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"Space isn't remote at all. It's only an hour’s drive away, if your car could go straight
upwards.”

— Sir Fred Hoyle
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Abstract

This work focuses on generating a new dynamical model of the nearby (9.5 Mpc) interacting
galaxy system NGC 1512/1510. Neutral hydrogen (H1 ) observations from the Australia
Telescope Compact Array (ATCA) are used to model the dynamics of the main H1 disk using
two routines, the two and three-dimensional modeling techniques. For the two-dimensional
modeling technique, we adopt ROTCUR which is based on fitting a tilted ring model onto
the 2D velocity field of the galaxy. The three-dimensional modeling routine used is 3P Barolo,
which is a recently developed algorithm of fitting 3D tilted ring model to the full data cube.
We note that the 2D approach fails to model the inclination profile of NGC 1512. Thus, a new
rotation curve is generated using the three-dimensional modeling routine only i.e. by fitting a
3D tilted ring model to the HT line data cube of NGC 1512/1510. This technique models the
inclination profile of this galaxy system without incurring significant problems. This rotation
curve compares favorably with existing results from the literature. To test the accuracy of our
model we directly compare it to the HT line data cube. We note that the new model agrees
well with the data. This proves that the three-dimensional modeling routine is not affected
by any instrumental effects or processes linked to the ongoing interaction between NGC 1512
and NGC 1510. Furthermore, the modeled rotation curve of this galaxy is a fairly straight
line, starting at r = 30” to r = 480", with the innermost rotation velocity of Vot ~ 140 km
s~ ' and maximum rotation velocity of Vit ~ 159 km s=*. The new rotation curve is used to
model the distribution of the mass in NGC 1512. However, due to its flat nature, a sensible
fit is not achieved. Thus, we generate a new rotation curve that has inner points from the
major-axis (PA = 260°) position-velocity (PV) slice. We then parameterize this rotation curve
with a polyex curve. This new rotation curve is used to model the distribution of mass in NGC
1512. To study the contribution of the stellar component in the observed rotation curve we
used 3.4pm imaging of NGC 1512/1510 from the Wide-field Infrared Survey Explorer (WISE).
To model the distribution of the dark matter halo mass we used both the observationally-
motivated pseudo-isothermal sphere (ISO) and the theoretically-favored Navarro-Frenk and
White (NFW) halo models. Both of these models were able to produce a good fit for the
observed rotation curve of NGC 1512. A dynamical mass of Mgy, = 9.43 x 10" Mg is
inferred for NGC 1512. Furthermore, the mass-model results show that the dark matter halo
mass of NGC 1512 is dominant over the baryonic mass (i.e. Mnalo/Mparyons > 1 for most
modeled cases). The results of the mass-model of NGC 1512 were compared to literature
results, the comparisons suggest that the fitted halo parameters of NGC 1512 are well within
the range of the literature results.
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Chapter 1

Introduction

The space around us is occupied by the stunning objects called galaxies. As such, galaxies
are known to be the building blocks of the universe. A galaxy is a collective combination
of stars, gas, dust and cold dark matter, bound together by their self-gravity. These objects
serve as good probes to gain insights about the universe on cosmological scales. However,
even though galaxies provide such information, there is still a lot of unanswered questions
such as the ‘unknown’ dark matter and the ‘elusive’ dark energy (Houjun Mo (2010)).

1.1 Dark matter in galaxies

The standard model of cosmology or the LCDM model of the universe (Scott, 2018; Hack,
2013) suggests that atomic matter and standard-model fundamental particles in the universe
constitute only about ~ 5% of the total mass-energy density of the universe. LCDM stands
for Lambda Cold Dark Matter, where Lambda represents the cosmological constant, which is
the simple model of dark energy, i.e. dark energy as vacuum energy. In LCDM, ~ 70% of the
total-mass energy density is contributed by dark energy. Dark energy has strongly negative
effective pressure and therefore counteracts the decelerating effect of ordinary matter and cold
dark matter - leading at late times to the accelerating expansion of the universe (Nielsen et al.
(2016); Rezaei (2020)). The remaining quarter in the mass-energy budget of the universe is
that of another mysterious type of matter, dark matter (Einasto (2009)). There is strong ev-
idence from Cosmic Microwave Background (CMB) observations (Planck-Collaboration et al.
(2018)) that dark matter is cold and non-baryonic. This evidence is further strengthened by
the fact that galaxies could not form in the time available and in the numbers observed with-
out a dominant cold dark matter component. Some studies have shown that dwarf galaxies
are dominated by dark matter at all radii (Carignan & Beaulieu (1989); Cété et al. (2000)).
This fact has prompted detailed studies of the dark matter distribution in these galaxies, in
order to constrain galaxy evolution models.

Observational astronomers have resorted to defining this type of matter as any matter that
is too ‘dark’ to be observed. More accurately, dark matter appears either to not interact at
all, or only very weakly, with light, baryons, or itself. Instead, it appears to primarily interact
through gravity. Studies have shown that galaxies are enveloped by dark matter, these en-
velopes have become to be known as the dark matter halos. However, this matter has not
been observed.

http://etd.ywc.ac.za/



1.1. DARK MATTER IN GALAXIES CHAPTER 1. INTRODUCTION

1.1.1 Observing dark matter

Various detector experiments, at the Large Hadron Collider (CERN), in deep mines or under
water have so far failed to detect CDM particles. One of the leading ways to probe the
existence of dark matter in galaxies is to indirectly infer its gravitational influence. This has
been done successfully in the past using galaxy rotation curves (De Blok et al. (2008a); Oh
et al. (2008)). Freeman (1970) came up with the idea that there has to be unobserved matter
beyond the optical extent of NGC 300. This idea was controversial at first because previous
studies of rotation curves based on optical spectroscopy showed that rotation curves of spiral
galaxies could be well-fit without any dark matter component. However, it was later found
that rotation curves generated from neutral hydrogen (H1 ), extending well beyond the stellar
light, supported the existence of this mysterious matter (Freeman (1970)).

1.1.2 Rotation curves

A rotation curve is a representation of how the total mass at a given point from the center of
the galaxy rotates. There are various ways in which rotation curves of galaxies are modeled.
One traditional way of doing this is fitting the tilted ring model onto the two-dimensional ve-
locity field of the galaxy (see Begeman (1989); Sofue & Rubin (2001); De Blok et al. (2008a)).
The tilted-ring model was introduced by Rogstad et al. (1974) to possibly explain the H1 disk
of Messier 83 (M83). There are several software packages that have been developed to achieve
this exercise: GIPSY task ROTCUR! (Begeman (1989)), rewsri? (Schoenmakers et al. (1997)),
diskfit3 (Spekkens & Sellwood (2007)), kinemetry* (Krajnovi¢ et al. (2006)). These are
known as the 2D modelling approaches because they are based on the galaxy's velocity field,
which is a 2D map that contains its kinematics information. To model the rotation curve,
this work used the ROTCUR algorithm.

Even though several studies have applied these modeling routines successfully, they are still
highly affected by effects such as beam smearing, non-circular motions of gas in the galactic
plane, etc. Thus these effects lead to less accurate rotation curves of galaxies, which results
in less realistic mass modeling. To account for such effects new three-dimensional tilted-ring
model fitting algorithms have been developed. Instead of fitting the tilted-ring model to the
velocity field of the galaxy, it is fitted to the 3D data cube. One good example of these is
the newly developed 3PBarolo algorithm (di Teodoro & Fraternali (2015)). This algorithm
has been applied successfully to high and low-resolution data sets of galaxies (Fraternali et al.
(2004); Di Teodoro et al. (2016)) and it has proven to work better than the ‘traditional’ 2D
tilted-ring model algorithms.

Different types of galaxies have different shapes of rotation curves. Dwarf galaxies are known
for their slowly rising rotation curves and that they are dominated by dark matter at all radii

1ROTCUR
2REWSRI
3DISKFIT
4KINEMETRY
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(Carignan & Beaulieu (1989); Coté et al. (2000)). For this reason, dwarf galaxies have been
studied intensively to gain insights on the properties of dark matter. However, Swaters (1998)
later found that late-type dwarf galaxies have similar rotation curves to those of spiral galaxies
(i.e. steeper in the inner parts) and with dark matter dominance on the outer parts only.

Spiral galaxies on the other hand have rotation curves that rise steeply on the inner parts
followed by a flat outer part (Rubin (1983)). Rotation curves of spiral galaxies serve as an
important laboratory to investigate how the mass is distributed in these objects (Sofue & Rubin
(2001)). Previous studies to determine the rotation curves of spiral galaxies have proved the
existence of dark matter (Bosma (1981); Sofue et al. (a); Sofue & Rubin (2001); Carignan &
Freeman (1987)). In the Newtonian paradigm of gravity, this is explained by a considerable
amount of mass that cannot be observed (Freeman (1970)). Figure 1.1 below presents a
generic example of an H1 rotation curve of the spiral galaxy NGC 3198 taken from the work
done by Begeman (1989). This Figure shows that an extra component besides the stellar and
gas component is indeed needed to account for the flat part of the observed rotation curve of
this spiral galaxy.

200 e ———-

LA 1
AR DTSR R E R | 1

stars+gas

gas

O 1 | L | 1 3 el ¥
0 10 20 30 40

Radius (kpc)

Figure 1.1: H1 rotation curve of the spiral galaxy NGC 3198 (Begeman (1989)). Black rectangles
show the observed rotation curve of the galaxy. This is a good example to show that the total mass
of the galaxy is not only made up of stars and gas only but also of dark matter.
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Figure 1.2: Rotation curve of NGC 6503. Black rectangles show the observed rotation curve of the
galaxy.

Studies have also shown that when the dark matter is included, then the total rotation curve
matches fairly well with the observed rotation curve. Figure 1.2 is another example of a
rotation curve that highlights this (Rubin et al. (1980)). In this Figure, the 'halo’ component
presents the dark matter halo distribution.

The contribution of the halo in galaxies is modeled by dark matter halo models. In this
work we will focus on two dark matter halo models, the pseudo-isothermal sphere distribution
(hereafter IS0) and the Navarro-Frenk and White dark matter halo model (hereafter NFW)
(Navarro et al. (1996)). Several studies have been conducted to investigate which dark matter
halo model is more dominant in galaxies (De Blok et al. (2008a)); Swaters et al. (2011); Oh
et al. (2015); Korsaga et al. (2019)). Observational studies have shown to strongly support
the IS0 halo model, whilst theoretical studies suggest the NFW halo model.

1.1.3 Dark matter distributions

Observational evidence shows that the mass-density distribution of the dark matter halos is
well modeled by a constant density inner core (Broeils (1992), De Blok et al. (1996), Begeman
(1989)). The IS0 dark matter halo model seem to be well described by the observations. The
core-density is often given as:

p(r) ~ 1%, (1.1)

where o« &~ 0. However, theoretical predictions suggested otherwise. In the theoretical frame-
work, numerical simulations are used to model the distribution of dark matter in galaxies
(Navarro et al. (1996), Springel et al. (2008)). This is done by generating mock halos of
cold dark matter in galaxies by using high-resolution N-Body simulations. These predictions
suggested that the equilibrium density of the halo varies with the radius as:

http://etd.uwc.ac.za/ Page 4



1.2. NGC 1512/1510 CHAPTER 1. INTRODUCTION

p(r) o 1%, (1.2)
with o &~ -1 (Navarro et al. (1997)).

This notable discrepancy between observations and cold dark matter simulations on the dis-
tribution of the dark matter density at inner parts was reported first, by Navarro et al. (1997),
who realized a steep rise in the density profile with an increase in radius. Similar deviations
were found by Efstathiou et al. (1990), in their simulations of free-scale hierarchical clustering.
They also reported that this discrepancy was more pronounced in the well-resolved simulated
halos. Similarly, Dubinski & Carlberg (1991) were plagued by the same problem.

This is known as the ‘famous’ cusp-core problem in the field of extra-galactic astronomy. It
remains one of the unsolved questions in small-scale ACDM cosmology (Oh et al. (2008)).
These terms. i.e. cusp and core were invented following the behavior of the density profiles
produced from these two dark matter halo models. The NFW dark matter halo model is called
cusp-dominated due to the increase in the density profile towards the center (Navarro et al.
(1996)). On the other hand, observations were seen to favor a constant central density core,
hence IS0 came to be referred to as a core-dominated dark matter halo (Oh et al. (2008),
De Blok et al. (1996)).

Researchers have largely used these two dark matter models to probe the distribution of dark
matter in galaxies (De Blok et al. (2008a); Swaters et al. (2011); Oh et al. (2015); Korsaga
et al. (2019)). Swaters et al. (2011) used the ISO halo model to study the distribution of
the dark matter in 18 late-type dwarf galaxies. These galaxies were observed as part of the
Westerbork H1 Survey of Spiral and Irregular Galaxies (WHISP). In using the IS0 dark matter
halo model they, found that most of the galaxies with more extended observed rotation curves
have dark matter rotation profiles that show a solid body appearance. They claim that this
showcases dark matter halos with constant density cores.

Oh et al. (2015) studied the mass distribution in 26 dwarf galaxies. These galaxies form part
of Local Irregulars That Trace Luminosity Extremes, The H1 Nearby Galaxy Survey (LITTLE
THINGS). The rotation curves of the dark matter halo for all of these galaxies were com-
pared with those of the dwarf galaxies from The H1 Nearby Galaxy Survey (THINGS) (see
De Blok et al. (2008a)) and ACDM Smoothed Particle Hydrodynamic Simulations (SPH)
(Hayashi et al. (2007)) with baryonic feedback. Most of the LITTLE THINGS galaxies used
in this study showed rotation curves that are consistent with dwarf galaxies from THINGS and
SPH simulations. These rotation curves show a uniform increase in the inner regions, mak-
ing the dark matter density profiles of these galaxies to have shallower logarithmic inner slopes.

1.2 NGC 1512/1510

NGC 1512 is a barred, double ring spiral galaxy which is interacting with the blue compact
dwarf (BCD) galaxy NGC 1510, making a system called NGC 1512/1510 (Hawarden T. G.
(1979)). This minor merger is estimated to have started about ~ 400 Myr ago (Koribal-
ski & Lopez-Sanchez (2009)). According to the Hubble's classification scheme, NGC 1512
is classified as an SBab galaxy, making it an intermediate-type spiral galaxy. Koribalski &
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1.2. NGC 1512/1510 CHAPTER 1. INTRODUCTION

Lépez-Sanchez (2009) claims that the H1 disc of NGC 1512 is much more extended than the
optical diameter by a factor of ~ 4 (see Figure 1.5).

Ak
-

¢ .-5 JJ_._.“
FOLER

Figure 1.3: The deep optical image of NGC 1512 taken from Koribalski & Lépez-Sanchez (2009).
This image was obtained by David Malin from combined UK Schmidt Telescope plates. To emphasize
the faintest stellar structure of the system this image was saturated. A non-saturated R-band image
of the pair, obtained as part of the SINGS project, is overlaid onto the central region.

This galaxy (i.e. NGC 1512) has been observed and studied in multiple wavelengths. Buta
(1988) generated the first rotation curve of NGC 1512 using ionized hydrogen (Hx) data, Ko-
ribalski & Lépez-Sanchez (2009) used H 1 data observed with the Australia Telescope Compact
Array (ATCA) to regenerate the rotation curve of this galaxy and also studied its star-formation
properties. Hawarden T. G. (1979) conducted a study of the optical and H1 properties of
NGC 1512/1510 and Lépez-Sanchez et al. (2015) studied the ultra-violet (UV) properties of
this system. The far-ultraviolet image of NGC 1512/1512 is presented in Figure 1.4 below.
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1.2. NGC 1512/1510 CHAPTER 1. INTRODUCTION

Figure 1.4: The far-ultraviolet image of NGC 1512/1510.

Even though Buta (1988) and Koribalski & Lépez-Sanchez (2009) generated the rotation
curves of NGC 1512, the mass model of this galaxy has not been done. This work aims at
filling this gap i.e. generating a new accurate dynamical model and studying the dark matter
distribution of this galaxy.

In the study of Buta (1988), ionized hydrogen (Hx) observations from the McDonald Ob-
servatory Mark Il Fabry-Perot interferometer together with observations from the TAURUS
Fabry-Perot interferometer of the Anglo-Australian Observatory were used. This study only
modeled the rotation curve of the inner ring (i.e. out to ~ 100 ") of NGC 1512. The rotation
curve of Buta (1988) was generated from the position-velocity slice of the galaxy following
the iterative procedure discussed in Warner et al. (1973). In this work an inclination angle of
i = 35° was used, however, they claim that a reliable inclination angle of NGC 1512 could
not be achieved. The maximum rotation velocity achieved from this work is ~ 210 km s™*.

Koribalski & Lépez-Sanchez (2009) studied the gas dynamics and the star formation rate of
NGC 1512 using neutral hydrogen (H1 ) observations from the Australia Telescope Compact
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Array (ATCA). ATCA is a radio interferometer of 6 dishes, each with a 22-meter diameter.
The main focus of their work was to model the kinematics of the gas component of NGC
1512. H1 data were used because it is a good tracer of the kinematics of the gas component
in galaxies (Sofue et al. (b), De Blok et al. (2008a)). This is often due to its extended
radial extent as compared to ionised hydrogen (Ha), which is often patchy (De Blok et al.
(2008b)). To generate the rotation curve of NGC 1512, Koribalski & Lépez-Sanchez (2009)
fitted a tilted-ring model onto the velocity field of this galaxy using ROTCUR.

The final H1 rotation curve produced by Koribalski & Lépez-Sanchez (2009) shows that the
inner disk of NGC 1512 has regular rotation velocities. However, there are notable deviations
along the outer arms and close to the position of NGC 1510. Koribalski & Lépez-Sanchez
(2009) modeled the rotation curve of NGC 1512 out to r ~ 1200”. The resulting rotation
curve of NGC 1512 rises slowly to a maximum rotational velocity of ~ 225 km s™* at r ~ 300
" Beyond this point there is a drastic decline to a rotational velocity of ~ 110 km s~ till the
last measured point. Koribalski & Lépez-Sanchez (2009) claims that the inclination angle of
NGC 1512 increases from i = 30° to 50°, however, a fixed inclination of 35° (same as Buta
(1988)) was used to generate the final rotation curve of NGC 1512. Table 1.1 provides basic
properties of NGC 1512.

NGC 1512 /1510

NUV (blue) +H | (green) + R (red)

Figure 1.5: A multi-wavelength color-composite image of the galaxy pair NGC 1512/1510 obtained
using the DSS R-band image (red), the ATCA H1 distribution (green) and the GALEX NUV - band
image (blue). The Spitzer 24 um image was overlaid just in the center of the two galaxies. This
images was taken from Koribalski & Lépez-Sanchez (2009).
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Table 1.1: Basic properties of NGC 1512.

NGC 1512 Ref
o(J2000) -43° 21" 03" (1)
5(J2000) -43° 24" 01" (1)
Distance [Mpc] 9.5 (2)
Vi, [kms] 898 (3)
Position angle 260° (3)
Inclination 50° (3)
My, [109 Mo] 472 (3)
Fu, [y kms1 2216 (3)
Wao [km s77] 264 (3)
W, [km s77] 224 (3)

Refs: (1) de Vaucouleurs et al. (1991), (2) Koribalski & Lépez-Sanchez (2009), (3) This
thesis

1.3 This thesis

In this thesis we study a system of nearby interacting spiral NGC 1512/1510 at a distance of
D = 9.5 Mpc (Koribalski & Lépez-Sanchez (2009)), in an attempt to understand galaxy evo-
lution, and extend the work of Koribalski & Lépez-Sanchez (2009). We use neutral hydrogen
(H1 ) to probe the dynamics of the system and thus to infer the gravitational influence of
dark matter in the system.

To model the dynamics of NGC 1512 this work uses both the 2D dynamical modeling technique
(i.e. ROTCUR, Begeman, 1989) and the 3D approach (i.e. 3D Barolo, di Teodoro & Fraternali,
2015) of fitting tilted-ring models to H1 line observations. Using this new approach, i.e. the 3D
modeling routine, a new rotation curve is generated. This new dynamical model is rigorously
compared to data to test the accuracy of the modeling routine. The new dynamical model
matches the data well. However, the new rotation curve is fairly flat at all radii. This poses
some difficulty in modeling the dark matter distribution of NGC 1512. This was accounted
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for by regenerating a new rotation curve from the major-axis PV slice. To account for the
contribution of the stellar component to the total rotation curve, 3.4 um infrared imaging
from WISE was used.

1.3.1 Thesis outline

Chapter 2 gives insights into the nature of the data. It also presents all the high-quality H1
data products generated and the methods used in deriving these.

Chapter 3 gives a detailed description of the dynamical procedures followed to model the
dynamics of NGC 1512/1510. A new dynamical model of NGC 1512/1510 is presented. A
set of position-velocity diagrams at different angles is also presented, showing how well the

data matches the current model.

Chapter 4 discusses in detail the approach used to model the dark matter distribution of NGC
1512. Mass-models are presented here as well.

Chapter 5 presents a summary of the results obtained in this work as well as future prospects.
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Chapter 2
H 1 data of NGC 1512/1510

This work presents H 1 spectral line observations and data products of the nearby interacting
galaxy system NGC 1512/1510. We then adopt a method of parameterizing the H1 data cube
of this system. We show how this method improves the signal-to-noise and in turn provides
a more accurate representation of the H1 kinematics of the galaxy system.

We use the H1 spectral line observations of the interacting galaxy pair NGC 1512/1510 which
was observed as part of the Local Volume H1 Survey (LVHIS) using the Australia Telescope
Compact Array (ATCA) Koribalski & Lépez-Sanchez (2009).

The details of each observation are summarised in Table 2.1. The ten observations were un-
dertaken in different telescope configurations between September 1996 and November 2005.
Four overlapping pointings were also used (Koribalski & Lépez-Sanchez (2009)). During the
observations of this interacting galaxy system, multiple configurations of the ATCA array were
used (Koribalski & Lépez-Sanchez (2009)). The different amounts of the observing times were
spent on different configurations to achieve better spatial and spectral resolutions. An excel-
lent uv- coverage was achieved by combining the data from different telescope configurations.
The range of baselines during the time of observations is from 30 m to 6 km.
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CHAPTER 2. H I DATA OF NGC 1512/1510

Table 2.1: ATCA radio observations of NGC 1512/1510.

1 2 3 4 5 6 7 8
Config. Date Time Primary Flux Phase Cal- Flux Bandwidth
Calibrator ibrator
(yyyy-mm-dd)  (hrs) (Jy) (Jy) (MHz)
H168  2005-11-05 7.5 1934-638 14.95 0438-436 455 8
210 2000-07-06 53 1934-638  14.95 0438-436 455 8
2000-07-08 5.1 1934-638 14.95 0438-436 455 8
375 1996-09-23 8.3 1934-638  14.95 0438-436 455 8
1996-09-24 8.4 1934-638 14.95 0438-436 455 8
1996-12-3 5.1 1934-638 14.96 0438-436 455 8
750A  1996-11-6 10.9 1934-638 ~ 14.95 0438-436 455 8
1.5A 1996-10-20 )= 1934-638 1495 0438-436 455 8
6A 1997-02-05 4.7 1934-638  14.95 0438-436 455 8
6B 1996-09-14 10.5 1934-638 14.95 0438-436 455 8

Column Notes. Columns 1: Configuration used; Column 2: date of the observation;
Column 3: time spent on source; Column 4/5: name of primary calibrator and its
flux-density; Column 6/7: name of phase calibrator and its flux density; Column 8:
bandwidth

Following the observations of NGC 1512/1510, this dataset was reduced and imaged by
Koribalski & Lépez-Sanchez (2009). Upon request a robust (r = 0, where r is called the robust
sub-parameter) weighted cube in fits format was received. The value of this parameter i.e.
r ranges from -2.0 (which is close to uniform weighting which boosts the resolution) to +2.0
(which is close to natural weighting which boosts the sensitivity), thus robust-weighting is the
weighting of the data visibilities which creates a point-spread function (PSF) that changes
between uniform and natural weighting making it to have both good sensitivity and resolution.
Thus, robust weighting of the data boosts the sensitivity to even faint emission i.e. diffuse
emission. The spatial resolution of this data cube is 62.11”. Table 2.2 below summarizes the
main properties of the ATCA data cube. The H1 data cube was used to produce a new set
of H1 maps that are used in this work. These maps were generated by parameterizing the H1
line profiles of the ATCA data cube. Discussions on how each of these maps were generated
is detailed below in subsection 2.1.4 for the H1 surface density map and subsection 2.1.5 for
the H1 velocity field.
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Table 2.2: Characteristics of the ATCA data cube of NGC 1512/1510.

1 2 3 4 5 6 7

Bmaj Bmin BPA noise size pixel width
" 1" o mJy beam™* pixels " km s™*
62.11 55.31 10.15 2.13 778 x 779 5 4

Column Notes. Columns 1 and 2: Major and minor axis of the synthesized beam in
arcseconds; Column 3: Beam position angle in degrees; Column 4: rms noise per channel
map in mJy beam™*; Column 5: image size in pixels; Column 6: pixel scale in arcseconds;
Column 7: channel width in km st
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2.1 H 1 data products

This section presents the H1 data products of the interacting galaxy pair NGC 1512/1510
produced from the ATCA data cube as well as how these maps were generated.

2.1.1 Channel maps

Figure 2.1 presents individual channel maps of the interacting galaxy pair NGC 1512/1510
based on the ATCA data cube.
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Figure 2.1: H1 channel maps of NGC 1512/1510 based on the robust-weighted ATCA data cube
(greyscale range: —0.020 to 100, where 0 = 2.13 Jy/beam). Each channel spans a velocity width
of 4 km/s, and the velocity of each channel is shown in the upper right corner of each panel. H1
flux density contours are shown in black at levels of 62™, where n = 1, 2, 3,....8. The synthesized
beam of size 62”.11 x 55”.31 is shown in black at the bottom left of each panel.
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Figure 2.1: Continued
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2.1.2 Global profile

The global profile is produced by taking the sum of H1 emission in each channel of the
data cube. For this work, the global profile was created by adding all the emission above
30 (0 = 2.13 mJy/beam) in each channel of the ATCA data cube. The global profile of
NGC 1512/1510 based on the ATCA data cube is presented below in Figure 2.2. On the
same Figure, we also present the global profile of the NGC 1512/1510 based on HIPASS data
(Hawarden T. G. (1979)). The two global profiles do not differ significantly except for the
global profile based on the HIPASS data having much lower right horn as compared to the
one produced in this work. This difference might be largely due to the fact HIPASS data was
observed using a single dish telescope which is the Parkes 64 m dish.

From the global profile generated in this work, the value of the width at 20% level of the
maximum flux is W5, = 264 km s™* and at the 50% level the velocity width is W5, = 224
km s*. The values found by Koribalski & Lépez-Sanchez (2009) are W,, = 270 + 9 km
s ' and W5, = 234 & 6 km s7'. The values derived from this work are close to the ones
found by Koribalski & Lépez-Sanchez (2009). The integrated H1 flux measured from our H1
spectrum is Fy; = 346.35 Jy km s~ ' which translates to an H1 mass of My, = 7.38 x 109
Mg, adopting a distance of 9.5 Mpc. Through equation 2.1, the systemic velocity of NGC
1512/1510 is Vgys = 898.0 km s~*. This value agrees well with the one found by Koribalski
& Lépez-Sanchez (2009).

Viys =025 X (VAR 4 VI + Vi + Vi), (2.1)

low low

where (Vﬁ(i);/(ﬁ' Vfg:é‘, V%(i)g/[;v Vfgv/v") are the high and low velocities in km s™* at 20% and 50%

peak flux levels respectively.
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Figure 2.2: The global profile of NGC 1512/1510 based on the ATCA data cube (black) compared

to the one based on the HIPASS data (blue). The vertical dotted line marks the systemic velocity
of the galaxy at Vsys = 898.0 km s .
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2.1.3 Parameterization

The traditional way of generating H1 maps from the H1 data cube is potentially affected by
noise, especially in the outer parts of the galaxy where there is a low signal-to-noise (S/N)
ratio. In this work, to minimize the effects of noise we parameterize the ATCA H1 data cube
on a line-by-line basis. This was done by fitting a 3rd order Gauss-Hermite polynomial at
each RA-Dec pixel position in the ATCA data cube. The mathematical form of a third-order
Gauss-Hermite polynomial is given below by equation 2.2,

d(x) = aexp (;yz[l + %(2\/5133 —3\/5)]). (2.2)

It is noticeable that for h; = 0, equation 2.2 reduces to a Gaussian function. Thus, the
parameter h; is described as signifying the deviation of a Gauss-Hermite polynomial from a
Gaussian function. The parameter y on equation 2.2 is given as y = %‘ where 1 is the
mean and c is the standard deviation as it is the case with a Gaussian function. The h; is
very important for this study as it tracks the asymmetries of the H1 line profiles which helps
in producing high quality data products of NGC 1512/1510. The H1 line profiles based on the
ATCA data cube of NGC 1512/1510 are asymmetric rather than purely Gaussian, this arises
from the interaction of the two galaxies hence the need to parameterize the data cube with

third-order Gauss-Hermite polynomials.

This method of parameterization was introduced by van Der Marel & Franx (1993). It since
has been employed successfully in previous studies to create H1 maps (van Der Marel & Franx
(1993); De Blok et al. (2008a)). The third order Gauss-Hermite polynomial parameterization
is a good method to create reliable and high-quality HT maps since it is not largely affected
by asymmetries in H1 line profiles (De Blok et al. (2008a)) which is usually the case with
a system of interacting galaxies like NGC 1512/1510. To ensure high-quality data products
i.e. data products with high signal-to-noise ratio, the third-order Gauss-Hermite polynomial
was only fitted to HT line profiles (extracted along individual pixels) having at-least three
consecutive channels with peak flux above the level of 30, where 0 = 2.13 mJy beam™" is
the root mean square (rms) noise in the line-free channel of the ATCA data cube. Selected
few H1 line profiles that met this strict criterion are shown below in Figure 2.3. In their work,
De Blok et al. (2008a) discuss in great detail several other methods that can be used when
creating H1 maps from galaxy data cubes.
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Figure 2.3: Selected H 1 line profiles with fitted third order Gauss-Hermite polynomial (green curve).

The asymmetries in the H1 line profiles are well accommodated by the Gauss-Hermite polynomial.
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Figure 2.3: Continued
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2.1.4 H 1 total intensity map

The H1 total intensity map was generated by calculating the area under each of the fitted
third-order Gauss-Hermite polynomials. The H1 total intensity map was converted from units
of Jy/beam to Mg pc™2, which makes it an H1 surface density map. The H1 surface density
map of NGC 1512/1510 generated by parameterizing the ATCA data cube is presented in
Figure 2.4. For comparison, we present the WISE 3.4 um image of NGC 1512 in Figure 2.5.
The 3.4 um photometry is a sensitive tracer of the main stellar component of the galaxies.
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Zu [Mo pc2]

-43°00' |

30"

61°30" 00' 60°30" 00' 59°30' 00*
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Figure 2.4: The H1 surface density map of NGC 1512/1510 generated by parameterising the data
cube with Gauss-Hermite polynomials. The contours levels range from 1.1 to 10 Mg pc™2 spaced
by 1.5 Mg pc—2. The synthesized beam of size 66.11"” x 55.35” is shown on the bottom left corner.
The black ellipse marks the inner infrared disk of NGC 1512 (see Figure 2.5). The red circle marks
the position of NGC 1510.

From the H1 total intensity map of NGC 1512/1510 we calculated the total amount of mass
stored in the gas component of the galaxy i.e. the H1 mass (My, ) and the total H1 flux
(Fy, ) of the galaxy. The HI mass of the galaxy is calculated by using equation 2.3 and the
total HT flux is calculated by taking the sum of the HT total intensity map in units of Jy km

s T,

My, 213 x10° D? 2 SiAv

Mol 1+z  [Mpc][Jy km s71]’ (2:3)
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where D is the distance to the galaxy in Mpc. This work adopts the distance D to the system
of galaxies to be 9.5 Mpc as used by Koribalski & Lépez-Sanchez (2009). The last term in
this equation (i.e. L;SiAv) is the HT total intensity map in units of Jy km s™.

Table 2.3 below presents the values of the HI mass (My; ) and the total H1 flux (Fy; ) NGC
1512/1510 as derived from the Gauss-Hermite H 1 total intensity map together with the values
found by Koribalski & Lépez-Sanchez (2009).

Table 2.3: The H1 mass and the total H1 flux as derived from the Gauss-Hermite H 1 total intensity
map compared to the values found by Koribalski & Lépez-Sanchez (2009).

Study My, [109 Mo]  Fy;p [Jy km s™7]

This work 7.16 336.03
Koribalski & Lépez-..5:51 +0.37 2590.3 + 174
Sénchez (2009)

The values of the H1 mass and the H1 flux derived in this work disagree significantly from
the values found by Koribalski & Lépez-Sanchez (2009). This work extracts more H1 flux and
H1 mass as compared to the work of Koribalski & Lépez-Sanchez (2009). The differences
between the values found in this work and that of Koribalski & Lépez-Sanchez (2009) are
largely due to the fact that effects such as low signal-to-noise ratio arising from the HT1 line
profiles of NGC 1512/1510 were accounted for in this work by parameterizing the ATCA data
cube with Gauss-Hermite polynomials.
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Figure 2.5: The WISE 3.4um infrared image of NGC 1512. The three ellipses overlaid on the image
to get an initial estimate of the inclination angle of the galaxy, used later in Chapter 3 of this work.
The outermost ellipse traces the isophote with the least flux at a level of 20 mag arcsec™. The

innermost ellipse is shown in Figure 2.4 to compare the size of the H1 disk to that of the infrared
disk.

The H1 surface density map of a galaxy depicts the morphology of the galaxy as it shows in
detail the spatial distribution of the emission. H1 surface density maps also show signatures
of activities taking place around the galaxy e.g. features of tidal tails due to gravitational
interactions as is the case with NGC 1512/1510, ram pressure stripping within a cluster of
galaxies and the position of the companion in most cases e.g. in the M81/82 system. This
is primarily due to the H1 gas extending well beyond the stellar radius of the galaxy and
thus revealing features that are usually hidden from the optical. The H1 surface density map
(Figure 2.4) of NGC 1512/1510 shows two prominent arms emerging from the main HI disc of
NGC 1512. We notice the absence of these features from the WISE 3.4 um shown in Figure
2.5. This controversy suggests that these two features are tidal tails or tidal debris rather
than the spiral arms of NGC 1512. These are largely due to the ongoing interaction of NGC
1512 with the blue compact dwarf galaxy NGC 1510.
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2.1.5 Velocity Field

The velocity field was generated by taking the fitted mean velocity of each Gauss-Hermite
polynomial. The velocity field of NGC 1512/1510 based on the parameterized ATCA data
cube is presented in Figure 2.6.
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Figure 2.6: The velocity field of NGC 1512/1510 based on fitting Gauss-Hermite polynomials to
each H1 line profile of the ATCA data cube . The red contours mark the approaching side and
the black contours mark the receding side of the galaxy with a spacing of 25 km s™*. The bold,
black contour marks the systemic velocity at 898 km s™*. The red cirle marks the position of the
interacting companion NGC 1510. The synthesized beam of size 66”7.11 x 55”.35 is shown in the
bottom left corner.

Using the traditional method detailed in Walter et al. (2008), the intensity weighted mean
velocity field of NGC 1512/1510 was also generated from the ATCA data cube. The intensity
weighted mean velocity field is presented in Figure 2.7.
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Figure 2.7: The intensity weighted mean velocity field of NGC 1512/1510 as derived from the
ATCA data cube by using the traditional method. The contour levels are spaced by 25 km s™*. The
bold, black contour marks the systemic velocity at 898 km s=*. The red circle marks the position
of the interacting companion NGC 1510. The synthesized beam of size 66”.11 x 55”.35 is shown
in the bottom left corner.

The two maps i.e. the intensity weighted mean and the Gauss-Hermite velocity field were
compared against each other to investigate which one best portrays the true kinematics of
NGC 1512/1510. The method in generating each of these maps is different. The intensity
weighted mean velocity field is generated through equation 2.4:

. ZiSiA\)

W)= Fs (2.4)

where S; is the flux in channel i of the data cube in units of Jy beam™" and Av is the channel
width (i.e. 4 km s™1).

The Gauss-Hermite velocity field is based on the parameterization of the ATCA data cube
with third order Gauss-Hermite polynomials. The Gauss-Hermite velocity field was subtracted
from the intensity weighted mean velocity field. The resulting map is called the residual map,
shown in figure 2.8. This was done to investigate how much the two maps deviate from each
other.
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Figure 2.8: The residual map, i.e. the difference between the Gauss-Hermite velocity field and
the intensity weighted mean velocity field based on the ATCA data cube of NGC 1512/1510. The
overlaid contours are the same as those of the H T surface density map in Figure 2.4.

The residual map shows that there are huge variations between these two maps i.e. the resid-
uals are greater than |viesiq | = 40 km s~ '. A statistical way of quantifying the difference
was performed by fitting a Gaussian function to the histogram showing the distribution of the
residuals. From this check, we noticed that the residuals produce a non-Gaussian distribution
(see Figure 2.9) due to the huge value of the fitted standard deviation 0 = 39.03 km s™*.
The choice was made to continue with the Gauss-Hermite velocity field because it accounts
for effects such as asymmetries in the HT line profiles.
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Figure 2.9: The histogram shows the distribution of the residual velocities between the intensity
weighted mean and the Gauss-Hermite velocity field of NGC 1512/1510 both based on the ATCA
data cube.
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2.1.6 H 1 line profile asymmetries

The intensity weighted mean velocity field is expected to be highly affected by asymmetries
in H1 line profiles as there was no parameterization involved when producing this map, i.e.
the mean velocity of the H1 line profile is taken to be the velocity of the galaxy at that spe-
cific spatial position, as opposed to the fitted mean velocity of the third-order Gauss-Hermite
polynomial fitted to single H1 line profiles. To investigate the asymmetries in the HT line
profiles we performed two checks. Firstly, we traced how the fitted third-order Gauss-Hermite
polynomials deviated from a normal Gaussian distribution. This was done by checking how
the h; parameter of the fitted Gauss-Hermite polynomial (i.e. equation 2.2) varies around h;
= 0. For an HI line profile that is symmetric, h; is expected to be zero. A negative value of
the h; parameter would signify a HT line profile skewed to the left as opposed to a positive
value of h; that shows an HT line profile skewed to the right. The average fitted value of the
skewness parameter was found to | h; [ ~ 0.15. In Figure 2.10 we present an h; map of NGC
1512/1510. The extreme fitted values of | h; | occur on the tidal tails of NGC 1512. This
might be due to the ongoing interaction of this galaxy with NGC 1510. Furthermore, we note
that both of the inner arms have values of h; varying significantly from h; = 0. These regions
are traced out by the H1 flux density contours overlaid onto this map.
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Figure 2.10: NGC 1512/1510 map of fitted h; values. Fitted extreme h; values are seen on the
tidal tails of the galaxy. The overlaid contours are the same as those of the Gauss-Hermite H1 total
intensity map in Figure 2.4.

Secondly, we adopted the formalism employed by Bok et al. (2019) on their work of whether
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galaxy pairs/companions induce asymmetries on the H1 spectrum/global profile. For this
work, we employed this technique on the H line profiles rather than the H1 spectrum /global
profile (i.e. shown in Figure 2.2) as done by them. This method makes use of the HT flux
ratio i.e. the HT line profiles were partitioned about the mean velocity of the fitted third-order
Gauss-Hermite polynomial. Then, the ratio of the HI flux enclosed (i.e. the area) on each
side of the H1 line profile was taken. To avoid noise contamination of the resulting ratio, only
the points above the 1o threshold were considered. To calculate the H1 flux ratio in each
profile we set a criterion to select the left-hand side to the right-hand side or vice-versa. This
was done by taking the ratio of the side closest to the systemic velocity (i.e. vsys = 898.0
km s™1) to the side furthest. This criterion is shown below:

Aleft

Aright |f Vmean - Vsys > 0
Fy; ratio =

Aright -

A_T;% |f Vmean - VSUS < 0

where Arert is taken to be the area of the region to the left of the Gauss-Hermite fitted mean
velocity (i.e. the grey region in Figure 2.11 below.) and A;ign; is the area of the region
to the right of the Gauss-Hermite fitted mean velocity (i.e. green region in Figure 2.11).
This method was considered a more accurate way of probing asymmetries on the HT1 line
profiles of NGC 1512/1510 as it shows in detail how much H1 flux is stored on either side
of each HT1 line profile. For symmetric HI line profiles, as one would expect, the H1 flux
ratio must be one, meaning there is as much flux on the left-hand side as there is on the
right-hand side. Figure 2.11 shows selected H1 line profiles and their corresponding H1 flux
ratios. The deviation of the h; parameter from zero is shown in the H1 flux ratio map of NGC
1512/1510 presented in Figure 2.12. This strongly supports the proposition that galaxy pairs
or interacting companions are the primary candidates inducing asymmetries in H1 line profiles
(Bok et al. (2019)) in galaxies.
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2.11: Selected H1 line profiles of NGC 1512/10 showing levels of asymmetry. Presented on

the top right corner of each image is the HI flux ratio calculated from the green and grey regions
of the line profiles. The green and grey bars on the legend present the total area stored in the
corresponding colored region of the HT line profile.
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Figure 2.11: Continued
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Figure 2.12 shows the map of the H1 flux ratios of NGC 1512/1510.
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Figure 2.12: The flux ratio map of NGC1512/1510 showing regions of strongly asymmetrical H1
line profiles. H1 flux density contours from the H1 surface density map are overlaid.

Figure 2.10 and 2.12 serve as clear signatures of asymmetries in H 1 line profiles of the in-
teracting galaxy NGC 1512/1510. As in Bok et al. (2019), we propose that the interacting
companion, the blue compact dwarf NGC 1510, is the primary reason for these H1 line profile
asymmetries. The approaching side of the galaxy is strongly affected by the asymmetries,
which might be also due to a gravitational effect by the companion galaxy. For this reason,
we propose that the Gauss-Hermite velocity field is of high quality since the parameterization
accounts for these asymmetries (i.e. h; term (skewness)) (De Blok et al. (2008a); Noorder-
meer et al. (2007)) in H1 line profiles and thus we choose it over the intensity weighted mean
velocity field to model the kinematics of the gas around NGC 1512/1510.
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Chapter 3
H 1 Kinematics of NGC 1512

The kinematics of a galaxy has major effects on the shape of the H1 spectrum. In their
recently conducted study on asymmetries of H1 profiles, Bok et al. (2019) stated that H1
spectra are expected to be symmetric about the systemic velocity of the galaxy (Vys) for disks
that are not perturbed. The global profile (Figure 2.2) of NGC 1512/1510 is not symmetric
about the systemic velocity. This shows that NGC 1512 has a kinematically complex nature.
Thus to model such a kinematically sophisticated system we use the Gauss-Hermite velocity
field of NGC 1512/1510 as demonstrated in Figure 2.6 of Chapter 2.

The spectral resolution of ~ 3.5 km s~* of the ATCA H1 data cube used for this work allows
one to model the gas kinematics of NGC 1512. This chapter is dedicated to discussing the
modeling of the rotation curve of the interacting spiral galaxy NGC 1512 using the ATCA
data. To model the rotation curve of this galaxy we adopted two approaches: the traditional
2D approach i.e. fitting the 2D velocity field of the galaxy with the tilted-ring model (De Blok
et al. (2008a)) and the modern 3D approach i.e. fitting a tilted-ring model to the H1 data
cube of the galaxy (di Teodoro & Fraternali (2015); Di Teodoro et al. (2016)). The latter
i.e. the 3D modeling approach, was used because the 2D modeling routine failed to generate
a reliable inclination angle profile of NGC 1512. However, using the 3D modeling routine, a
reliable inclination angle profile of NGC 1512 was generated and thus a final rotation curve
of the galaxy was achieved. The final rotation curve of NGC 1512 based on the 3D modeling
routine is different to the rotation curve of this galaxy generated by Koribalski & Lépez-
Séanchez (2009). The difference in the results arises from the different inclination angles used
in these studies. This work estimated the inclination angle of NGC 1512 to be ~ 51° by
overlaying ellipses onto the WISE 3.4 um image of NGC 1512 shown in Figure 2.5 of Chapter
2. The 3D modeling routine also favors an inclination angle of ~ 51° for NGC 1512. The
study of Koribalski & Lépez-Sanchez (2009) used a constant inclination angle of 35° for the
entire H1 disc of NGC 1512. The results of the dynamical model based on the 3D modeling
approach suggest that the H1 disc of NGC 1512 has non-constant inclination angle (see Figure
3.5).

3.1 2D modeling - ROTCUR

The 2D approach of modeling the kinematics of galaxies is primarily based on generating a
rotation curve of the galaxy from its velocity field. This is done by fitting the so-called 'tilted-
ring model’ to the 2D velocity field of the galaxy (Rogstad et al. (1974)). This approach
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is however sensitive to several effects such as beam smearing because the velocity field only
contains a parameterised subset of the full information of the full H1 data cube. a subset of
the H1 data cube. For this work we fit the tilted-ring model to the Gauss-Hermite velocity
field of NGC 1512 presented in Figure 2.6. The 2D approach of modeling the kinematics
of galaxies has been applied successfully many times in the past and it is still widely used
(De Blok et al. (2008a), Begeman (1989)). For the 2D approach, the GIPSY task ROTCUR
(Begeman (1989)) is used in this work. ROTCUR is based on fitting a set of concentric rings
onto the 2D velocity field of the galaxy following a non-linear least squares algorithm.

The tilted-ring analysis was first proposed by Rogstad et al. (1974) as a possible explanation
to the H1 disc of the spiral galaxy M83. This method (i.e. tilted-ring model) decomposes the
disc of the galaxy into a series of concentric rings. One of the assumptions of the tilted-ring
model is that the disc of the galaxy is dominated by circular motions. This means that the H1
gas in the galaxy is assumed to be moving in circular orbits along the concentric rings. This
method has proven to be a good approximation in modeling the kinematics of local galaxies
as their discs are nearly circular due to a lack of a galactic bar (Schoenmakers et al. (1997)).
Each of these rings is determined by a set of six parameters. These parameters are:

e the inclination angle (i) which describes how inclined the H1 disc of the galaxy is, with
respect to the line of sight.

e the position angle (PA) which is calculated from the north to the semi-major axis of the
receding side of the galaxy.

e the dynamical center position of the galaxy usually described as %, and y..

o the systemic (Vsys) and the rotation velocity (Vyot) of the galaxy in a given concentric
ring.

The first three bullet points present four parameters of the tilted-ring model that are referred
to as geometric parameters and the last two are referred to as kinematic parameters. Each of
these parameters is linked directly to the observed line-of-sight velocity of each ring, which is

given by the equation 3.1 where the streaming (i.e. non-circular) motions are ignored (De Blok
et al. (2008a)):

Vios (R, 0) = Veys + Vror (R)cos(0)sin(i). (3.1)

In this expression Vi is the line-of-sight velocity of each ring at a given set of polar coordinates
R, and 0. R is the radial distance from the kinematic center of the galaxy and ©O is the
azimuthal angle measured in the plane of the galaxy starting from the major axis (i.e. 0 =
0° for major axis). This angle is directly linked to the inclination angle (/) and the position
angle (PA) of the galaxy by

—(x —x¢)sin(PA) + (y —yc)cos(PA)

cos(0) = R (3.2)
) _ —(x—xc)cos(PA) + (y —yc)sin(PA)
sin(0) = Reos (i) , (3.3)

where x and y are the rectangular coordinates on the sky.
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After a detailed visual inspection of the H1 surface density map of NGC 1512/1510 (see 2.4)
we found that the distribution of H1 in the disc of NGC 1512 is perturbed beyond a radius
of r ~ 450 arcsec from the center. For this reason, we decided to model the kinematics of
the H1 disc out to a radius of r ~ 450 arcsec. The velocity field (in Figure 2.6) of NGC 1512
suggests that beyond this radius, the gas kinematics of this galaxy cannot be reliable due
to the disturbed distribution of the H1 gas. A total number of 15 rings was used, starting
at radius r ~ 30 arcsec from the galactic center. Each ring was given a width of dR = 30
arcsec. This was selected to be approximately equal to half of the beam size (i.e. the beam
major-axis given in table 2.2). A | cos 0 | weighting function was used to give more weight to
points closer to the major-axis of the galaxy. On the major-axis of the galaxy the line-of-sight
velocities are dominated by circular motions (De Blok et al. (2008a); Elson et al. (2010)).
The minor axis of the galaxy contains information about the radial motions of the gas. To
minimize the effect of points close to the minor axis, we omitted all points within an angle of
10° of semi-minor axis.

3.1.1 Fitting procedure

The traditional way of fitting the tilted-ring model consists of five iterations:

e lteration 1: all the parameters of the tilted-ring model are varying freely with radius,
mainly focusing on the convergence of the dynamical center (i.e. x. and y¢).

e lteration 2: the dynamical center parameters are henceforth fixed, given a sensible value
has been achieved. This can determined by comparing the achieved value with the
optical center of the galaxy. The second iteration focuses on the best-fitted value of
the systemic velocity of the galaxy (Vsys).  The systemic velocity is fixed as well to a
sensible value achieved by the tilted-ring algorithm. Because the systemic velocity of
a galaxy can be determined from the H1 spectrum/profile (i.e. Figure 2.2), this step
can be taken as a crucial test to the accuracy of the tilted-ring fitting algorithm i.e
ROTCUR. If we find that ROTCUR produces a systemic velocity value in agreement
with that determined from the global profile, thus this agreement validates performing
a third iteration which fixes the systemic velocity (Vsys) and dynamical center positions
(i.e. x¢ and y¢).

e lIteration 3: the third iteration consists of the dynamical center position and the systemic
velocity parameters of the tilted-ring model being fixed to the previous values found in
iteration 1 and 2, respectively. In this iteration the inclination angle (i), the position
angle (PA) and the rotation velocity parameters of the tilted-ring model vary freely with
radius. This iteration fits the position angle (PA)) of the galaxy.

e lteration 4: the position angle is fixed to its best fit value achieved in the previous
iteration. The inclination angle is being fitted in this iteration.

e lteration 5: the inclination angle of each ring is fixed to the best fitting value found in
the previous iteration. In this iteration, the final rotation curve of the galaxy is produced.

For NGC 1512 the tilted-ring model was fitted in an iterative fashion following the traditional
way described above (Elson et al. (2016); De Blok et al. (2008a); Swaters et al. (2009)). The
first run had all the six parameters of the tilted-ring model varying freely with radius. One
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way of obtaining a good model from this dynamical modeling technique is to give it good
initial parameters that best describe the H1 disc of the galaxy. For this work, to obtain initial
estimates of the inclination and position angle of NGC 1512/10, an ellipse was overlaid onto
the least surface brightness isophote of the WISE 3.4 um image of NGC 1512 presented in
Figure 2.5. The surface brightness level of the isophote is ~ 20 mag arcsec 2. The initial
estimate of the inclination angle was then calculated as i = cos™*(b/a) from the overlaid
ellipse, with a and b being the major and minor axis of the ellipse respectively. The position
angle was calculated from the north to the semi-major axis of the receding side of the galaxy.
The GALEX UV center (Koribalski & Lépez-Sanchez (2009)) of the galaxy was adopted as
the initial estimate of the dynamical center position (i.e. x. and y.). For the systemic velocity
the value calculated from the H1 spectrum/profile (2.2) was adopted as the initial estimate
and finally, an inclination corrected rotation velocity, i.e. Vyot = 0.5W,,/sin(i) (di Teodoro
& Fraternali (2015)) was used as an initial estimate to the Vyot parameter of the tilted-ring
model on ROTCUR, where W, is the velocity width at 20% of the peak flux. The results
of each iteration of ROTCUR are presented below in figures 3.1, 3.2, 3.3 and 3.4. Table 3.1
contains the initial estimates that were used as inputs in ROTCUR for this work and the work
done by Koribalski & Lépez-Sanchez (2009).

Table 3.1: Initial ROTCUR parameters for NGC 1512/10.

Parameter This work Koribalski & Loépez-
Séanchez (2009)

Xe -43° 21" 03" -43° 21" 03"

Ye s on oLt -43° 24" 01"

Vot 196 km's™1t ~ 150 - 200 km s~ !
Vsys 898 km s * 900 km s *

i 51° ~ 3%°

PA 260° 260°

All the parameters presented in the table above were derived originally from this work except

for the center coordinates (i.e. x¢ and y.) that were adopted from Koribalski & Lépez-Sanchez
(2009).
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Figure 3.1: Iteration 1: All the parameters of the tilted-ring model varying freely with radius. The
top row shows the radial runs of the x and y coordinates (x. & y.) which are the dynamical center
coordinates of NGC 1512. The middle row shows the results of the rotation velocity (Vo) and the
systemic velocity (Vsys) after the first run. The horizontal line marks the systemic velocity of NGC
1512 as calculated from the global profile (Figure 2.2). The geometric parameters are presented in
the last row, with inclination profile on the left and the position angle on the right. The error bars
in each of the six panels represent the least-square errors.

The results for the first run of ROTCUR are shown in Figure 3.1. The dynamical center of
the galaxy is converging to values of x. ~-90 and y. ~ 91 in pixel units (according to the
GIPSY software). These values were confirmed to correspond to the GALEX UV optical center
position given in Table 1.1. For the second iteration, the dynamical center positions of the
galaxy were fixed to these values. On the second iteration, the tilted-ring model parameter
that is being fit is the systemic velocity (Vsys) of the galaxy. The results of the second iteration
are presented in Figure 3.2.
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Figure 3.2: lteration 2: As in Figure 3.1, but with the dynamical centre coordinates in the top row
fixed from the first iteration.

The results of the second iteration shown in Figure 3.2 show that the systemic velocity of the
galaxy varies around the value of the systemic velocity calculated from the global profile, Vs
= 898 km s~ . We also note how the position angle profile is varying mildly around the initial
estimate of 260°, with an average scatter of < 5°. The third iteration aimed to get a reliable
best-fit value for the position angle, and fixed the systemic velocity to Vgys = 898 km s7*.
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Figure 3.3: Iteration 3: The dynamical center positions and systemic velocity of the galaxy are fixed
for the third iteration. The rotation velocity (Vyot), inclination and position angle of the galaxy are
varying freely with radius in this iteration.

The results of the third iteration of ROTCUR are presented in Figure 3.3. The position angle
of the galaxy varies around the initial estimate value of 260°. For the fourth iteration, we
fixed the position angle to 260°. The fourth iteration fits the inclination angle parameter of
the tilted-ring model. The best-fitting inclination angle results in the final rotation curve of
the galaxy.
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Figure 3.4: lteration 4: The dynamical center positions, systemic velocity and the position angle
parameters of the tilted-ring model are all fixed to the best fitting values. The inclination angle and
the rotation velocity of the galaxy are varying freely with the radius.

The results of the fourth iteration are presented in Figure 3.4. The inclination angle of the
galaxy changes significantly at r ~ 280 arcsec. At radii that are less than ~ 280 arcsec, the
inclination angle of the galaxy averages ~ 40° and beyond r ~ 280 arcsec there is a sudden
decline of the inclination angle to i < 30°. At this radius occurs a large inter-arm region.
This is seen clearly on the H1 surface density map of NGC 1512/1510 presented in Figure
2.4. This result suggests that the H1 disc of NGC 1512 does not have a uniform inclination
angle. The non-uniform inclination angle of this galaxy might be resulting from the ongoing
interaction of NGC 1512 with the blue compact dwarf galaxy NGC 1510.

The 2D tilted-ring model is only fitted to the velocity field of the galaxy and thus effects arising
from the distribution of the H1 gas are not accounted for. Noticing that the 2D tilted-ring
model of NGC 1512 is affected by the perturbed distribution of the H1 gas, we decided to use
a modeling routine that would account for the galaxy’s gas distribution. One such modeling
technique is 3PBarolo (di Teodoro & Fraternali (2015)).
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The rotation curve of NGC 1512 was produced by Koribalski & Lépez-Sanchez (2009) using
H1 observations observed with ATCA. In their study, they used the 2D modeling routine,
ROTCUR. A final rotation curve was achieved by adopting a constant inclination angle of ~ 35°
for the entire H1 disc of NGC 1512. However, it is not clear how the inclination angle of ~
35° was obtained. The rotation curve of NGC 1512 generated by Koribalski & Lopez-Sanchez
(2009) goes out to a radius of r ~ 1200 arcsec. Our results from the 2D tilted ring model
suggest that the H1 disc has a varying inclination angle with the radius. We also show that
the rotation curve of NGC 1512 is less reliable beyond a radius of r ~ 450 arcsec, largely due to
the disturbed H1 distribution beyond this point. The effect of the disturbed H1 distribution
in NGC 1512 is especially clear from the modeling with ROTCUR, which gives considerably
varied results. We estimate the inclination angle of NGC 1512 by tracing the infrared disc of
the galaxy with an ellipse. The inclination angle calculated from the ellipse is greater by 15°
than the value used by Koribalski & Lépez-Sanchez (2009). The systemic velocity and the
position angle fitted parameters from this work agree well with the values found by Koribalski
& Lépez-Sanchez (2009). Also, the dynamical center from our tilted-ring model agrees very
well with the values they found. Thus the disagreement between our work and the study of
Koribalski & Lépez-Sanchez (2009) arises from the inclination angle of the H1 disc of NGC
1512.
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3.2 3D modeling - 3”Barolo

The 2D modeling routine i.e. ROTCUR (Begeman (1989)), has been applied successfully to
model the rotation curves of galaxies. However, it is often affected by several factors. Such
factors are beam smearing, face-on inclination galaxy discs, asymmetric discs e.g. due to
warping H1 galaxy discs. Beam smearing results from the poor resolution of the telescope
which causes the H1 emission to be smeared on the adjacent regions (De Blok et al. (2008a)).
The other problem which is often a burden to ROTCUR is the degeneracy between the rotation
velocity and inclination angle. In Figure 3.4 the drastic change in the inclination angle of
NGC 1512 induces a noticeable change in the rotation curve of the galaxy. The degeneracy
between these two tilted-ring model parameters makes it impossible to determine one of these
parameters separately (Begeman (1989)). Thus, to accommodate such effects we used the
3PBarolo routine.

3.2.1 3PBarolo algorithm

3PBarolo is a code that takes as an input a full 3D line-emission cube and fits a 3D tilted ring
model to it (di Teodoro & Fraternali (2015)). The leading feature of this algorithm is that
it creates a mock data cube based on the input. This is achieved by simulating a disc model
of the galaxy at first. To seed the gas in the artificial disc model a Monte-Carlo approach is
adopted. This is done by using a stochastic function that randomly populates both the spatial
and velocity dimension with gas (di Teodoro & Fraternali (2015)). As in ROTCUR, the mock
disc is broken down into a series of N concentric rings. The gas in these concentric rings is
built on a 6D domain of parameters. Three of these parameters are spatial locations. These
can be thought of as cartesian coordinates x, y and z. These spatial coordinates describe
the locations of each gas particle in the mock disc. The three remaining parameters are the
velocity coordinates i.e. vy, vy and v,. These describe the velocity of each gas particle. The
z-component in the velocity space, i.e. v, accounts for streaming motions in the mock disc.
In the artificial disc model, each ring has radius R and width W.

As with ROTCUR, each of these rings is described by a set of parameters. Six of these param-
eters are similar to the ones of ROTCUR with additional three parameters, which are velocity
dispersion (0g4qs), face-on column density (X) and scale-height of the gas disc (z,). After the
disc model has been created, the algorithm further convolves it to the same spatial resolution
as that of the input line emission cube. This is achieved via a 2D Gaussian representing the
point spread function (di Teodoro & Fraternali (2015)).

This set of rings is then projected onto the input 3D line emission cube and a thorough
ring-by-ring comparison is done between the artificial disc and the data, starting from the
inner-most defined disc and moving outwards. During this comparison at each step, if the
model best represents the observations, the algorithm continues to the next ring, if not, the
parameters of the model ring are updated until the model best represents the data.

Unlike most of the 2D modeling routines, 3PBarolo is not based on any analytic function.
A method of minimizing non-analytic functions by using a multidimensional simplex solver is
adopted. This is also called the Nelder-Mead (Nelder & Meadf (1965)) method. The algo-
rithm builds a function based on the initial guesses of the disc parameters provided by the user.
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This function then is passed to the minimization algorithm. Asin ROTCUR, the initial guesses
of the parameter can either be global or be specific to each ring. In cases where there are no
initial guesses provided, the algorithm automatically estimates the initial parameters for the
fit. This is one of the features that make this modeling algorithm extra-ordinary. However, it
is strongly advised to provide initial guesses to the algorithm (di Teodoro & Fraternali (2015)).

3DBarolo has lots of other interesting and useful features such as source detection. In a given
dataset, 3PBarolo, can identify all the sources and fit to each of them. One puzzling feature
of this modeling technique is the automatic regularization of parameters. Unlike in ROTCUR,
3PBarolo automatically fixes the model parameters to the best fitting profile on the second
iteration.

The initial estimates that were used for the 3D modeling technique are ogisp = 8 km s %,
and Z0 = 35 arcsec. The initial estimates of these two parameters are not important when
modeling the kinematics of galaxies using the 3D modeling technique (di Teodoro & Fraternali
(2015)), thus any sensible value can be used as an initial estimate. A total of 15 rings were
used and the inner 30 arcsec of the galaxy was ignored. The width of each ring was set to
dR = 30 arcsec. The weighting function was set to use | cos 0 | and the function to minimize
the residuals between the data and the model was set to use the chi-squared (x?) function.
The SMOOTH function was used to mask the cube and the LOCAL function was selected for
normalization of the model cube. The common parameters between 3PBarolo and ROTCUR
were set to the ones given in table 3.1.
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Figure 3.5: The dynamical model of NGC 1512 generated with the 3D modeling technique. The
top row shows the dynamical center position of the galaxy in units of pixels. The second row presents
the rotation curve (left) and the systemic velocity profile of the NGC 1512. Shown on the third
row is the inclination angle (left) and position angle (right). The last row shows the gas dispersion
velocity profile (left) and the H1 surface density profile (right). The black points represent profiles
of the receding side and the grey points represent profiles of the approaching side of the galaxy.

Figure 3.5 presents the results of the dynamical model of NGC 1512 from the second iter-
ation of the 3D modeling technique. The dynamical center position, systemic velocity, and
position angle profiles are similar to the results of the 2D modeling routine (Figure 3.4).The
results of the 3D modeling routine suggest that the H1 disc of NGC 1512 has an inclination
angle of ~ 51° which is different from the one that was found by Koribalski & Lépez-Sanchez
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(2009). We also modeled each side of the galaxy separately i.e. the receding and the ap-
proaching side. The rotation curve of the receding side of NGC 1512 differs at r ~ 300 arcsec
from that of the approaching side. The rotation curve of both sides of the galaxy seems
to be dominated by the rotation velocities of the approaching side at outer radii. The final
rotation curve of NGC 1512 is fairly flat i.e. from the starting to the last measured radial point.

The shape of this rotation curve is different from the typical shape of the rotation curve of
spiral galaxies, which usually has a steep rising part at inner radii and a flat behavior to outer
radii. However, it is similar to the rotation curves of three spiral galaxies from the sample
of galaxies studied by De Blok et al. (2008a). These three galaxies are NGC 2841, NGC
3031 or M81 and NGC 7331. These galaxies also have fairly flat rotation curves with the
inner rising part missing. The inclination angle of the receding side of NGC 1512 only differs
by ~ 4° from that of the approaching side. The difference is much more noticeable from r
~ 140 arcsec out to r ~ 440 arcsec. This peculiar inclination profile of NGC 1512 for the
receding side of the galaxy might be largely due to the ongoing interaction with NGC 1510,
which is located at the receding side of the H1 disc of NGC 1512 (see Figure 2.6 in Chapter 2 ).

The position angle of the entire H1 disc of NGC 1512 averages to 260°. The two sides of the
galaxy have different position angle profiles. There is no significant difference in the radial H1
surface density profile of NGC 1512 between the receding and the approaching sides. However,
the radial H1 surface density profile for both sides of the galaxy is lower by a value of 3 Mg,
pc~ 2 to that of both the receding and approaching side of NGC 1512. At this point, it is not
clear what may be the real cause of this difference.
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3.2.2 Data-model comparison

To test the accuracy of the dynamical model (i.e. Figure 3.5) we compared the model data
cube to the ATCA data cube. We first compared the channel maps of the ATCA data cube
to those of the model cube produced from the 3D algorithm. This was done by overlaying the
contours of the model cube onto the channel maps based on the ATCA data cube. This would
show us if the model traces the emission in a convincing way. The data to model comparison
through channel maps is presented below in Figure 3.6.
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Figure 3.6: Selected H1 channel maps of NGC 1512/1510 based on the robust ATCA data cube
(greyscale range: —0.020 to 100, where 0 = 2.13 mJy/beam). Each channel spans a velocity width
of 4 km/s, and the velocity of each channel is shown in the upper right corner of each panel. H1
flux density contours representing the data are shown in black at levels of 02™ and H1 flux density
contours representing the model are shown in red at levels of 0 04e12™, Where 0imoder = 0.00625

mJy/beam and n =1, 2, 3,

,8. The blue cross in each panel marks the center estimated by the

3D modeling technique. The limit of the model is marked by the black circle. The synthesized beam

of size 62.11” x 55.31” is shown in black at the bottom left corner of each panel.
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Figure 3.6: Continued

The comparison of the model to data presented in Figure 3.6 shows that the model and the
data are in good agreement. This result shows that the dynamical model is reliable. However,
the accuracy of results cannot depend on one comparison. Thus, we decided to do a second
comparison of the dynamical model to data by comparing the position-velocity (PV) slices of
the model cube to those of the ATCA data cube.

We extracted several PV slices from both the model cube and the ATCA data cube at four
different angles starting from the fitted position angle (PA = 260°) of the galaxy and moving
in steps of 45°. Thus, the PV slices were extracted at angles of 260°, 215°, 170°, and 125°.
The PV slices from the ATCA data cube were overlaid with contours of the model cube from
the 3D modeling technique. Several PV slices were extracted and compared to make sure that
the model cube matches the ATCA data cube very well. Figure 3.7 below is the HT surface
density map of NGC 1512/1510 showing the positions at which the PV slices were extracted.
The positions of the PV slices are numbered from 1 to 14 and four different colors are used
for each angle. The length of each of the PV slices was set to 220 pixels (1100 arcsec) and
each PV slice has a width equal to 15 arcsec, which is about a fourth of the beam width
(beam width = 62 arcsec).
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Figure 3.7: H1 surface density map of NGC 1512/1510 showing the positions of the PV slices
extracted at four different angles. The black color represents all the slices extracted at 260°, red at
215°, maroon at 170°, and blue at 125°. At each angle 14 PV slices were extracted.

Figure 3.8 below presents the comparison of model to data though PV slices.

The comparison of the model cube to the ATCA data cube shown in Figure 3.8 suggests that
the model matches the data well. However, we note that in a few PV slices e.g. PV slice 14
at 260° the contours of the model are absent. This is because these PV slices were extracted
at positions that are out of the limit of the model (the limit of the model is shown in Figure
3.6). This and the first comparison of the model cube to the ATCA data cube suggest that
the dynamical model of NGC 1512 from the 3D technique is reliable.

The final rotation curve of NGC 1512 based on the 3D modeling routine (see Figure 3.5) is
fairly straight from the first to the last measured point. This shape of the rotation curve is not
suitable to carry out the mass-modeling of NGC 1512. Thus, a measure of the inner rotation
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curve is required to achieve a sensible mass-model of NGC 1512. We therefore adopt, in the
next section, a new approach of generating such a rotation curve for NGC 1512.

3.2.3 Extracting rotation velocities from PV slice.

The new rotation curve of NGC 1512 was generated from the major-axis PV slice extracted
from the ATCA data cube. The idea of generating a new rotation curve of NGC 1512 from
the PV slice was to obtain a rotation curve with points at inner radii as already stated above.
he major-axis PV slice was extracted at the average of the fitted position angle (260°) of NGC
1512 (see Figure 3.5). Figure 3.9 shows the major-axis PV slice of NGC 1512 based on the
ATCA data cube. The position of the major-axis PV slice on the H1 surface density map of
NGC 1512/1510 is labeled number 1 in Figure 3.7, i.e. it passes through the fitted dynamical
center of the galaxy which is (xc, yc) = (388.22 pixels, 390.81 pixels) (see Figure 3.5). The
width of this PV slice is equal to 15 arcsec and its length is 220 pixels.

1100

1000

Vios(km s71)

900

800

700

—-400 —-200 0 200 400
Offset (arcsec)

Figure 3.9: The major-axis pv slice as extracted from the ATCA data cube of NGC 1512. The
dashed white line marks the systemic velocity of NGC 1512 at Vsys = 898 km s™*. The contours
levels are at 2" o, where n =0, 1, 2, ....., 8 and 0 = 2.13 mJy/beam.

Figure 3.9 shows that the distribution of the H1 gas on the receding side is different from
that of the approaching side. This might be due to the ongoing interaction of NGC 1512 with
NGC 1510. This then would allow us to carry out the mass-model of this galaxy.

The new rotation curve of NGC 1512 was generated by partitioning the major-axis PV slice
into the receding and approaching side of the galaxy. The approaching side of the major-axis
PV slice was transformed to match the PV slice of the receding side of the galaxy. The
average of the two PV slice sides was taken. This was done to achieve a rotation curve of the
galaxy that is based on both sides of the major-axis PV slice. A rotation curve based only on
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one side would impose uncertainties since the distribution of the H1 gas is different on either
sides. Figure 3.10 illustrates this process.

100

80

100

80

Pixels Pixels Pixels

Figure 3.10: The major-axis PV slice of NGC 1512 partitioned into two sides. Panel (a) shows
the receding/upper side of the PV slice. Panel (b) shows the approaching/lower side, (c) is the
approaching side flipped with respect to the y-axis and in (d) panel (c) flipped again with respect
to x-axis. In panel (e) the two sides are overlaid onto each and panel (f) shows the result of the
average between the two sides. The vertical dashed red line shown in panel (f) marks the half of
the full major-axis PV slice and the horizontal marks the middle channel.

After taking the average of the two sides, the resulting PV slice was convolved with a two-
dimensional box to smooth it and also a flux cut at 1.30, where 0 = 2.13 mJy beam™" was
applied. The smoothed PV slice of NGC 1512 was then binned into regions spanning 6 pixels
each. The size of each pixel in the ATCA data cube is 5 arcseconds. So the bins were selected
to span a size that is half the beam-size (~ 30 arcseconds). In each of the bins, the intensity
weighted mean velocity was calculated. Figure 3.11 shows the smoothed version of the final
PV slice and also the calculated intensity weighted mean velocities.
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Figure 3.11: The smoothed and flux cut version of panel (f) in Figure 3.10. The black dots present
the intensity weighted mean velocities calculated in each bin. The vertical red dotted lines mark the

binned regions.

The velocities presented by black dots in Figure 3.11 were then extracted and corrected for
inclination angle by dividing each velocity by sin(i) using the average of the fitted inclination
angle ~ 51°. The inclination corrected velocities were taken to be the new rotation curve of
the galaxy NGC 1512. The aim of the rotation curve is primarily to carry out the mass-model
of NGC 1512. The new rotation curve was parameterized with a polyex curve. As outlined in
the work of Giovanelli & Haynes (2002), the polyex function takes the following form,

Vpe(r) = Vo(1 — e_T/Tpe)(l + or/Tpe), (3.4)

where V,, is the amplitude of the rotation curve, rpe is the scale length for the inner steep rise
of the rotation curve and « is the slope of the outer rotation curve. This parameterization of
rotation curves has been used successfully to estimate the inner slope of the rotation curves as
set by rpe (Giovanelli & Haynes (2002)). The same formalism was adopted for this work, to
smooth out the rotation curve generated from the major-axis PV slice. Figure 3.12 presents
the rotation curve of NGC 1512 as extracted from the major-axis PV slice and also the fitted
polyex curve to this new rotation curve is shown. We also plot the rotation curve of NGC
1512 based on the 3D modeling technique.
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Figure 3.12: The new rotation curve of NGC 1512 as extracted from the major-axis PV slice
(black dots) compared to the result of the 3D modeling routine (grey curve) fitted with Polyex curve
(maroon curve). The point at (0, 0) was added manually to anchor the lower tail of the Polyex

curve.

The new rotation curve of NGC 1512 was taken to be the fitted polyex velocities. The shape
of the rotation curve of NGC 1512 generated from the 3D modeling is similar to the outer
part of the new rotation curve. However, the new rotation curve of NGC 1512 derived from
the major-axis PV slice has lower velocities than the rotation curve generated from the 3D
modeling routine. One way to test the accuracy of the new rotation curve we took half
difference between the H1 spectrum (i.e. Figure 2.2) peak velocities. This difference when
corrected for the inclination angle of the galaxy, i.e. by dividing with sin(i), it produces a value
of ~ 115.8 km s~ *, which matches well with the second data point of the pv-slice rotation
curve. This difference might arise from the different techniques that were used to generate
these two rotation curves. The new rotation curve has inner points making it suitable for the
mass-modeling of NGC 1512. The fitted polyex curve was used as the input into the mass
modeling routine. The mass-model of NGC 1512 is discussed in Chapter 4.
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Chapter 4

Mass distribution

4.1 NGC 1512 mass model

The distribution of dark matter in galaxies is one of the most studied fields in extra-galactic as-
tronomy. There exists a disagreement between observations (Broeils (1992)) and simulations
(Navarro et al. (1996)) on the distribution of dark matter in galaxies (see subsection 1.1.3).
This is one of the reasons the distribution of dark matter is intensively studied. In this chap-
ter we adopt two dark matter models, the pseudo-isothermal sphere (hereafter IS0) and the
Navarro-Frenk and White (hereafter NEW), in modeling the distribution of dark matter in NGC
1512. We compare the results of these models to other galaxy mass models found in literature.

To quantify the amount of dark matter in NGC 1512 a mass model based on the rotation
curve presented in Figure 3.5 was carried out. We used the GIPSY task ROTMAS to generate
the mass model. ROTMAS is a task that performs a fit of the total velocities to the observed
rotation curve of the galaxy. The total velocities are calculated as a quadratic sum of the
velocities of all the mass components (e.g. gas, stars and dark matter halo) making up the
galaxy and is given as:

tzot = (XQ(ISVSas + deé + va‘tz) + Vﬁalo/ (4'1)

where Vgqs, Va, Vp and Vypqio are the contributions from the gas component which is as-
sumed to consist of hydrogen (H) and helium (He) gases only, stellar disc, stellar bulge and
dark matter halo respectively. Vyq10 for this work is calculated using two dark matter models
i.e. IS0 and NFW dark matter model (see below for discussion). &gqs = 1.4 is defined as the
scaling factor accounting for He to the gas component of the galaxy as done by De Blok et al.
(2008b) and Oh et al. (2008). Y4 = 0.5 and yy, = 0.7 (McGaugh & Schombert (2014)) are
the mass-to-light ratios of the disc and bulge respectively, used to convert the observed stellar
light into stellar-mass distribution.

The traditional procedure to obtain each of the rotation curves of the gas, stellar disc, stellar
bulge and halo components is discussed below.

4.1.1 Gas contribution

The gas component considered for this work is the H1 gas only. Using the GIPSY task
ELLINT a new radial H1 surface density profile was generated from the H1 surface density
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map of NGC 1512/1510 presented in Figure 2.1.4. The ELLINT task is based on the same
formalism as ROTCUR, the input map is broken into a series of concentric rings. The rings
were set in a similar way with ROTCUR (see section 3.1 above). A constant position angle
of 260° and a constant inclination angle of 51° were used. The optical center of the galaxy
given in table 1.1 and distance of 9.5 Mpc were also adopted. In the ELLINT task the HT
mass calculated from the H1 surface density map was used (i.e. presented on table 2.3).

We note (see Figure 4.1) that the H1 surface density profile does not decline exponentially at
outer radii. In their work, Swaters et al. (2002) successfully fitted an exponential function onto
the radial surface density profile of late-type dwarf galaxies. However, we note that our profile
rather portrays a shifted Gaussian distribution. Thus following the work of Martinsson (2011),
we fitted successfully a Gaussian function to our H1 surface density profile. The fit is shown
in Figure 4.1. Hereafter, this is referred to as a Martinsson profile. This parameterization was
done to smooth the radial H1 surface density profile which in return will produce a smooth
rotation velocity for the gas component of NGC 1512. The form for the Martinsson profile is
given as:

L 2
Zu, (1) = Eperpl e ), (42)
Hi1

where L™ is the amplitude of the HT profile, ry o is the radius at which the amplitude
occurs and oy is the radial dispersion of the profile. The best fitting parameters are L™
=5.23 Mg pc 2, r5max = 115.58” and oy, = 413.87 " . Figure 4.1 below shows the radial

H 1 surface density profile of NGC 1512 fitted with a Martinsson profile.
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Figure 4.1: The H1 surface density as a function of radius based on the H1 surface density map of
NGC 1512 (filled circles). The solid curve presents a Martinsson profile fit to the data.

The Martinsson profile was used to generate the rotation velocities of the gas component
of NGC 1512. The GIPSY task ROTMOD was used to convert the surface density profile into
rotation velocities, assuming an infinitely thin disc. The rotation curve of the gas component
is presented in Figure 4.2 below.
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Figure 4.2: The rotation curve of the gas component of NGC 1512 generated using ROTMOD.

4.1.2 Stellar contribution

To quantify the distribution of stellar mass, a WISE 3.4 um image of NGC 1512 was used.
This imaging together with measured 3.4 pum radial surface brightness profiles was kindly
provided by Prof T. Jarrett (private communication). The 3.4 pum radial surface brightness
profile was given in units of apparent magnitude per square arcseconds (mag/arcsec?). The
stellar component is decomposed into a disc and bulge. Thus, two separate 3.4 um radial
surface brightness profiles, one for disc and the other for bulge, were received. To simplify
the process, these were converted to radial surface density profiles in units of solar masses
per square parsec (Mg /pc?) following the formalism outlined in Cluver et al. (2014). The
conversion is summarized below; for further discussions, see Cluver et al. (2014).

The apparent magnitude per square arcseconds (mag/arcsec?) is converted to the absolute

magnitude and then to stellar luminosities in units of solar luminosity per square arcseconds
(Lo /arcsec?) by:

M2t =ml* —5log,,D+5

W%4—M%4)/2.5, (4'3)

where W2 = 3.24 (Cluver et al. (2014)), D = 9.5 x 10° pc, is the distance of the galaxy,
M%‘“ and m%“ respectively its absolute and apparent magnitudes.

Lastly, the radial surface density in units of solar masses per square arcseconds Mg, /arcsec?
is calculated as follows:

T, = (M/L) x L, (4.4)

where M/L is the mass-to-light ratio. For the disc, M/L = 0.5 was adopted and for the bulge,
M/L = 0.7 was used (McGaugh & Schombert (2014)).
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Using the fact that each pixel of the WISE 1 image corresponds to 0.9972”, which is equiva-
lent to a physical size of 45.93 pc at the distance D = 9.5 x 10° pc to the galaxy, the surface
density profile was converted to units of solar masses per square parsec (Mg /pc?). Figure
4.3 presents the radial 3.4 um surface brightness and the surface density profile for NGC 1512.
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Figure 4.3: The radial surface brightness profile (left) and surface density profile (right) of the
spiral galaxy NGC 1512 from WISE1 3.4 um photometry.

From the 3.4 um radial surface density profiles, the mass contained in both the bulge and the
disc components of NGC 1512 was calculated. This is done through the following equation:

M* erax

o amr- TR AR, (4.5)

Tmin

where Z2**™ is the radial surface density profile of both the disc and the bulge and R is the
radius, and rpin and rmax are 5” and 518.67” respectively. The mass of the disc of NGC
1512 found by integrating the black profile in Figure 4.3 is Mgisc = 1.19 x 10™ My and the
mass of the bulge found is My 1ge = 5.59 x 107 Mg,

As with the HT1 radial surface density profile, the disc and the bulge surface density profiles
were used to generate the rotation velocities of these two components of NGC 1512. This
was done using the GIPSY task ROTMOD. A sech-squared law was assumed for both the disc
and the bulge. Figure 4.4 below presents the rotation velocities of the disc and the bulge
components of NGC 1512.

http://etd.uwc.ac.za/ Page 65



4.1. NGC 1512 MASS MODEL CHAPTER 4. MASS DISTRIBUTION

110
100 |
90 f

80 f

V.(km s71)

70 f
60F '

50 F

40F

0 5 10 15 20
radius (kpc)

Figure 4.4: The rotation velocities of the stellar disc and stellar bulge components of NGC 1512 as
generated from the GIPSY task ROTMOD.

4.1.3 Dark matter contribution

Dark matter halo models are used to account for the contribution of the dark matter in the
total mass budget of a galaxy. The primary idea is that the contribution of the baryons i.e.
stars and gas, is not enough to account for the observed rotation velocities (Navarro et al.
(1996), Navarro et al. (1997)). Thus, dark matter is held responsible for the difference, hence
the term 'residual velocities’ (Oh et al. (2008)). This work adopts the two well-tested dark
matter models: the ACDM NFW cusp-dominated and the IS0 core-dominated dark matter
halo. The two models were used to see which one recovers the observed rotation velocities of
NGC 1512 better. The outline of the two models is given below:.

NFW dark matter model

Numerical simulations of the hierarchical growth of structure in a Lambda-CDM are used study
the distribution of dark matter in galaxies (Navarro et al. (1996), Springel et al. (2008)). This
cuspy density distribution is called the 'universal density profile. The NFW density profile is
given in the form:

_ Pi
PN = TR R+ R/RL 2

(4.6)

2
where p; is the called the critical density given by: p; = %, with H the Hubble constant
and G the gravitational constant. R is the characteristic radius of the dark matter halo. The
rotational velocities corresponding to the dark matter halo are given as:

In(1+cx) —cex/(1+cx)
x[In(1+c)—c/(1+c)]”’

VNFW(R) = Vzoo\/ (4'7)

where c is the concentration parameter given by: ¢ = R,00/Rs. Rago is the radius at which
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the halo density is 200 times greater than the critical density of the universe with V,, being
the velocity occurring at that radius. x is given by: x = R/Ry00.

IS0 dark matter model

The IS0 dark matter halo model is motivated by observations. This model suggests a constant
density on the core of the galaxy (Oh et al. (2008), De Blok et al. (2008a)). In other terms
this is described as follows: pis, o R° towards the center of the galaxy and piso o< R™2 in
the outskirts of the galaxy. The IS0 density profile is described by:

_ Po

1+ (R/R¢)?’
where p, and R are respectively the central density and the core radius of the dark matter
halo. The rotation velocities following this density profile are given as:

Piso (1‘) (4.8)

R
Viso(R) = \/47IGpOR§ {1 — —Ctan—l(i) . (4.9)
R R

4.1.4 Mass model results

To model the dark matter content of NGC 1512 we made use of the GIPSY package ROTMAS.
This routine takes as input the gas velocities, and the stellar velocities comprised of disc and
bulge velocities. Then it performs a fit with either NFW or IS0 halo model depending on the
user's choice. For this work, both halo models were used. In the Figure 4.5 we present all the
rotation curves of the mass components found in NGC 1512 without fitting any halo model.
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Figure 4.5: The rotation curves for all the mass components of NGC 1512. Each rotation curve is
labelled according to the corresponding mass component.

Figure 4.6 presents the best fit case of the IS0 halo model. On the best fit case the mass-to-
light ratio of the disc and that of the bulge component of the galaxy i.e. Ygisc and Ypuige vary
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freely. The mass-to-light ratio of the gas component is fixed to «gqs = 1.4. The best-fitting
parameters are quoted in table 4.1.
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Figure 4.6: The best fit case of NGC 1512 using the ISO halo model. The rotation velocities are
labelled according to their corresponding mass components (left). The green curve shows the total
velocities through equation 4.1 and the maroon dotted curve shows the observed rotation curve of
NGC 1512. Presented on the right is the density distribution following equation 4.8 for the ISO best

fit case.

The total velocities from the best fit model match very well with the observed rotation curve
with a reduced chi-square (x3.4) value of 2.45 (see table 4.1). One can also note that the
bulge is dominant over the dark matter halo of NGC 1512 out to a radius of r ~ 4 kpc. For
the IS0 halo model, two more fits were performed. One is where there is no contribution
from the gas, stars, and bulge (referred to as the minimum disc case) and the second one is
the fixed disc case where the mass-to-light ratios of the stellar bulge and stellar disc are fixed
to values of 0.7 and 0.5 respectively. Figure 4.7 presents the fit obtained when a minimum
disc case was assumed for NGC 1512.

i T ' et ] 25F
; /m _ 20}
¥ 1L
Lo e 15
C ] = [
[ T [
- 1 2 lor
[ a [
i S o5}
[ Vobserved ] [
L — Veoul 3
L Viso . 0-0 ;
0 5 10 15 20 0
radius (kpc)

10
radius (kpc)

15

20

Figure 4.7: The results of the mass model of NGC 1512 based on the assumption of total no
contribution from the baryons. The black dotted curve presents the ISO dark matter halo velocities,
the green curve is the total velocities and the maroon dotted curve is the observed rotation velocities
of NGC 1512. Presented on the right is the density distribution based on the minimum disc case.

Figure 4.7 shows that the total velocities are made up of the dark matter halo velocities
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only i.e. the black dotted curve matched the green curve at all radii. However, the reduced
chi-square value for this case (x2,4 = 3.51) is greater than that of the best fit scenario. This
suggests that the contribution of the baryons is needed to achieve a better mass model of
NGC 1512. The following case is the fixed disc model. This case fixes the mass-to-light ratio
of the disc and bulge to values of 0.5 and 0.7 respectively and only fits the core density and
the core radius.
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Figure 4.8: The results of the mass model of NGC 1512 assuming the fixed disc case. The curves

have the same interpretation as in Figure 4.6. On the right is the density distribution based on the
fixed disc case.

The fixed disc case also recovers the observed rotation velocities of NGC 1512 achieving a
reduced chi-square value of 2., = 4.45. The best fit case suggests that the stellar bulge
component favors a higher mass-to-light ratio than 0.7, with the stellar disc component fa-
voring a lower value than 0.5.

Using the NFW halo model the three cases discussed above i.e. the best fit case, minimum
disc case, and the fixed disc case were also modelled. The best fit case of the NFW halo model
has Yaisc and Ypuige, 200, and c as varying parameters. Figure 4.9 presents the best fit case
of the mass model of NGC 1512 using the NFW halo model.
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Figure 4.9: The best fit case of NGC 1512 using the NFW halo model. The curves are similar to
those presented in Figure 4.6. Presented on the right is the density distribution of NGC 1512 based
on the best fit case of the NFW halo model.

In Figure 4.9 the total velocities match very well with the observed rotation curve of NGC
1512. The mass in the bulge dominates the gravitational potential out to r ~ 3 kpc. Beyond
this point the dynamics are dominated by the dark matter halo. For both the NFW and IS0 halo
models, we note how the best fit model suggests a lower mass-to-light ratio of the stellar disc
component. Figure 4.10 shows the results of the mass model of NGC 1512 when assuming a
minimum disc case using the NFW halo model.
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Figure 4.10: The minimum disc scenario of the NFW halo fit shown on the left, with density
distribution on the right. The black dotted curve presents the NFW dark matter halo velocities,
the green curve presents the total velocities and the maroon dotted points presents the observed
rotation velocities of NGC 1512.

The minimum disc case shown in Figure 4.10 suggests that the baryonic matter is of larger
dynamical importance than the dark matter mass. This is the case for both dark matter halo
models i.e. ISO (see Figure 4.7) and NFW. However, the IS0 halo model performs better, with
Xieq = 3.51, than the NFW halo model which achieves a reduced chi-square value of 2,4 =
26.74.
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Figure 4.11: The fixed disc scenario based on the NFW halo model shown on the left, with density

distribution on the right. The green curve shows the total velocities based on equation 4.1 and the
maroon filled points present the observed rotation curve of NGC 1512.

Figure 4.11 presents the fixed disc scenario based on the NFW halo model. The observed
rotation curve of NGC 1512 is recovered well by the total velocities. However, at outer radii
(R > 17 kpc) there is a noticeable deviation. This is announced by the gravitational potential
from the contribution of the gas component of the galaxy.

For all the cases (i.e. best fit case, minimum disc case, and the fixed disc case) presented
above we determine the ratio of the dark matter mass to the baryonic mass. This ratio
compares the amount of dark matter mass to the of the baryons (i.e. stars and gas) in a
galaxy. This is done through the equation:

i S -

7
Mb aryons O(Vﬁ I Sl Vf

where V,ps and Vi, are the last measured points of the observed rotation curve and the
gas rotation curve respectively. V. is calculated as the quadratic sum of the bulge and disc
components as:

VZ =vaVi+vo Ve (4.11)

where y4 and yp are the taken to be the fitted mass-to-light ratios of the stellar disc and
bulge,respectively, for each case.

Table 4.1 below quotes all the fitted parameters of the six models above and the calculated
dark matter mass to baryonic mass ratios.
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Table 4.1: Dark matter parameters of NGC 1512

IS0 halo model

Model Mhalo/Mbaryons Ydisc Youlge Re Po X?ed
(1) (2) 3) (4) (5) (6)
Best-fit 1.14 0.234+0.09 0.90+0.04 2.114+0.61 63.50+35.82 2.45
Minimum-disc — 0.0 0.0 0.484+0.01 1456.43+74.27 3.51
Fixed-disc 0.9 0.5 0.7 3.26 27.14 4.45
NFW halo model
Model Mhalo/Mbawons Ydisc Ybulge C T200 X?ed
(7) (8) (9) (10) (11) (12)
Best-fit 1.18 0.1540.05 0.6940.02 8.6410.87 72.44+0.80 1.52
Minimum-disc — 0.0 0.0 15.67+0.44 72.784+0.60 26.74
Fixed-disc 1.13 0.5 0.7 6.89 156.0 5.69

Column Notes. Columns 1 and 7 present the ratio of the halo mass to baryonic mass.
Columns 2, 3, 8 and 9 are the fitted mass-to-light ratios of the disc and bulge respectively
for the ISO and NFW halo models. Column 4 is the core-radius in kpc. Column 5 is the
core-density in 1073 M, pc™3 and Column 6 and 12 present the reduced chi-square value for
each model. Column 10 is the concentration parameter and column 11 is the virial radius in
kpc.

The dynamical mass of NGC 1512 was calculated from the mass model results. To calculate
the dynamical mass of the galaxy within a certain radius we equate the centripetal and grav-
itational forces as follows:

Fc=Fy
mV(r)2  GM(<1)m
T T T2 (4.12)
M(< T‘)dyn = MG,

where V is taken to be the outermost point of the observed rotation velocity (V = 136.11 km
s7'). r = 21.88 kpc is the outermost radius point and G is the gravitational constant. For
NGC 1512 a dynamical mass of Mgy, = 9.43x 10'° Mg, was calculated.

4.1.5 Mass model results comparisons

The results of the mass model of NGC 1512 were compared to the literature mass model
results. For the IS0 halo model, the fitted values of the core-radius (Rc) and the core-density
(po) were compared to literature values for all the three cases i.e. minimum disc, fixed disc,

http://etd.uwc.ac.za/ Page 72



log(polMo pc=1)

log(po[Me pc™31)

4.1. NGC 1512 MASS MODEL CHAPTER 4. MASS DISTRIBUTION

and the best fit. The fitted values of these parameters for all the three cases of the IS0
halo model seemed to fall within the range of the values that were found by De Blok et al.
(2008a), Korsaga et al. (2019), Oh et al. (2015), Swaters et al. (2009). Figure 4.12 shows
these comparisons.
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Figure 4.12: The comparison of the best fit values of R. and p, for all the three cases based on
the IS0 halo model. Every open star symbol in this Figure presents a dwarf galaxy i.e. the maroon
stars are dwarfs galaxies in the sample used in Korsaga et al. (2019).

In the top left-top panel of Figure 4.12, NGC 1512 lies within the trend of the galaxies found
in the literature. The sample of galaxies used by Korsaga et al. (2019) contains 29 spiral and
2 irregular galaxies. De Blok et al. (2008a) used 19 THINGS galaxies, comprising of dwarf
and spiral galaxies. Oh et al. (2015) used a sample of dwarf galaxies from LITTLE THINGS.
NGC 1512 lies close to one of the intermediate compact dwarf galaxies from the sample used
in De Blok et al. (2008a). In this panel we note the clear separation of dwarf galaxies from
spirals, with the exception of a few galaxies. NGC 1512 lies closely to the spiral galaxies.

The fixed disc model is presented on the top right panel of Figure 4.12. Again, in this panel
there is a distinct separation of the dwarf galaxies to the spirals with the exception of about
three dwarf galaxies mixing with the spirals. NGC 1512 is an intermediate dense spiral galaxy
with an average core-radius. The intermediate density of NGC 1512 results from the gravi-
tational potential from the baryons being dominant only at inner radii. This behavior makes
NGC 1512 to have similar dark matter properties to two spiral galaxies from the sample used
in Korsaga et al. (2019).
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The minimum disc case is presented on the bottom panel of Figure 4.12. For this case we note
that when there is no contribution from the baryons, NGC 1512 is best described by a dark
matter halo that is highly dense and more compact. This again highlights the importance of
baryons to the gravitational potential at inner radii. The two galaxies from Oh et al. (2008)
are |C 2574 and NGC 2366, both dwarf galaxies. Throughout this chapter, we use the value
of Ho = 75 km/s/Mpc for the Hubble constant

We also carried the same comparison for the NFW halo model fitted dark matter parameters c
and V,00. The latter is defined as V,00 = Ry00h, with h = H,/100. Thus the fitted values
of R,0o presented in table 4.1 were converted to V,o, using this expression. Also, for the
NFW halo model the fitted parameters of NGC 1512 are well within the values found from the
literature. For the best fit case, NGC 1512 portrays similar behavior to that of a dwarf galaxy
from the sample used in De Blok et al. (2008a). Only one dwarf galaxy from the sample of
De Blok et al. (2008a) produced reliable (i.e. physical) dark matter halo parameters using the
NFW model.

° I. [ ] NGIC1512 ' ' °
L best-fit del ] [ f i-disk jel
1.75 F est-Tit moae o Korsaga et o 1.4 IXed ISK mode . o o
[ o
150f . o R o deBloketal 2008 1 iy °o o
L o (]
125} * oo ¥ ] 1.0} ° &
F o o0 o o ° %0%
S )
100} ® o °,. o CR: °o o8
[ o © o
0.75} B [ o
3 o ° -]
0.50 % o P 0.4
L ° ® NGC1512
025 I P o Korsaga et al. 2019 °
0.00 ; o ] 0.0F o de Blok et al. 2008 ° o
1.6 1.8 2.0 2.2 2.4 2.6 0.0 0.5 1.0 1.5 2.0 2.5
log(vagelkm s71]) log(vagolkm s711)
1.25 I minimum-disk model ® NGC1512 H
i Oh et al. 2015
120f Py
115F
110
1.05F
100}
0.95F
0.90F

1.25 1.50 1.75 2.00 2.25 2.50 2.75
log(vagolkm s71])

Figure 4.13: The comparison of the best fit values of ¢ and v,o, for all the three cases based on
the NFW halo model. Every open star symbol in this Figure presents a dwarf galaxy i.e. the maroon
stars are dwarfs galaxies in the sample used in Korsaga et al. (2019).

The top left panel of Figure 4.13 presents the best fit model based on the NFW halo model.
NGC 1512 sits near the only dwarf galaxy from De Blok et al. (2008a), which could be an
indication that NGC 1512 behaves like a dwarf galaxy in the velocity-concentration parameter
space. This behaviour might result from the dominance of the dark matter halo velocities
from r ~ 3 kpc till the last measured point (see Figure 4.9).
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The fixed disc case is presented on the top right panel of Figure 4.13. NGC 1512 has similar
dark matter properties as those of the spiral galaxies from the literature.

Lastly, the minimum disc case is shown on the bottom panel of Figure 4.13. For this case
NGC 1512 does not seem to have halo parameters matching any of the dwarf galaxies from
Oh et al. (2015). NGC 1512 has a large concentration parameter making it clearly separated
from the dwarf galaxies taken from Oh et al. (2015). This again signifies that baryons are of
larger importance to the gravitational dynamics of this galaxy.

In this work the mass model of NGC 1512 was measured out to a radius of r = 21.88 kpc.
The mass stored within this radius i.e. the dynamical mass was found to be Mgy, = 9.43
x 10™. Two well-tested dark matter halo models (the observation based pseudo-isothermal
sphere (IS0) and the simulation based Navarro-Frenk and White (NFW) halo models) were
used to investigate the distribution of the dark matter in NGC 1512. We further assumed
three scenarios for the mass-to-light ratios of the stellar disc and stellar bulge, which are:

e the best fit case scenario - all the parameters of the halo model are left to vary freely,
except for the gas scaling factor otgqs-

e the fixed disc case - the mass-to-light ratio of the stellar disc (ygisc) and that of the
stellar bulge (Ypuige) are fixed to 0.5 and 0.7, respectively.

e and lastly the minimum disc case - where we fixed the gas scaling factor otgas, (Yaisc).
and (Ypulge) to zero.

The maximum disc case was not modelled because the stellar bulge velocities are at maximum
already. The chi-squared value of the best fit case for the NFW halo model is less than that
of the IS0 halo model. Thus the best fit case of the NGC 1512 is best described by the
NFW halo model. From the minimum disc cases based on both halo models we learned that
dark matter alone cannot account for the gravitational potential of NGC 1512, thus both halo
models suggest that baryons are of significant importance.
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Chapter 5

5.1 Summary

The main aim of this work was to generate a new dynamical model of the nearby (D =
9.5 Mpc) interacting spiral galaxy NGC 1512/1510, from which the distribution of the dark
matter in the halo can be inferred. With the knowledge that neutral hydrogen is one of the
best tracers of kinematics in galaxies, this work used H1 line observations from ATCA. The
high spectral resolution of this dataset allows us to study the H1 kinematics of NGC 1512
with great precision. This data is complemented with 3.4 um WISE photometry to probe the
contribution of the stellar component on the total rotation curve. The main steps followed to
achieve all the above work are listed below:

e The H1 data products of NGC 1512/1510 (i.e. H1 surface density map, velocity field,
and H 1 global profile) were generated. To account for the effects of noise from the data,
the ATCA H1 data cube was parameterized with a third-order Gauss-Hermite polynomial
(HER 3) i.e. a third-order Gauss-Hermite polynomial was fitted to each H1 line profile
in the cube. To fit the third-order Gauss-Hermite polynomial a criterion of selecting
three consecutive channels with a maximum flux value > 30 was implemented. The
H 1 surface density map of NGC 1512/1510 (Figure 2.4) was generated by calculating
the area enclosed in each fitted Gauss-Hermite polynomial at a given spatial position.
Assuming a distance of 9.5 Mpc for the NGC 1512/1510, an HI mass of My, =
7.16x109 Mg was calculated from the H1 surface density map. The velocity field
(Figure 2.6) was produced by taking the fitted mean velocity of the Gauss-Hermite
polynomial at a given spatial position. An intensity weighted mean velocity field (or
the moment 1 map presented in Figure 2.7) of NGC 1512/1510 was also generated
using the traditional technique (see Walter et al. (2008) for a detailed discussion). To
generate the H1 global profile (Figure 2.2) the sum of all the H1 flux above 30 in the
cube was taken. Through equation 2.1 the systemic velocity of Vs = 898 km s™* was
calculated from the H1 global profile of NGC 1512/1510.

e The Gauss-Hermite velocity field (Figure 2.6) of NGC 1512/1520 was compared to
the intensity weighted mean velocity field (presented in Figure 2.7). This was done
to investigate which of the two maps truly portrays the kinematic information of the
interacting system. This comparison was done by subtracting the Gauss-Hermite velocity
field from the intensity weighted mean map. The resulting residual velocity map shows
regions where the two maps differ, and we noted differences of up to ~ 40 km s~*. The
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Gauss-Hermite velocity field was chosen over the intensity weighted mean velocity field.
This is because the Gauss-Hermite velocity field is less affected by the adverse effects
such as noise due to the parameterization. Thus the Gauss-Hermite velocity field was
used to model the rotation curve of NGC 1512.

To generate the rotation curve of NGC 1512 a tilted-ring model was fitted to the
Gauss-Hermite velocity field of NGC 1512. This was done using a 2-dimensional (2D)
modeling technique through the GIPSY task ROTCUR. To get the initial estimate of the
inclination angle of NGC 1512 we overlaid an ellipse that traces the infrared disk of the
galaxy onto the WISE 3.4um infrared image. From the ellipse, an inclination angle of
i ~51° was found. This inclination angle is different from the one used by Koribalski
& Lépez-Sanchez (2009) and Buta (1988) which is i ~ 35°. In their work Buta (1988)
claimed that the inclination angle of NGC 1512/1510 could not be accurately estimated
because of the resolution of the optical data they used. We also estimated the position
angle from the infrared imaging, and a value of PA ~ 260° was found. The GALEX UV
center position estimates (o« = -43° 21" 03", 6 = -43° 24’ 01//) of the galaxy were used
as initial inputs into the 2D modeling routine. The systemic velocity (Vsys = 898 km
s~ ') was taken from the H1 global profile. Despite multiple attempts, we noted that the
2D modeling routine i.e. ROTCUR could not achieve a realistic inclination profile (see
fig 3.4) for NGC 1512, Thus a dynamical model of NGC 1512 could not be generated
using the 2D modeling routine.

We therefore used a 3-dimensional modeling routine to generate a dynamical model of
NGC 1512 using the 39Barolo software package. Unlike ROTCUR, which fits fits a 2D
tilted-ring model to the velocity field of the galaxy which is just a sub-dataset of the
H1 data cube, 39Barolo fits a 3D tilted ring model to the full H1 data cube of the
galaxy. The same initial estimates that were used for ROTCUR were also used for the 3D
modeling routine. With this technique, a dynamical model of NGC 1512 was generated
(Figure 3.5). The rotation curve of NGC 1512 based on the 3D modeling routine is flat
at all radii (i.e. starting from r = 30” to 480”). An inclination angle of i ~ 51° was
determined. The new dynamical model was compared to the ATCA H1 data cube and
was found to agree well.

The new model was then used to generate a mass model for NGC 1512. The total
velocities in the galaxy are taken to be the quadratic sum of the velocities of gas, stars
and dark matter halo (see equation 4.1). The H 1 surface density map of NGC 1512 was
used generate an H1 radial surface density profile. This was done by using the GIPSY
task ELLINT. Then, the HT radial surface density profile was converted into velocities of
the gas component using GIPSY task ROTMOD. The velocities of the stars were derived in
a similar manner from the WISE 3.4 um stellar radial surface density profiles presented in
4.3. To account for the dark matter velocities we used two dark matter halo distribution
models: the pseudo-isothermal sphere (ISO) and the Navarro-Frenk and White model.
However, a sensible fit of the total velocities (equation 4.1) to the observed rotation
curve (Figure 3.5) of NGC 1512 was not obtained. This is because the rotation curve
of NGC 1512 based on the 3D modeling technique is flat at all radii.

Thus, we decided to generate a new rotation curve that has inner points. The new
rotation curve was generated from the major-axis position-velocity (PV) slice (3.9). The
major-axis PV-slice was partitioned into two sides, the receding and the approaching
side. Then, we took the average of the two sides (Figure 3.10). The resulting PV-slice
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was binned into regions spanning 6 pixels (i.e. 30”). Then, through equation 2.4 an
intensity weighted mean velocity was calculated for each bin (see Figure 3.11). The
velocities calculated for each bin were taken to be the new rotation curve of NGC 1512.
The new rotation curve was parameterized with a polyex fit. A sensible mass model of
NGC 1512 was generated with the new rotation curve. The mass model results were
compared with results of mass models of other galaxies from the literature. The fitted
halo parameters for NGC 1512 appear to be physical and well within the range of other
galaxy parameters.

In conclusion, a new dynamical model of NGC 1512 was generated in this work, which in
turn allowed us to quantify the amount of dark matter within this galaxy. This was achieved
by generating a dynamical model that agrees well with the data through the 3D modeling
routine.

5.2 Conclusions

Having done a thorough kinematic study of NGC 1512, from this work we have learned that
the average inclination angle of this galaxy is greater compared to that initially used by Korib-
alski & Lépez-Sanchez (2009). In this study, this was proven first by estimating the inclination
angle of NGC 1512 from its infrared image. Again, running the 3D modeling technique in
its automatic mode produced the same average inclination angle. The attempts made to
generate a new rotation curve of NGC 1512 have further proven that the distribution of H1
in this galaxy is a non-trivial one. This further shows that the ongoing interaction of NGC
1512 with NGC 1510 has had a major impact on the distribution of H1 gas. This is strongly
supported by the study of asymmetries carried out in this work. Bok et al. (2019) also claimed
that galaxy interactions are a possible explanation for asymmetries found in the gas.

Thus the ongoing interaction of NGC 1512 with NGC 1510 holds more information about
the distribution of H1 in this galaxy system. This makes the NGC 1512/1510 system even
more interesting, i.e. studies about gas accretion between the two galaxies could give useful
insights into the current H1 distribution. These studies could possibly explain the origin of the
inter-arm regions seen on the H1 surface density map (see Figure 2.4) of NGC 1512. Thus,
there is still more that can be done to understand the complex nature of the distribution of
the H1 in NGC 1512.

Despite the sophisticated nature of NGC 1512, we carried out a mass model of this galaxy
based on its rotation curve (see Figure 3.12). Even though we modeled successfully the
distribution of the mass in NGC 1512, one needs to pay extra attention to the stellar bulge
component of this galaxy as in the inner radius regime it produces large velocities. From the
results of the mass model, we have learned that the dark matter halo mass in NGC 1512 is
dominant over the baryonic mass. This is measured by the Mpq1o/Myaryons parameter (see
table 4.1). Furthermore, the results show that the best performing dark matter halo model
is the NFW model. This further reveals that the dark matter distribution of NGC 1512 is in
favor with the ACDM hierarchical simulations (Navarro et al. (1997)).
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5.3 Future prospects

A list of possible future extensions for this work is presented below:

e For this work, only one galaxy was studied. To better test this methodology, it is
essential to move to a larger sample size and apply it to a sample of nearby galaxies
and study their different H1 properties.

e We could also use galaxy simulations, such as those in SIMBA (Davé et al. (2019)) to
test out the models applied in this work. Simulations offer larger samples of galaxies
than the current H1 surveys e.g. THINGS (Walter et al. (2008)). Thus, this would
allow us to test our models on even larger samples. One other key feature of galaxy
simulations is that most of the information about galaxies is readily known, hence they
provide a good platform to test models.

e Finally, it would be interesting to apply the same methods to MeerKAT (the precursor
to the Square Kilometer Array, SKA) data. The upcoming MeerKAT H1 surveys such
as Looking At the Distant Universe with MeerKAT Array (LADUMA) and MeerKAT
H1 Observations of Nearby Galactic Objects - Observing Southern Emitters (MHON-
GOOSE) will provide HT data with high quality resolution. This and MeerKAT radio
telescope being sensitive, will enable good modeling of galaxies.
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