7 338.18 2 4.93 l = 338.17◦ 81 2.9 2.8
8 337.85 1 1.62 - 87 3.8 2.4
9 337.76 2 0.15 - 470 1.0 2.0
10 337.45 2 1.54 - 298 1.5 2.0
11 337.16 1 or 2 0.67 or 1.23 - 267 or 355 1.4 or 1.1 2.2 or 2.2

and compare them to the equivalent free-fall timescales using equation 2.6. The den-
sity ρ was estimated by assuming the mass in the selection region is evenly spread
out in a cylindrical shape with diameter 0.05◦ (Mattern et al. 2018) corresponding
to 2.7 pc, and a length of 1.2 pc (the width of the selection window). This was
shown in the last two columns of Table 4.1. The accretion timescales and free-fall
timescales for a majority of the candidates are similar. As for candidate 11, there
were two possible ways to interpret the candidate, and thus, both cases were pre-
sented.

The list of candidates in Table 4.1 excludes possible contributions from the B1 bub-
ble to the left at l = 339.15◦, and B2 at l = 338◦. The peaks associated with the
two bubbles would have been l = 339.18◦ and l = 339.05◦ for B1, and l = 337.93◦

for B2. This exclusion was made since they already have known expanding outflow
structures, and any interaction between the expanding bubble and the filament is
attributed to the bubbles themselves.
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This chapter will discuss the findings from the data analysis and present possible
explanations for the observed behaviors. In particular, the main focus will be on
explaining the global velocity gradient and the clump candidates from the parallel
mass flow analysis.

5.1 Interpretation of the global velocity gradient
The global velocity gradient observed in Section 4.1.3 has not been directly observed
before, since most studies focus on the Nessie "Classic" region between the longitudes
between 338◦ and 339◦. In the Nessie "Classic" structure, the global velocity gradi-
ent is not seen. However, when taking into account the entire structure between the
longitudes l = 337.15◦ and l = 339.55◦, which also includes the Nessie "Extended"
region, the gradient becomes more noticeable. In the initial study of Nessie by Jack-
son et al. (2010), there are possible signs of the gradient that can be seen in the
rightmost part of the bottom panel of Figure 1 in the paper, but it was not addressed.

There are two possible explanations for the observed gradient, but they both contain
some challenges. The first explanation is that the gradient is due to the influence
of galactic rotation, which would generate a change in the line-of-sight velocities.
Using the straight line approximation of the filament presented in Appendix A, the
velocities at the endpoints would in this case be −37.79 kms−1 and −40.43 kms−1

for the leftmost and rightmost point, respectively. Compared to the observed mean
values of the two regions of vlos = −38.23 ± 1.71 kms−1 and vlos = −40.85 ± 2.63
kms−1, their relative difference is remarkably close to each other. The difference
from the model would be 2.64 kms−1 compared to the observed velocity difference
of 2.62 km−1.

It should be noted that the straight line approximation is a toy model of a filament
and is simply a first-order approximation. In reality, the shape is more dynamic
and can have curved geometries, which would affect the predicted line-of-sight ve-
locities. With that being said, the theoretical model agrees really well with the
fitted global velocity gradient in the PV plots in Figures 4.7 and 4.8. The model
also predicted that the leftmost part of the filament should be more redshifted and
the other part should be more blueshifted, as seen from the moment maps and the
MAC velocity maps. This would be in accordance with a gradient calculated by
Goodman et al. (2014), in Figure 3. Since the Nessie filament is assumed to trace
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the Scutum–Centaurus arm of the Milky Way, it is reasonable for it to obey the flat
rotation curve of the galaxy, and at this angular scale, there should be a noticeable
velocity gradient.

Another fact that supports the galactic rotation explanation is the negative lati-
tudinal velocity gradient observed when fitting the global velocity gradient. This
means that the observed line-of-sight velocity increases for more negative galactic
latitudes. This also falls in line with the model for line-of-sight velocities observed
from Earth described in equation 2.10. The Nessie filament is located at l = 338◦,
resulting in sin(l) < 0. Furthermore, the filament is also located closer to the galac-
tic center than the Earth, meaning R0/R − 1 > 0. This, in turn, results in the
factors independent of the latitude becoming negative. Since cosine is maximal at
b = 0◦, and as |b| increases, cos(b) decreases. Thus, the overall line-of-sight velocity
increases for more negative b, which is in alignment with the observed gradient.

A relevant factor to consider in the straight line approximation is the effect of the
inclination of the filament with respect to the line-of-sight of the observer. This is
illustrated in Figure 5.1a where the predicted edge velocities are shown in red and
blue graphs corresponding to the redshifted and blueshifted regions, respectively, for
a range of inclinations. The dashed lines indicate the observed mean line-of-sight
velocities, which should intersect both model curves at the same inclination in ideal
cases. From the plot, we clearly see that this is not the case. Instead, they intersect
the models at i ≈ ±20◦. There are two possible explanations for the discrepancy.
The simplest explanation is that the actual distance to Nessie is not exactly D = 3.1
kpc, but slightly higher. The optimal distance resulting in the observed velocities
intercepting the models at the same inclination was found to be at D = 3.124 kpc,
with an inclination angle of i = 0.89◦, resulting in Figure 5.1b. Notably, a very
small correction to the filament’s distance drastically altered the inclination angle.
This leads to the second explanation, which is that the model is not sufficiently
constrained to be able to make predictions of the inclination of the Nessie filament.
A more complex model could account for the actual shape of Nessie, which could
include interpreting the sinusoidal pattern observed as a geometrical effect from the
Nessie filament. It is more unlikely but plausible that the true shape of Nessie could
be a V-shaped structure, that is not directly observable for us, resolving the dis-
crepancy in Figure 5.1a.

The primary limitations of the galactic rotation explanation come from the uncer-
tainty of the true distance to Nessie. The original paper estimated the distance to
Nessie using galactic rotation curves and placed it at a distance of 3.1 kpc (Jackson
et al. 2010). However, using the alternative distance D = 3.5±0.16 kpc proposed by
Mattern et al. (2018), the edge values from the straight line approximation deviate
strongly from the observed values. Using this distance to calculate the effects of
galactic rotation on the velocity structure of the filament would result in the end
points having the velocities vlos = −45.46 kms+ and vlos = −48.27 kms+, which are
substantially more blueshifted than observed. If the kinematic distance is wrong,
then the galactic rotation is not sufficient to explain the global velocity gradient
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(a) D = 3.1 kpc. (b) D = 3.124 kpc.

Figure 5.1: The two figures illustrate the expected edge velocities of the filament
under the straight line approximation. The dashed lines indicate the observed ve-
locity lines at the two regions.

seen in the filament.

The alternative to the galactic rotation explanation for the observed velocity gradi-
ent is that it arises as a consequence of the complex geometry of the filament itself,
where the "straight line" approximation is not valid, especially at this scale and lo-
cation. There is a possibility that the observations for l < 338◦ come from a part
of the filament that has undergone some evolution that makes it behave differently
from the rest. If the blueshifted region was impacted by some large-scale shock,
then the structure would be mostly coherent but could show separate velocities.
The strongest evidence for some more complex behavior is the velocity increase at
the rightmost edge of the observations, which would contradict the galactic rotation
explanation.

The increase of velocities towards the rightmost end resulted in a well-fitted sinu-
soidal pattern with a wavelength of close to 100 pc for both the HNC and N2H+

observations. This indicates that there could be some type of instability influencing
the filament at this scale. This sinusoidal pattern fitted the data much better than
the toy rotation model for the filament. However, since the wavelength of this in-
stability was estimated to be close to 100 pc, it must be an instability at a galactic
scale. A candidate for the origins of the instability of this size scale could be the
Toomre instability (Hacar et al. 2023), but further research would be required to
confirm or reject this hypothesis.

5.2 Proposed clumps along the filament
Among the several proposed clumps, there were several notable aspects, such as
the asymmetries, spacings, and timescales, which will be discussed further in the
subsequent subsections.
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5.2.1 Inflow/outflow ambiguity
Using line-of-sight velocity gradients alone is, in most cases, not sufficient to deter-
mine whether the signature in the parallel mass flow plot is an outflow or gravita-
tional inflow. To illustrate this, consider the illustrations in Figure 5.2. In Figure
5.2a, a very simple model of a filament is displayed with a region of outflow and
inflow affecting the filament. In this illustration, the observed difference in line-
of-sight velocities arises due to the inclined arcs of the filament surrounding the
inflows/outflows. Although the line-of-sight velocity profiles are different, the re-
sulting gradients will look very similar in the two cases. The same behavior is also
found for when the orientation of the filament is flipped, which would be observed
as simply flipping the sign of the observed line-of-sight velocities and gradients. It is
also notable that the order in which the positive and negative net mass flow peaks
show up does not indicate whether it is a mass inflow or outflow. This is used to
explain the expanding B1 bubble at l = 339.15◦, which has a positive leading com-
ponent and a negative trailing component, which one might naively expect to be
mass inflow, but is actually the outflow case in Figure 5.2a. The relatively flat region
in the middle can also be explained by the fact that the observations do not see any
material in the inner region of the bubble, resulting in no significant gradients.

(a) Filamentary toy model.

(b) Observed line-of-sight and gradients.

Figure 5.2: The figures illustrate the mass inflow/outflow ambiguity. The top
figure (a) shows a toy model of a filament with a source of outflow and inflow. The
bottom figure (b) displays the observed line-of-sight velocities and the gradients.
The two model functions used for the two regions are illustrative only.
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In the idealized cases of filamentary fragmentation and core formation, one would
expect to observe asymptotic line-of-sight velocities from gravitational core collapse
associated with local mass maxima. This was not clearly seen from the PV plots
in Figure 4.7 and 4.8. There were two possible asymptotic jumps at l = 339.05◦

and l = 338.8◦, where the first was attributed to effects of the B1 bubble, but the
second one had no clear explanation. This behavior was not associated with a clump
candidate due to a lack of a local mass peak at this location. The lack of observed
asymptotic line-of-sight velocities could be explained by a combination of low spatial
resolution from the observation and possibly a low global inclination angle of the
filament, as discussed in Section 5.1.

Since the observed line-of-sight velocities for the HNC observations were very noisy
in Figure 4.7, it was very difficult to distinguish the individual negative or positive
peaks from noise along the filamentary length. Compared to the idealized toy model
in Figure 5.2a, the individual peaks could not be clearly distinguished or separated.
For example, consider the inflow case of a filament with a global velocity gradient
and some added noise. Distinguishing between two negative peaks and one positive
peak would have been difficult with this resolution. Achieving a sufficient resolution
in this type of plot would have required hyperfine component fitting of the N2H+

observations, and a more robust ridge estimation to possibly achieve the precision
needed. Using MAC velocity maps and local selection regions to estimate the ve-
locity gradient provided more reliable results for the gradients than the PV plots
did. Also, since the mass flows had to be closely aligned (or antialigned) with the
spline of the filament, they appear more distinct in Figure 4.10. This still resulted
in several of the proposed candidates having positive and negative mass flow peaks
that do not have the same amplitudes, which could indicate further geometrical
complexities.

5.2.2 Impacts of the symmetry parameter
A useful metric for classifying the clumps was the proposed symmetry ratio. In
essence, this provides a metric for the relative mass flow rate of the two peaks,
possibly indicating inclinations of the side arcs with respect to the user or uneven
mass flows from the sides. Under the assumption that the clump candidate is a
filamentary inflow, consider the two arcs on both sides of the clump in Figure 5.2a.
If one of the arcs is less inclined than the other, the observed line-of-sight velocity
and velocity gradient for that arc will be lower than in the original case. Thus, the
symmetry ratio for this case will be r ̸= 1. Another explanation could be that the
mass reservoirs supplying the accreting clump are unevenly distributed on the two
sides. Since this would result in more mass flowing from one side than the other,
the symmetry ratio would not be one in this case as well.

Throughout the filament, there were several local peak maxima that were not per-
fectly aligned with the sign-flip of the net mass flow. This alignment was believed
to appear since the parallel mass flow method is not perfect. Since it relies heavily
on the defined spline of the filament, variations of it could include, exclude, or shift
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local mass regions and mass flow contributions that would otherwise fall outside
of the 30◦ angle restriction. A clear example of this is candidate 9, which has a
local mass peak to the left of the location of the sign-flip. However, this candidate
is also located where the spline takes a sharp turn, which was necessary to trace
the filament correctly. This could be corrected for, but at that point, it runs the
risk of becoming an issue of overfitting. Regardless, the behavior of the proposed
candidates would only change slightly with a more optimized fitting procedure.

5.2.3 Spacing, timescales, and star formation rate
A noticeable aspect of the locations of the proposed clumps is the regular spacing
of clumps 4, 5, 6, and 7, where the separation is approximately 0.2◦, corresponding
to 10.82 pc. Comparing this to the width of the filament of 0.05◦ as proposed by
Mattern et al. (2018), corresponding to 2.7 pc, then this is remarkably close to the
expected 4λ fragmentation spacing. If the B1 and B2 bubbles are also included, the
regular spacing also extends to approximately include clumps 1, 3, and 8. Since the
B1 and B2 bubbles would contribute to perturbations along the filament, it would
not be unreasonable to assume they could have contributed to the fragmentation
observed.

Some uncertainties should be noted in the observed spacing, which relies on a few
fundamental assumptions. The diameter of a filament is slightly ambiguous since
the width of the filament can vary along its length, and it is also wavelength de-
pendent. When comparing the separation of 0.2◦, corresponding to 10.82 pc when
using D = 3.1 kpc, with the mean separation of 3.2 pc presented by Contreras et al.
(2016), it is clearly higher. When accounting for the cores formed within the clumps,
something excluded in this analysis due to lack of resolution, it can be concluded
that the separations presented here are likely higher than the true separations of
the cores.

The periodic spacing of the clumps is also rather interesting when compared with
the expected patterns from geometric instabilities described by Gritschneder et al.
(2017). Considering how the filamentary structure has a slight oscillatory geometry,
the clump candidates are spaced at almost every extrema of the structure. Inter-
spersed among them are a few candidates not quite aligned with the extrema. Since
the filamentary geometry is not a perfect sinusoidal pattern, it would be expected
to find spacings not in perfect alignment.

The locations of the sign-flips of the mass flows, associated with the proposed can-
didates, are still clearly seen when removing the mass dependence of equation 3.15.
This essentially only shows the velocity gradients along the filament ridge regardless
of the mass. There are minor changes in the relative amplitudes of the positive and
negative peaks, but the noted clump locations remain clearly visible. The velocity
gradients are entirely independent of the integrated intensity and the column density
maps, since it is estimated using the MAC velocity maps. Therefore, the proposed
candidates are kinematically verified to contain significant velocity gradients inde-
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pendent of previously known high-density regions in the filament.

The estimated timescales for the mass accretion and free-fall in the majority of the
candidates were of the same order of magnitude. For the estimates of the timescales,
only the local mass maxima were used in both calculations. Thus, the agreement
between the free-fall timescales and accretion timescales is a strong indicator that
mass inflow is a possible explanation. There were some outliers among the timescales
that could require some addressing. The general trend of the timescales showed that
the accretion timescales for 6 out of the 11 candidates were larger than the free-fall
timescales. This trend is an expected result, since this means the gravitational
collapse is not free-fall, and thus there are some possible breaking forces, such as
magnetic fields or turbulence. To have a lower accretion timescale than the free-fall
timescale would indicate some type of driving force, which is possible, but there
are no clear signs of what this could be from these observations. It is more likely
that the mass flow timescale is slightly inaccurate due to the unknown inclinations
of the mass flows in equation 3.15, in which the assumed inclination was set to be
tan(θ) = 1.

Using the estimated mass flow rates, the estimated star formation rate can be cal-
culated for the sum of all clumps. This estimate excludes the B1 and B2 bubbles,
which means the true star formation rate is likely higher than the one calculated
here. Since star formation efficiency varies a lot, we use εSF E ≈ 0.05 (Hacar et al.
2024), and find the star formation rate to be approximately 100 M⊙Myr−1. This is
lower than previously documented values where the star formation rate for Nessie
was estimated to be 371 M⊙Myr−1 using young stellar objects (Mattern et al. 2018).
However, since this thesis does not include contributions from the regions of B1 and
B2, which are known to house star-forming regions, this underestimation is reason-
able.

5.3 Sources of limitations
In the datasets, there were some sources of potential uncertainty that might have
affected the results. The first source of error was the velocity range for the dataset
containing the N2H+ observations. In the blueshifted region for l > 338◦, the most
blueshifted of the hyperfine lines has been cropped out. This was a consequence
of the data processing pipeline used to produce the dataset. This mostly affected
the moment maps of N2H+, which was why they were not included or studied with
great detail.

The second limitation was the fitting procedure used to analyze the N2H+ obser-
vations. The same GaussPy+ process was used for HNC as for N2H+, but this
automatic fitting package does not account for the hyperfine components of N2H+.
Thus, the fitting simply attempted to fit Gaussians to regions that were classified
as signals. In the study of only the maximal amplitude components, this mostly
worked, but the results are less reliable than the HNC fits. A more rigorous study
using N2H+ would use a custom-tuned fitting to fit all of the hyperfine components
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simultaneously since their relative amplitudes and centroid velocities are well-known.
By further requiring that the fitted components of the HNC and N2H+ data corre-
spond to the same centroid velocities, this could properly probe the substructures
observed in the filament with high confidence.

Another aspect to consider is the uncertainty in measuring and using the masses for
the mass flows. The conversion between integrated intensities and column densities
for HNC using a power-law is not a perfect fit, as was seen in Figure 4.9. The
choice of having a fit being more biased towards higher integrated intensities and
column densities was made, but a more accurate mass estimation would improve the
results. Furthermore, when studying the mass flows along the filament, each pixel
was treated as an independent point mass, which is a necessary simplification for
this type of analysis. The smoothing from the main beam would result in the mass
from nearby pixels being correlated, thus artificially altering the estimated values
for the mass flows. A higher resolution study of several of the individual clumps
could reduce the impact of this source of uncertainty.

5.4 Perspectives of future studies
In Section 4.1.2, several potential substructures were found, in particular structures
with kinematic redshifts very similar to the main Nessie filament. The study of
these subregions could provide further insights into the potential clump formation
and fragmentation of the Nessie filament, since a lot of the regions overlapped with
higher observed brightness temperatures. This is shown in the top plot in Figure 4.5,
showing the number of Gaussian components at each pixel. To study these regions
and their gas dynamics, high-resolution observations of both HNC and N2H+ would
be needed.

Expanding upon this, since a lot of these regions align with locations classified as
clump candidates, it would also be prudent to study how magnetic fields are aligned
in these regions. This could test if there are axisymmetric magnetic fields providing
support in these regions, and thus either increasing the fragmentation rate or de-
creasing it.

To study the full scale-dependence of structures within the Nessie filament, a more
in-depth analysis can be made by studying the Fourier decomposition of the veloci-
ties. A specific selection scale for the velocity gradient map was selected, which in
turn was used to study the mass flows of the filament. This choice was motivated
by balancing noisy velocity gradient maps for small scale and ensuring significant
gradients were not averaged away. However, there could be other selection scales
that highlight behavior not observed in this thesis. Thus, a full power-spectrum
analysis of the Nessie filament could reveal velocity gradients at larger or smaller
scales, provided the observations have sufficient resolution.
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The work done in this thesis has studied the gas kinematics and mass flows of the
galactic-scale filament Nessie by using observational data of HNC and N2H+. This
was done in order to investigate how the filament is impacted by large and small-
scale kinematics, and to study the formation of clumps within the filament due to
fragmentation. This was made possible using several methods of analysis, including
PPV-plots, moment maps, maximal amplitude components from Gaussian decom-
position, and parallel mass flows. The conclusions of the thesis will henceforth be
summarized.

It was seen from the PPV-plots of the observational data that Nessie has a contiguous
velocity structure over the entire Nessie "Extended" region. Within this structure,
several substructures had distinct kinematic components separated by only 0.5 to
2 kms−1. Across the entire filament, there were also several gradients observed on
both large and small scales. The largest-scale gradient in the HNC data was found
across the entire structure to be 0.027 kms−1pc−1 in the longitudinal direction and
−0.219 kms−1pc−1 in the latitudinal direction. The origin of this gradient was pro-
posed to be a consequence of galactic rotation, which explained both the directions
of the gradients and the values observed for the longitudinal direction. The optimal
values for the model used to explain the observed values resulted in the distance
D = 3.124 kpc and i = 0.89◦. The estimated inclination angle is, however, very
sensitive to changes in the distance to the filament. The oscillatory behavior of the
gradient for l < 338.7◦ was fitted remarkably well by a sinusoidal function with a
wavelength of approximately 100 pc. The origins of this gradient were speculated
to be attributed to some galactic-scale instability. However, the exact cause is still
undetermined.

From analyzing the parsec-scale local gradients, it was possible to study the mass
flows aligned or anti-aligned with the direction of the filament. From this, several
notable locations were observed to have characteristic signatures for either mass in-
flows or outflows of an arced filament. For the sake of consistent analysis, all of the
locations where a local mass maximum is associated with a directional flip of the
mass flow are classified as candidates for gravitational inflows. Under this assump-
tion, 11 candidates were proposed with associated accretion timescales in the same
order of magnitude as the free-fall timescales, ranging from 1 to 4 Myr.

The observed kinematic structures of the Nessie filament provide valuable insights
into how large-scale filaments fragment into smaller substructures and form clumps.
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6. Conclusion

Within these regions, it is highly likely to find regions with high star formation.
By examining how these regions evolve and accrete nearby matter, it is possible to
create better models for filamentary evolution and star-forming environments.
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A
Straight Line Approximation of

Galactic Rotation

Figure A.1: The illustration shows the geometry of a straight line of point masses
relative to the galactic core and Earth, inclined with an angle i.

Let us, for this approximation, assume the filamentary structure to be a straight
line of independent point masses, to simplify the calculations and the geometrical
interpretation. Furthermore, let us assume the filamentary structure is located at a
distance D from the galactic center, where the rotation curve is approximately flat
with V0 = 220 km/s, which is used in literature to derive the distance to the filament.
The filament is located at a galactic longitude of l with a field of view (from one
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A. Straight Line Approximation of Galactic Rotation

edge to the other) of 2∆l. Under this assumption, the line-of-sight velocity for a
point at a distance R from the galactic center is

Vlos = V0

(
R0

R
− 1

)
sin(l), (A.1)

where R0 is the distance from the Earth to the galactic center. From this, the
distance from the central point of the filament line to the galactic center can be
calculated using the law of cosines, which in this case states that

R =
√

R2
0 + D2 − 2R0D cos(360◦ − l). (A.2)

The endpoints of the filament line to the center (labeled "right" and "left" from the
Earth’s point of view) will have slightly different distances due to the field of view.
Their distances go from D to dright = dleft = D

√
1 + tan2(∆l). Their distance to

the galactic center is then calculated to be

Rright =
√

R2
0 + d2

right − 2R0dright cos(360◦ − (l − ∆l)), (A.3)

and
Rleft =

√
R2

0 + d2
left − 2R0dleft cos(360◦ − (l + ∆l)). (A.4)

This case is for when the filament is assumed to have no inclination angle relative to
the observer at Earth. If an inclination angle i was introduced according to Figure
A.1, where i = 0◦ corresponds to the face-on case, and i = 90◦ corresponds to an
edge-on case (essentially just a dot), the expressions change a bit. Here, we will
make no assumptions about the true length of the filament.

Using congruent triangles, the new expression for dright becomes

dright = D

1 + tan(i) tan(∆l)

√
1 + tan2(∆l), (A.5)

and likewise
dleft = D

1 − tan(i) tan(∆l)

√
1 + tan2(∆l). (A.6)

It can be seen that in the i → 0◦ case, the expressions become the same as before. By
inputting the values from the observations and from literature, l ≈ 338◦, 2∆l ≈ 2.4◦,
R0 ≈ 8.5 kpc, D = 3.1 kpc, and assuming i ≈ 0◦, one finds that the gradient should
be approximately 2.62 km/s.
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