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Chapter 1

Introduction

1.1 Project Background

‘The HI Nearby Galaxy Survey’ (THINGS, Walter et al. 2008) is a high resolu-
tion survey of HI emission in 34 nearby galaxies using the NRAQ! Very Large
Array (VLA). The VLA is Y-configuration radio interferometer with 27 antennas,
each of 25 metre diameter. The THINGS southern sky extension includes a fur-
ther 6 galaxies using the Australia Telescope Compact Array (ATCA) with very
similar resolutions. The ATCA is a 6 antenna East-West configuration interfer-
ometer. Each telescope has a diameter of 22 metres. Utilising these two world
class instruments, THINGS aims to study a representative sample of galaxies of
varying morphology, star formation rate, HI mass, total luminosity, and metallic-
ity (Walter et al., 2008). The southern sky extension is needed to enhance this
representative sample.

NGC 1512, one of the 6 southern galaxies, is the focus of this study. It is a
nearby (9.8 Mpc) low surface brightness galaxy (LSB) with Hubble type SB(r)ab.
Previous single dish radio observations detected a massive (~ 10'® M) HI halo
over the comparatively small, optical component (Hawarden et al., 1979). The
HI halo appears to extend ~100 kpc in diameter, significantly larger than the
estimated 11 kpc Holmberg radius. Hawarden et al. (1979) report a mass-to-light
ratio, (M/Lg) = 31. This massive HI halo is thought to be a quiescent structure,
much like the Malin 1 galaxy (Bothun et al. (1987). Discovered serendipitously,
Malin 1 is one of the most Hl-massive galaxies known to date (Mg ~ 10! Mg,
Bothun et al. 1987). It is a giant low surface brightness galaxy with a HI mass-to-
light ratio, (Mu1/L)g ~ 3 (Impey and Bothun, 1989). Despite its large fuel supply

! The National Radio Astronomy Observatory is a facility of the National Science Foundation
operated under cooperative agreement by Associated Universities, Inc.
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2 CHAPTER 1. INTRODUCTION

for star formation, Malin 1 exhibits a low surface brightness stellar disk, below
the sky noise level. Furthermore, Malin 1 reveals a ‘normal’ stellar bulge. This
presents a challenge to galaxy evolution models as to (1) why such a large quantity
of HI gas has not collapsed to form stars, and (2) how such an extended galactic
disk could have formed, as shown by the simulations of D’Onghia et al. (2006).
NGC 1512 displays similar properties to Malin 1, however is approximately 33
times closer. It therefore presents an opportunity to explore the implications gi-
ant LSB galaxies have on galaxy evolution models in further detail.
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Figure 1.1: R band image showing NGC 1512 (classification: SB(r)ab) and its ringed structure. Neighbouring
galaxy NGC 1510 (dE or BCD) is seen to the south west. The projected distance between the two
galaxies is ~ 14 kpc.

NGC 1512 has also been observed by the Galaxy Evolution Explorer space tele-
scope (GALEX), which operates at ultraviolet wavelengths. These observations
formed part of the GALEX Nearby Galaxy Survey (NGS). The survey imaged
1034 nearby galaxies in two ultraviolet bands to probe the star formation proper-
ties in the local Universe. The NGC 1512 images display strong ultraviolet (UV)
emission in the spiral arms (see Fig. 3.1), indicating that very recent star formation
has taken place in the extended HI disk (Gil de Paz et al., 2007). This recent star
formation is inconsistent with the quiescent HI halo described by previous radio
observations. As a case study, this work aims to address the following question:
What change in conditions has led to this recent star formation in this hitherto
quiescent, extended gas reservoir?
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NGC 1512 has an optically disconnected companion galaxy, NGC 1510, seen
in the south-west of the R band Digitized Sky Survey? map in Fig. 1.1. The two
galaxies are separated by an angular scale of 5°, corresponding to ~ 14 kpc at the
projected distance of NGC 1512 (9.8 Mpc). The two galaxies have very similar
recession velocities (~ 900 kms™). The high resolution HI data will probe the
effect of this companion on NGC 1512’s extended HI disk and perhaps provide
insight on the cause of the recent star formation activity in both galaxies.

In the following introductory sections the properties and science objectives of
THINGS are briefly described, followed by a review on the current understanding
of low surface brightness galaxies; rotation curve derivation and mass modeling;
and finally the determination of star formation rates.

1.1.1 The HI Nearby Galaxy Survey

The intrinsically low surface brightness of the neutral hydrogen emission line
means that high resolution HI imaging requires a great expense in telescope time.
Early observations using single dish instruments, with spatial resolutions of order
10’ (dish diameter ~ 100 metres), only allowed global statements to be made of
galaxies beyond ~ 5 Mpc (Walter et al., 2008).

The advent of aperture synthesis arrays increased the detail to which the ra-
dio sky can be studied dramatically. Contributing to this were major surveys
performed by the VLA® and Westerbork Synthesis Radio Telescope (WSRT)* to
name just two of the new major facilities of the 1970’s (see Hogeveen (1990) for a
discussion on the original science objectives of WSRT, which did not include HI
imaging as the signal was thought to be too weak.)

The major trade-off with these interferometric instruments is that of bright-
ness sensitivity and spatial resolution. Using a fixed number of receiving elements
N, one can increase the brightness sensitivity by using a compact configuration.
However, spatial resolution is determined by the interferometer’s longest baseline
(distance between two receiving elements) resulting that compact configurations

2The Digitized Sky Survey was produced at the Space Telescope Science Institute under U.S.
Government grant NAG W-2166. The images of these surveys are based on photographic data
obtained using the Oschin Schmidt Telescope on Palomar Mountain and the UK Schmidt Tele-
scope. The plates were processed into the present compressed digital form with the permission
of these institutions.

3hitp://wuww.vla.nrao.edu/

4http: / fwww.astron.nl/p/WSRT2.htm
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have lower spatial resolution. Increasing the baseline length decreases the filling
factor,® and hence brightness sensitivity, with N receiving elements (Holdaway and
Helfer, 1999). By doubling the longest baseline of an interferometer, the observa-
tion length must be four-fold to achieve equal sensitivity. This square relationship
between spatial resolution and brightness sensitivity (Wrobel and Walker, 1999)
limits sensitive (1o < 5 mJy), high resolution (< 20”) HI observations for a rep-
resentative number of nearby galaxies.

THINGS aims to address the lack of sub-kiloparsec HI imaging by performing
homogeneous observations of galaxies in the range 2 < D < 15 Mpc. These high
resolution data are combined with the Spitzer Infrared Nearby Galaxies Survey
and the GALEX Nearby Galaxy Survey to probe an array of questions at small
spatial scales. The main science goals of THINGS are:

e Star Formation Thresholds
The multi-wavelength data of comparable, sub-kpc resolution enable a com-
parison of local star formation conditions across a wide range of Hubble type.
Using star formation recipes and kinematic data products, theoretical pre-
dictions can be compared with observed star formation rates and hence the
relative importance of local and global conditions quantified (Leroy et al.,
2008; Bigiel et al., 2008).

e Galaxy Mass Distribution

The high spatial and spectral resolution kinematic measurements allow the
derivation of well sampled rotation curves. Combining these with Spitzer
maps enables a study of the dark matter halo distribution as a function
of Hubble type, as well as high resolution probe into the highly debated
‘core-cusp’ discrepancy at the centre of galaxies, leading to greater insight
on the validity of the ACDM model (Navarro et al., 1996) on galactic scales
(de Blok et al., 2008).

e ISM Energy Budget
Super-giant HI shells likely resulting from supernovae explosions allow a
measurement of the associated energy release across a large range in Hubble
type. Combining this with available multi-wavelength data permits an es-
timation on secondary star formation resulting from supernovae events, the

SFilling factor is defined as the combined collecting area of all individual receiving elements
divided by the area of a hypothetical single receiving element that would have a diameter equal
to the longest baseline
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combination of which allows an approximation on the energy budget of the
ISM (Bagetakos et al., 2007; Brinks et al., 2007).

e ISM Composition
The similar resolutions of THINGS and Spitzer observations will enable a
comparison of the spatial distributions of gas and dust for the same broad
range of Hubble types (Walter et al., 2007).

The data products generated in this thesis will enable an investigation of two
of the major THINGS science goals: the kinematics and mass modeling of the
galaxy; followed by a sub-kpc star formation rate surface density analysis. The
former will dissect the mass composition of this giant low surface brightness galaxy
candidate; while the latter will probe the cause of the recent star formation evident
in ultraviolet images.

1.1.2 Low Surface Brightness GGalaxies
Historical Perspective

A population of so-called low surface brightness galaxies (LSBs) exists below the
optical night sky brightness level. The idea that sky brightness level could signif-
icantly influence our view of the extragalactic sky was first proposed by Disney
(1976). LSBs are galaxies with faint, dispersed stellar disks and a central surface
brightness that lie below the Freeman central surface brightness. Freeman (1970)
found this parameter to be constant with low dispersion around the value SBq g,
of 21.65 £ 0.30 mag arcsec™2, leading to the so-called Freeman’s Law (1970). The
exclusion of such LSBs from early galaxy catalogues was purely a selection effect
of apparent magnitude limits and isophotal diameter limited galaxy catalogues
(Bothun et al., 1997), the effect predicted by Disney’s 1976 Letter to Nature. This
paradigm shift sparked major searches for LSB objects shortly thereafter.

Deep photographic surveys of the nearby Virgo cluster began to show that a
distinct class of LSB objects existed (Binggeli et al., 1984; Sandage et al., 1985).
Impey and Bothun extended these surveys in collaboration with David Malin to
search for even lower surface brightness objects than detected at that point in time.
To achieve this Malin developed a photographic amplification process known as
‘Malinization’ (Bothun et al., 1986). This lead to the discovery of the most famous
low surface brightness galaxy to date: Malin 1 (Bothun et al., 1987).

Further innovation by Impey et al. (1996) utilised an Automated Plate Machine
(APM) to search for LSBs in the UK Schmidt Sky Survey. This resulted in the
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discovery of A3 L3Be - a significant increase in the total popilation. The results
of these survevs have provided sirong evidenee thal LSz make up lo 305 of the
weneral palaxy population.

Goeneral Proportics

Figure 1.2 taken from MeGeonl or of. (1998 shows the spece density of galaxies
ts a function of central surface brightness inchnding data from surveys desipned 1o
detect LEBs. The parabols represends Freeman's EBmpirical Law in the 3 band,
while the horizontal straight line 1 o G on the Hat distribution from the bright end
cutoff of 21,65 mag ateser ™ thrangh to the sky backeronund limit i Lhe 2 band.
This plot llustrates the severity of 1he selection effects that led to the ‘discovery”
of Freeman's Lasw, Thero appears to be no dependence of galuxy mass or size
with central surfare brightness (O'Neil ef al., 1997 which, when combined =ilh
Mg, 1.2 leads Lo the conclusion thal LSEs coulid make up 8 stunificant pereentage
af the tetal barvonic content of the Universe [Impey and Bothun, 19477,
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galaxies. The total HI content is not unlike those of HSBs, despite the trend that
LSB HI surface densities are lower (van der Hulst et al. 1992). However, LSBs
are observed to be more gas rich than HSBs for a fixed luminosity. This is linked
the finding that LSBs are considerably dark matter dominated (de Blok and Mc-
Gaugh, 1997a), resulting in the high dynamic stability of the disk. This stability
allows the low surface densities in the disk, however hinders star formation as it
is more difficult for gas clouds to collapse. The low star formation rate is further
accentuated by the lack of chemical enrichment over time, which facilitates gas
cooling (de Blok and van der Hulst, 1998).

This moderate chemical enrichment rate is validated in the failure of a number
of studies to detect CO (both 2-1 and 1-0) in LSB disks (Schombert et al., 1990;
Knezek, 1993). Despite these severely hampered conditions for star formation,
the vast majority of the LSB population curiously enough are blue (McGaugh and
Bothun, 1994). This paradox is explained by considering that LSBs only have
a faint, old population which is not well-developed due to a low star formation
history (O’Neil et al., 1997). It follows that LSBs would only need a small number
of blue stars to affect the galaxy colour (de Blok, 1997). A lack of a correlation
of surface brightness with colour (McGaugh and Bothun, 1994) rules out the pos-
sibility that LSBs could be ‘faded out’ HSBs, galaxies where massive, and hence
highly luminous star formation has ceased, resulting in a low surface brightness
appearance.

HI aperture synthesis observations of LSBs have shown the dark matter dom-
inance discussed above to be prevalent at almost all radii (Pickering et al., 1997).
The mass models derived in these studies suggest that LSB dark matter halos have
a lower density and greater extent than that of HSBs, as investigated in Zwaan et
al. (1995). Despite these differences, dark matter halos appear to have equivalent
dynamical masses (Bothun et al., 1997).

1.1.2.1 Giant Low Surface Brightness Galaxies

Combining all the reviewed properties of LSB galaxies strongly suggests that these
objects are amongst the least evolved objects in the nearby Universe. A subset
of the LSB population are the so-called giant Low Surface Brightness Galaxies
(gLSBs). The properties of a sample of these objects are well documented in
Sprayberry et al. (1995) and Knezek (1999). The most significant differences
from ‘normal’ counterparts is that giant LSBs have a gas component of greater
mass (Mg > 10'° Mg) and extent. This makes them interesting objects to study
as case studies for galaxy evolution models.
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A prime example is the discovery of the previously discussed Malin 1 galaxy
(Bothun et al., 1987) with an HI mass My ~ 10! Mg. The galaxy has a central
surface brightness of 25.5 magarcsec™ and scale length of 55 kpc in the B band.
This presented a challenging problem to galaxy evolution models in that such a
large reservoir of gas had not collapsed to form a larger quantity of stars. It ap-
peared that ‘normal’ galaxy formation processes had created a stellar bulge, but
no stellar disk (Bothun et al., 1987). Subsequent investigation using the Hubble
Space Telescope revealed a normal stellar disk (Barth, 2006) with an extended HI
halo likely due to a merger event with a gas rich galaxy.

The galaxy in the current study, NGC 1512 although not quite as massive, has
comparable properties to Malin 1. The earlier observations of NGC 1512 (Hawar-
den et al., 1979) reveal a galaxy similar to Malin 1 in its HI/optical morphology.
However, NGC 1512 has the advantage of being approximately 33 times closer.
A Schmidt plate with overlaid HI contours is shown in Fig. 1.3 (Hawarden et al.,
1979). The HI contours are heavily affected by the large beam size. The HI ex-
tent of the Ny = 10'® ¢cm™2 column density contour is approximately 100 kpc.
The comparatively small optical component makes this object intruiging and it
appears to have the highly unevolved characteristics of giant LSBs, given the HI
mass measured by Hawarden et al. (1979) of 1.1 x 10" Mg, and ratio of HI mass
to blue luminosity (My;/Lg) = 1.4 + 0.3 (cf. Warmels. 1988, Bothun et al. 1988).

Cosmological Significance

Exclusion of such a galaxy population has effects on inferred cosmological param-
eters. Exclusion of LSBs results in a poorer sampling of the large scale structure
of the Universe and therefore any inferred cosmological models based on the mea-
sured galaxy clustering. This is particularly relevant in light of the findings of the
Mo et al. (1994) and Bothun et al. (1993) that LSBs are not typically found in
virialised regions. This leads to significantly less clustering of LSBs on scales <
3h7 " Mpc. O’Neil et al. (1997) find LSBs to be located preferentially near the
edge of the associated group or cluster, providing independent evidence that these
are likely to be unevolved objects. LSBs are not normally found in voids (Bothun
et al., 1992). They appear to follow the HSB large-scale structure distribution,
with however a slightly weaker correlation (Basilakos et al., 2007). Furthermore,
LSBs tend to be more isolated from their nearest neighbour (Bothun et al., 1993).

The above findings offer the speculative evidence that LSBs form in lower
density perturbations of the early Universe’s energy-density field. This is further
supported by the characteristics, described in the previous section, that LSB dark
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1.1.3 Rotation Curves and Galaxy Mass Modeling
Historical Perspective

The current cosmelogieal concordance model attributes 23% of the eneray-density
of the Uuiverse to Dark Matter (Sperzel en al., 2007). No direct detections of
this tnigmatic ‘nuasing mass’ have been succcssful, hewever its gravitational in-
teraclion willi harvonic matler is lreguently obgerved. The effect of Dark Maller
on cluster dyuamics was originally inferred by Fritz Zwicky when he derived the
dynamical mass of the Coma cluster, viclding au average salaoos mass significantly
lavger Lhan expecied {Zwicky, 1937).

minee the determiuation of the earbest galaxy rotation curves (Dosma. 1975;
Rubin et al,, 14978 it has hecome clear that there is a substantial amount of ‘miss-
ing mass’ associaled with individuad galaxies. Galaxy rotation curves iend Lo rige
to g rAaxinam rotation velocity and remain Hat towards the outskirts of the ob-
served harvonie distribution. This implies & great deal more mass outside of the
slellar observalions.
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This inferred ‘missing mass’, or dark matter, has subsequently become a fun-
damental component in the collisionless Cold Dark Matter framework (ACDM),
an extraordinary achievement of modern cosmology describing the large and small
scale structure of the Universe (Navarro et al., 1996). Problems remain however, in
that observations and theory do not agree on the dark matter distribution within
a halo at large and small radii, particularly for dwarf and LSB galaxies (de Blok
et al., 2008); as well as the on the much debated ‘missing satellite’ discrepancy
(Moore et al., 1999).

Current Status

Rotation curves vary substantially as a function of the stellar and gas content of
a galaxy (de Blok et al., 2008). High surface brightness galaxies typically show
steeply rising rotation curves as a result of the high density of stellar material
in the centre. Low surface brightness galaxies show slowly rising rotation curves,
indicative of their low stellar density (Rubin et al., 1978). It is for this reason that
LSBs have been used extensively in rotation curve analyses due to their small stel-
lar component and hence lower associated uncertainty with the final mass model.
This galaxy population is usually rich in HI gas and their rotation curves derived
using HI synthesis observations. This is considerably less challenging than an op-
tically derived rotation curve due to the low surface brightness of the stellar disk
and the limited Ha emission associated with LSBs.

Despite its resolution limitations, HI appears to be the tracer of choice to
measure high fidelity rotation curves for a number of reasons:

- The HI distribution is usually greater in extent than the optical/IR (Broeils
and Rhee, 1997) enabling the associated dark matter halo to be modelled to
larger radii.

- HI emission usually fills the entire extent of the disk with a relatively large
filling factor, and therefore producing a well sampled velocity field. This
decreases the sensitivity to non-circular motions when compared with H,
velocity field determinations (de Blok et al., 2008).

- The emission is unobscured by dust (particularly relevant to the core-cusp
discrepancy in the centre of galaxies).

- The dynamical centres of galaxies can be determined independently of, and
compared with the optical centres (de Blok et al., 2008).
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- Atomic hydrogen retains signatures of its dynamical history for long timescales
due to its low mass (Morganti et al., 2003).

One of the most recent galaxy rotation curve analyses using HI is the work
of de Blok et al. (2008). Rotation curves have been derived for 19 of the 34
galaxies included in the THINGS sample. This represents the largest sample of
high resolution rotation curves for a set of homogeneously observed, reduced and
analysed galaxies. One of the main aims of de Blok et al. (2008) is to probe the
core-cusp discrepancy and to enable the investigation of the effect of non-circular
motions (Oh et al., 2008), triaxiality and galaxy centre determinations (Trachter-
nach et al., 2008) on galaxy mass modeling and the implication thereof on the
ACDM framework.

The current study will study the kinematics of NGC 1512 with the primary
aim of determining the presence and effect of an interaction with the neighbouring
galaxy NGC 1510. The mass model will give an approximation of the contribution
of each mass component (gas, stars, dark matter) towards the total mass budget.
Both of these results will add significantly to the understanding of the NGC 1512
system.

1.1.4 Star Formation

Star formation lies at the heart of galaxy evolution. It is fueled by gas and thus
controls the gas content in galaxies. This can be a slow transition with passively
evolving objects (e.g. LSBs), or rapid as in starburst galaxies where significant
composition changes can occur on a timescales < 1 Gyr. Star formation converts
the galaxy’s gas reservoir into heavier elements through nuclear fusion and super-
novae explosions. These heavier elements are expelled into the interstellar medium
through stellar winds, planetary nebulae and supernovae. Through this gas con-
sumption star formation regulates the enrichment of the interstellar medium. This
enrichment enables more efficient cooling in collapsing gas clouds. This enhances
subsequent star birth if a sufficient gas reservoir is available. The rate and manner
in which galaxies evolve is therefore driven by the star formation rate throughout
their lifetime.

Star formation rates have been determined in a wide range of wavelength
regimes, from radio to X-ray. Commonly used indicators include:

¢ Radio continuum - the primary contribution in this wavelength regime
is synchroton emission, originating from particles accelerated by supernovae
explosions and spiralling in large-scale magnetic fields causing them to radi-
ate.
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e CO molecular line emission — giant molecular clouds, which make up a
large percentage of the interstellar medium, are the immediate precursor to
star formation.

e Thermal infrared emission - starlight absorbed by dust grains (which is
more efficient at blue and UV wavelengths) and re-radiated in the mid-to-far
infrared.

e Recombination lines — e.g. Balmer, characteristic of HII regions around
hot stars.

e Ultraviolet continuum emission — direct photospheric emission from O
and early B type stars peak in the ultraviolet regime.

The majority of star formation rate indicators trace hot, young massive stars
(directly or indirectly), a population which by the stellar age-mass relation would
only be present if significant recent (< 100 Myr) star formation has taken place.
The conversion of this massive SFR to a total SFR requires an assumption of the
stellar initial mass function (IMF) (Calzetti, 2008).

This large range of SFR indicators is primarily due to the asynchronous im-
provements of instruments of differing frequency coverage. As these improvements
open new galaxy population parameter spaces, methods to derive the SFR for
these are developed and the corresponding uncertainties defined (Calzetti, 2008).
This suite of different SFR recipes combined with new facilities (e.g., SKA, ALMA,
JWST, Herschel, LSST, LMT) will lead to SFR determinations of ground-breaking
sensitivity and spatial resolution for a vast range of the electromagnetic spectrum.
This allows the cross-calibration of many of the SFR tracers over an extensive red-
shift range, thus measuring the star formation rate for a large number of galaxy
populations as well as their evolution (Calzetti, 2008).

Although the aforementioned facilities are a number of years from construction
and commissioning, there has recently been a dramatic increase in high quality
data for nearby galaxies. The GALEX Nearby Galaxy Survey (Gil de Paz et al.,
2007), Spitzer SINGS (Kennicutt et al., 2003), BIMA Survey of Nearby Galaxies
(Helfer et al., 2003) and THINGS (Walter et al., 2008) combine to form an ul-
traviolet, infrared, millimetre and radio view of a representative sample of nearby
galaxies at comparable sensitivities and spatial resolutions. Sensitive observations
at sub-kiloparsec scales have been scarce before the above surveys owing partic-
ularly to the expense in telescope time for the HI and CO data (Walter et al.,
2008; Bigiel et al., 2008). These datasets enable the study of star formation on
"local’ scales. ’Local’ implies that the galaxy is significantly resolved, unlike the
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total integrated flux that make up the majority of the literature.

This study will make use of data from three of these surveys: the ultraviolet,
infrared and HI observations. The UV and mid-IR are combined to trace direct
photospheric emission from young O and early B type stars, as well as thermal
emission from dust which has absorbed predominantly UV and B band photons.
The method is described in Chapter 3. The results are compared with the gas
distribution in Chapter 5.

1.2 Project Objectives

The primary objective of this thesis is the detailed HI study of NGC 1512. This
includes the complete data reduction of ~85 hours on source with ATCA. The
high spatial (6”) and velocity (3.5 kms™) resolution enable a range of HI data
products of substantial detail which will allow the attempt to answer the questions
posed about this enigmatic galaxy. These HI data products allow the kinematics
of the NGC 1512 system to be modeled. This will provide insight into the presence
(and strength) of an interaction, as well as an estimate on the dark matter dom-
inance — which is critical to the theory of formation and evolution of low surface
brightness galaxies.

Combining the relevant data sets from the different wavelength regimes, condi-
tions for star formation as a function of HI surface density will be investigated on
a sub-kpc scales, as well as its relation to galactocentric radius. This will provide
clues for the recent star formation in this hitherto quiescent HI disk.

Ultimately, the aim is to classify NGC 1512 in relation to a ‘typical’ giant LSB
galaxy. This will require a synthesis of all the various analyses quoted above.

1.3 Thesis Outline

Chapter 2 details the HI synthesis data reduction techniques. It presents the de-
rived data products and puts these into context with both the optical and previous
single dish radio observations.

Chapter 3 presents further multi-wavelength data used in this study. It will
detail the recipe used to generate the star formation rate surface density maps
as this is a relatively new multi-wavelength technique to trace both obscured and
unobscured star formation.
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Chapter 4 discusses the methodology used to derive the observed rotation curve
from the velocity field, as well as the contributions to this from the total gas and
stellar content. These observables are used to fit a pseudo isothermal dark matter
halo distribution which allow a description of the mass components of the system.

Chapter 5 utilises a multi-wavelength approach to investigate HI conditions for
star formation in NGC 1512. Local star formation conditions are probed using a
pixel-by-pixel technique corresponding to spatial scales of 760 pc. Dependencies of
the star formation rate and efficiency with galactocentric radius are investigated
by binning the data points into radial annuli.

Chapter 6 broadens the study by considering the local environment of NGC
1512 using data from the HI Parkes All Sky Survey (HIPASS). Neighbouring
galaxy morphologies are discussed in speculation of previous interactions. The
HIPASS detection of NGC 1512 (15’ resolution) is compared with the 17”7 THINGS
observations in search of additional low column density HI features. Furthermore,
the validity of the Tidal Dwarf Galaxy candidate is explored.

Chapter 7 presents a summary of all results derived in this case study. It
outlines future observations and analysis planned to further probe the history of
this enigmatic galaxy.



Chapter 2

HI Synthesis Observations and
Data Reduction

As introduced in Chapter 1, NGC 1512 is an interesting galaxy due to a number
of its distinctive properties. Higher resolution HI observations will provide a more
detailed view of the extended disk morphology and kinematics. This will aid in the
interpretation of NGC 1512’s history and interaction with the companion galaxy
NGC 1510.

This chapter will detail the observations and reduction of the HI synthesis data
obtained with the ATCA. Chapter 3 will present additional multi-wavelength data
used in the rotation curve and star formation analyses.

2.1 Observations

Table 2.1 summarizes the radio observations of NGC 1512. A total of 13 separate
runs were performed on the Australia Telescope Compact Array (ATCA) between
September 1996 and July 2007. The array configurations included the 210, 375,
750A, 1.5A/B, 6B/C arrays providing large range in uv coverage.

Two of the archival runs were not incorporated (nor included in Table 2.1)
because of an incorrect observing frequency used for the secondary calibrator and
leading to an incorrect calibrator flux levels. The latter possibly occurred because
the observations were performed during maintenance time. Four of the usable
eleven runs were obtained as part of the THINGS proposal. Three of these are
in the longest baseline configurations (6 km) possible with the ATCA. To achieve
comparable sensitivity at both low and high spatial resolutions a great deal of
observing time was spent in the long baseline configurations (see Table 2.1).

15



TABLE 2.1: ATCA OBSERVATION SUMMARY

1 2 3 4 5 6 7 8 9 10 11 12 13 14
Array Project Date Start End Duration Cal. Flux RA (J2000) Dec (J2000) Bandwidth Ngon AV Veentre
hm hm hrs Jy hms o MHz kms~? MHz
210 C570 2000-07-06 1716 23 09 4.36 0438-436 4.45 04 04 35.28 -43 13 32.6 8.0 512 3.304 1415
04 04 35.28 -43 28 32.6
04 03 12.72 -43 28 32.6
04 03 12.72 -43 13 32.6
375 C570 1996-09-23 1147 2102 6.65 0438-436  4.65 04 04 35.28 -43 13 32.6 8.0 512 3.304 1415
04 04 35.28 -43 28 32.6
04 03 12.72 -43 28 32.6
04 03 12.72 -43 13 32.6
375 C570 1996-09-24 1151 2248 7.26 0438-436  4.64 04 04 35.28 -43 13 32.6 8.0 512 3.304 1415
04 04 35.28 -43 28 32.6
04 03 12.72 -43 28 32.6
04 03 12.72 -43 13 32.6
375 C570 1996-12-03 1337 1928 4.20 0438-436  4.74 04 04 35.28 -43 13 32.6 8.0 512 3.304 1415
04 04 35.28 -43 28 32.6
04 03 12.72 -43 28 32.6
04 03 12.72 -43 13 32.6
750A C570 1996-11-06 0918 2104 7.94 0438-436 4.64 04 04 35.28 -43 13 32.6 8.0 512 3.304 1415
04 04 35.28 -43 28 32.6
04 03 12.72 -43 28 32.6
04 03 12.72 -43 13 32.6
1.5A C570 1996-10-20 1103 22 47 8.42 0438-436 4.64 04 04 35.28 -43 13 32.6 8.0 512 3.304 1415
04 04 35.28 -43 28 32.6
04 03 12.72 -43 28 32.6
04 03 12.72 -43 13 32.6
1.5B C1629 2006-11-26 0740 1751 8.80 0438-436 4.38 04 03 54.28 -43 20 55.9 8.0 512 3.304 1415
6B C570 1996-09-14 1214 0014 8.87 0438-436  4.63 04 04 35.28 -43 13 32.6 8.0 512 3.304 1415
04 04 35.28 -43 28 32.6
04 03 12.72 -43 28 32.6
04 03 12.72 -43 13 32.6
6C 1629 2007-07-18 16 13 0257 9.07 0438-436  4.43 04 03 54.28 -43 20 55.9 8.0 512 3.304 1415
6C C1629 2007-07-19 1651 03 50 9.65 0438-436  4.46 04 03 54.28 -43 20 55.9 8.0 512 3.304 1415
6C 1629 2007-07-20 18308 04 58 9.40 0438-436  4.47 04 03 54.28 -43 20 55.9 8.0 512 3.304 1415

Column 1: ATCA array configuration used. Column 2: Project Number(C1629: THINGS, other: archival data). Column 3: Start date observations. Column
4: Start time (UT). Column 5: End time (UT). Column 6: Time on-source (hours). Column 7: Phase Calibrator Name. Column 8: Calibrated flux of phase
calibrator. Columns 9 & 10: RA & Dec of pointing centre (J2000). Column 11: Bandwidth (MHz). Column 12: Number of channels. Column 13: Channel
width. Column 14: Central observing frequency (MHz).
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Mote that the archival observations consist of four different pomrings to search
for exterded emission {Melndyre, 2008, private commmmication], whilst 1 he TITINGS
observations consist of one central pointing. This = lustrated in Fia, 2.1 the
four archival pointing centves are separated by an angular offser of 13" and there-
tare Nyquist sample the skyv, The ATCA primary beam is 337 at 1420 Mz The
THINGS single pointing is set to {he centre of the four archival pointings. In the
rednetion process, {hese live different pointings are combined in the image plane.
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Figure 2,1 Optical mnage of MO0 1512 Tlhe ozcles nurs A he FWHM of the differsns pointinzs, The THIRGS
chservationa compiiee af A single poinlog o e cord me of the map depictsd by the hlack cincle.
The gy cizeles cutlive e nnlliple piobings o search of estinded smizsion (archival datay, Treeir
conirss aro indicated with coodses g e separates] T 13°5 Lhe ATCA has & primary Leamsidl
of -« 33 at an clarreing oo af 14210 MHg

The five combined pointings cover an area of ~ 0.8 deg”. The sensitivity varies
with position In {he eombinet map due to the mosaicking of the archival dals
with the THINGS central single pointing. Purthermore. the sensitivity decreases
towards the edges of each individual pointing. The noise RMS ag che eentre of
the tmap 3 approximately 1.1 mJy, whilst the outer parts have {vpical values of
2.3 wlw
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cube that is created without continuum subtraction. The 1st order polynomial fit
to the continuum emission is then subtracted from the visibility dataset. What
remains is the HI line emission at each frequency interval (channel).

2.2.4 Transforming into the Image Domain

Once each observation run has been calibrated and the HI signal isolated, the
visibility sets are transformed into the image domain using the INVERT task. The
applied baseline weighting is known as ‘super-uniform’ weighting. This is a trade-
off between the sensitivity of natural weighting and the minimum sidelobe level
of uniform weighting. In single pointing observations this is achieved with robust
weighting (Briggs, 1995). However, an implementation of robust (or uniform)
weighting reduces to natural weighting when the mosaicked field-of-view is sig-
nificantly larger than the primary beam. Super-uniform weighting solves this
limitation by de-coupling the weighting from the size of the mosaicked field-of-
view (Sault et al., 1996). The weighting scheme is implemented with a sidelobe
suppression area set at an angular scale of 42’. This limits the weighting to a
42'x 42’ square centred on the respective pointing centre. This value is selected
to be approximately equal to twice the maximum distance between two pointing
centres.

Two cubes of differing resolutions were generated. The high resolution cube
has a spatial pixel scale of 4” x4” and a velocity resolution of 3.5 km s~*. This
cube includes visibility measurements from all baselines. The low resolution cube
has a spatial pixel scale of 40" x40” and a velocity resolution of 25 km s™. The
low resolution cube applies a spatial filter by only including baselines < 361 metres.

Table 2.2 summarizes the mapping parameters and noise statistics of the two
cubes.

1 2 3 4 5 6 7 8 9
Data Cube Bmaj Baun BPA Noise Size Pixel Scale Nepan AV
pixels kms™t
High Res. 16.9” 16.47 175.5° 2 mly 512x512 4” 120 3.5
Low Res. 84.97 72.5" —-44.6° 1.7 mJy 256x256 40” 20 25

Table 2.2: NGC 1512 mapping parameters. Column 1: Data cube, Columns 2 and 3: Major and Minor axis
of synthesised beam in arcseconds, Column 4: Beam position angle of synthesised beam in degrees,
Column 5: Noise per channel map in mJy, Column 6: Image size in pixels, Column T7: Pixel scale in
arcsecon?s, Column 8: Number of channels in data cube, Column 9: Velocity width of each channel
in kms™*.
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2.2.5 Deconvolution and Restoring

Deconvolution was performed using the MOSSDI task. This task executes the Steer,
Dewdney & Ito (1984) CLEAN algorithm on a mosaicked image. Most variants of
the algorithm can be decomposed into five steps. The algorithm iterates through
each plane in the data cube to create a new data cube called the clean component
model. The five steps are:

1. Search an image plane for the pixel with highest flux level,
denoted Ppeak-

2. Subtract a scaled dirty beam centered on Py, from the image.

3. Add the total subtracted flux in (2) to the clean component model cube,
retaining positional information.

4. Repeat steps 1 - 3 until a user specified condition is met
(e.g. minimum RMS or maximum number of iterations).

5. Repeat step 4 for each plane in the data cube.

The high resolution cube is cleaned down to a noise level of 1.5-0 (3 mJy per
3.5 kms™" channel). The residual image after deconvolution is a combination of
noise and faint structure below the noise cutoff level. The resultant clean compo-
nent model is convolved with the clean beam. The clean beam is a Gaussian fit
to the synthesised (dirty) beam and hence has no sidelobes. This convolution is
performed with the RESTOR task with a specified FWHM of 16.9” x16.4”.

The low resolution cube was cleaned to a 1.8¢ value of 3 mJy per 25 kms™!
channel. The clean model was convolved with the clean beam which has a FWHM
of 84.9” x72.5”.

This completes all processing done with the Miriad package. The remainder
of the post-processing is performed with the GIPSY package as detailed in the
next section.

2.2.6 Isolating HI Emission from Noise

To produce high fidelity maps, HI detected with a high confidence level must be
separated from the noise present in each channel map. To accomplish this, each
channel map is spatially smoothed by a Gaussian with major and minor FWHM
twice that of the clean beam. This enhances lower column density HI, while av-
eraging out the noise. Following this spatial smoothing, a 2.5-¢ amplitude cut is
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applied to the smoothed data cube. Each channel map is inspected by eye using
the GIPSY task BLOT. Only emission above the 2.5-0 smoothed noise level and
apparent in three consecutive channels (of width 3.5 kms™!) is included. All pixels
not meeting these criteria are blanked.

The resulting smoothed, blanked cube is used as a template to blank the
original, unsmoothed cube. The output is used to generate the moment maps.

2.2.7 Generating Moment Maps

All moment maps are created with the GIPSY task MOMENTS. The HI total in-
tensity map is derived from the input data cube using the equation:

(O3
= ZSi x Av; [Jy beam ™ kms™?] (2.1)

where 7 corresponds to the i-th channel, n is the total number of channels, 5; is the
emission in the i-th channel in units of Jy beam™, and Awv; is the channel velocity
width. The HI map can be converted to column densities using the equation:

Ny = 1.835 x 108 (605—'738-3-)

X Y8 x Av [cm™? (2.2)
b;b,

B
where b, and b, are the major and minor FWHM of the dirty beam, 5; is the
flux at a particular position on the map in units of Jy beam™, Av is the velocity

resolution in km s™L.

HI mass is calculated using Equ. 2.3.

S8 x Av

beb
1.135%

Mg = 2.36 x 10°D? x M) (2.3)

where My is in units of Mg, p;, py are the pixel dimensions in arcsec, and D is
distance measured in Mpc.

The same GIPSY task (MOMENTS) calculates the velocity field from the equa-
tion:

E?S@ X v

Y > =T emmm——
>0 S

[kms™!] (2.4)

which is the intensity weighted mean velocity.
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The velocity dispersion field is generated using:

_ E?Six(v—<v>)2%
7= 7S,

[kms™] (2.5)

2.3 Data Products

The resulting data products of the post-processing discussed above are presented
in this section. Channel maps and position velocity slices through the galaxy are
presented in Appendix A. Recall that two sets of the HI synthesis data products
are generated. They differ in spatial and velocity resolutions as well as the subset
of antenna baselines used for the measured visibilities.

- High resolution (spatial ~ 17” ; velocity = 3.5 km s™*; all baselines)
- Low resolution (spatial = 2 ; velocity = 25 km s™'; baselines < 361 metres)

This is performed specifically to optimize the analysis of different physical
characteristics of the maps.

The high resolution products allow a finer view of the galaxy structure and
detailed kinematic analysis. The lower resolution products are primarily aimed at
accentuating any low column density HI that may be associated with the galaxy.
This low column density HI is put into context of the galaxy’s kinematics with
the low resolution velocity field.

2.3.1 High Resolution Maps

Total Intensity Map

Figure 2.2 displays the total intensity map. Most striking is the detailed HI spi-
ral arm structure, as well as the extent of the HI disk in which NGC 1510 («, 8
= 4h 03m 32.6s, -43° 24’ 00”) is completely embedded. The total HI mass of
the system is 5 x 10° M. This is a factor of 2 lower than the mass deter-
mined by Hawarden et al. (1979). Converting to the same cosmology (Hy = 73
kms~! Mpc™!) yields a mass within 2% to that derived here. There is a great deal
of tidal material in the outer parts of the HI disk. This may be due to the inter-
action with NGC 1510. The end of the southern spiral arm splits into two parts.
This is also evident in velocity space with a velocity difference of ~ 10 kms™.
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A unexpectsd discesvery was the HI eloud 27 to the soutl-west of the centre
of NGC 1312, It has a mass of ~ 6.5 = 107 M., This HI cloud does not appear
to be an extension of the main southem spiral arm. The clowl’s low maszs is
consistent with tidal dwarfl galaxies as quoted by Schiudiwan et al, {1924 and high
vilocity elouds (HVOC) by Blitz et al. (1999) . The cloud’s diameter of ~1.5 kpe 15
congiderably smaller than the wvplcal value of 25 ke quoted by Blics e al. {1909)
The clound is a projected ~ 72 kpe from the eentre of NGO 1512,
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Optical comparison with HI map

Figure 2.3 shows contours of HI colimn density superimposed on the # baned
map of NGC 1312, The lowest contour corresponds to a columnn density of Ay =
2.8 % 107" em™, The remaining two continrs represent column densitics of Ny =
0.7, 1 and 1.3 x 107" em™. The 1 x 10* em™? contouwr has a projected extent
of B ~ 6i) kpe. Fig. 2.3 clearly reveals the remarkalily differend morphologies of
the III and stellar content in NGO 1512, The galaxy has a Hl-optical diameter
ratio equal to 2.8, This 1= the ratio of the 1.23 » 10 em ¢ HI conlonr {o the
2 band 25 mag aresee™? tsophwotal diameter following, for consistency, the defini-
tion of Broells & Rhee [1997). They study the relation between optical and HI
diameder in 108 galaxies of varving morpholegy and find a [T-to-optical dismmeter
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raticr ol 1.7 This value 1z Betor of 1.6 lower than that determined for NGO 1512
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epze of comparivon with the Hawerden ¢ &l map in Big 2.4

The earlier Hawarden et al  (1978) map iz reproduced here (Fig. 2.4 for
comparigon, Thig subgtantiates the poant made in Seet. 1 1.1 chat single dish ob-
servations are limited to measiring sglobal properties for galaxies bevond distances
of ~= B Mpe. The high resolution map shows a tidally disrupted 110 disk, o signih-
cantly different view to that sven an the lower resolotion Partkes map in Hawarden
et al (1979, Fiz, 2.3 and Fig 2.4 are roughly to scale.
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Velocity Field

Figure 2.5 displavs the high resobition veloeity field of NGO 1512, with super-
impowed iso-velocity comtonrs, The inuer disk shows a relatively regular velocity
field, with ‘wiggles' i the comtours due to streaming motions in the spiral arms.
Tuwards the vuter parts of the disk che velocities remain consistent with the cverall
velocity prolile of the galaxy. However, the comtours become more chaotic, Ths
i suggestive of tidal matenial due to a galaoy interaction disturbing the cirenleo
Totation, or the outer dizk being disrupted by intergalactic material {16G3M), and
the decreasing signal-to-nmse ratio. The isolated HI cloud o the sowth-woest of
the mag has 4 velocity that s consistents with NGO 1512, [his suggests that it is
potentially associated with the galaxy and possibly isolated due to tidal distuption.
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Velocity Dispersion Ficld

The wvelocity dispersion field of NGO 1512 is shown in FPig. 246 NGO 1510
effect on the system is visible is the south-western part of NGO 1512 Tnner disk
faee white contours), The galasy has a mean dispersion value of ~ 11 kms—".
This wdocity dispursion 15 consistent with that fonnd in an analysis of all the
THINGS galaxies by Whalter et al. (2008). This suggests that the HI disk has not
been completely disrupted by a major interaction, which would cause increased
non-circular motions. These non-cirenlar motions wourld canse “widened” velocity
profiles and hence larger dispersion values deriswed from Eguation 2.4,
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2.3.2 Low Resolution Maps
Toial Iniensity MMap

Figure 2.7 is the equivalent of Fig. 2.2, generated] howsver, from the low resolution
data embe. Contours of todal indensity are superimposed, the lowest of which co-
reaponids to Vg — 3 % 10" em—®, This map was generated in order to trare low
column density HI emission. ming baselines < 561 metres and a veloeity resolution
A= 25 km 87! Av amplitnde eut of 3-0 was applied to generate the moment
werc map | tovsl tensity), The lowest coptonr in Fig, 2.7 supgests & connection
hotween the HI disk and the tidal material to the west. Note that there is no low
column density connection belween NGO 1512 and the HI clond in the sonth-west
of the map is present. despite the consistency of the cloud’s velocity with the
kinvmatics of NGO 1512,

"The total measured HI mass of the system s ~~ 4.5 % 107 Mo This s 10% lower
than the derived mass from the high resolution map. Thus, excluding baselings
> 361 metres does not reach {he brightuess sensitivity levels of the THINCS
elervations {Ngp ~ 1 = TR (:111'2}.
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Velocity Ficld

The low resolution welocity fisld displaved in Fig 2.8 offers additiona] evadeee
that the low column density connection befween the western tidul matens] and
NGC 1512 isreal. The case for this is strengthened by the conneetion’s consistency
in veloeity space. The connection is however at a low 57N level (~3-a).
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Chapter 3

Multi-wavelength Data

Hawving presented the HI data, the main focus of this thedis, e now turn arten-
tion to the suite of multi-wavelensth data products available for NGO 1512, One
of the most inportaat eriteria of the THINGS target selection was the overlap
with Spitzer SINGS and GALEX NG5 samples, This is i order to combinge the
respective duta sets und probe the scicnce goals listed o Seer. 1,11

This chagter presents all additional multi-waselength doats products used in
the analysis of the NGO 1512 svstem (opeieal, single dish HI UV, ionfraved). The
addditiomal HI clata, fram the HIPASS catalogue, 9 aimed at exploring the estendid
erviromment of che salwse The chapter eloses with the description of the post-
processing rechninues used chat allow the eombination of the mid-infrared and Jar
uleravialet maps to form a star formanion race density map unceammeled by dist.

3.1 Optical Properties

Tl optical propertics of NGC 1312 huve been documented previously by Hawar-
den et al (1979, Thegalaxy is classified as a SBirjab galaxy. It has un inceracting
neighbonur, NGO 1510, separated by a projected 14 ke, The Hubble tvpe of the
neighbouring NGC 1510 is somewhat uncertain, The source of the ambiguity lies
in the current star formation activity. NGO 1510 is eicher a blne compact dwart
(BOCD; or a dwart elliptical (dE) undergoing a wave of star lormation due to
newly acereted material from the disk of NGC 1512 (Disney and Pottasch, 1977,
Kinman, 1978; Eiwchencdorf and Niewo, 1984) There nre a number of possible mor-
phology scenarios presented in che literature, wich emphasis on the spectea of the
raek palaxies. FPurther detail on the optical study of NGO 1512 snd 1310 can be
found in Hawarden et al. (1979, Fropercies of the two galaxies ure snmmarised
in lable 2.1.
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Galaxy Right Ascension Declination Velocity Distance Ty My Morphology

hms e kms™t Mpc mag mag
NGC 1512 04 03 54.3 -43 20 56 898 9.840.7 11,50 -18.45 SB(r)ab
NGC 1510 04 03 32.6 -43 24 00 913 10.0£0.7 13.02 -16.98 BCD/dE

Table 3.1: Basic parameters of NGC 1512 and NGC 1510

3.2 HI Single Dish Data

The HI Parkes All Sky Survey (HIPASS) was the first systematic HI survey of the
entire southern sky. The 64 m Parkes radio telescope® has a beam FWHM of 6 ~
14.4 arcmin. The HIPASS observations used a velocity resolution of 18 km s™%,
although the channel separation was set to 13.2 km s™* (at z = 0). HIPASS de-
tected a total of 4315 sources (Meyer et al., 2004).

Despite their large extent (8°x 8°), four HIPASS cubes were needed to be
merged because NGC 1512 appears in the south west corner of H114. The selected
cubes (HO78, HO79, H113, H114) are centred on NGC 1512 and its companion to
create one large data cube. Each of these cubes are from the HIPASS calibration
and reduction pipeline (Barnes et al., 2001).

There are three primary reasons for including these data in this analysis:

- Compare the measured flux densities, particularly towards the edges of the
ATCA pointings

- Explore the environment for further tidal material outside of the ATCA field
of view.

- Put NGC 1512’s location in context with its environment.

The strength in these data lies in the comparison with the high resolution data
products. They are displayed in Chapter 6 in combination with the interferometric
map.

The Parkes telescope is part of the Australia Telescope which is funded by the Common-
wealth of Australia for operation as a National Facility managed by CSIRO.
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3.3 Ultraviolet

3.3.1 GALEX

This study of NGC 1512 will utilise the far and near ultraviolet (FUV and NUV)
imaging data products from the GALEX Nearby Galaxy Survey (Gil de Paz et al.,
2007). GALEX is a small explorer class mission orbiting at an altitude of 700 km
above the Earth. Its Ritchey-Chrétien telescope has an aperture of 50 cm, afford-
ing it a field of view of § ~ 1.2°. A dichroic beam splitter allows simultaneous
FUV and NUV imaging at A.s; = 1516 A and 2267 A respectively. The FUV and
NUV angular resolutions are Ad ~ 4” and 5.6” respectively. For more detail on
the instrument see Morrissy et al. (2005).

A small degree of post processing is performed on the standard output from
the GALEX reduction and calibration pipeline as documented by Gil de Paz et
al. (2007). The additional processing is required to transform the data into the
form required for the star formation analysis.

3.3.2 Far UV

The FUV band (13441786 A) is primarily sensitive to photospheric emission from
giant O and early B type stars. These short wavelengths are affected by both self-
extinction and Galactic dust attenuation. The latter is corrected for with an
estimation of the colour excess, E(B - V), from the Schlegel, Finkbeiner & Davis
(1998) extinction maps. This is converted to the corresponding FUV extinction
using Apyy = 8.24xE(B - V) following Wyder et al. (2007). A background is
subtracted, calculated by taking the median value of all pixels with a flux level <
3-0. Foreground stars are subtracted using a UV color cut (NUV/FUV > 10) and
the blanked regions are replaced with the mean background value.

The FUV map in Fig. 3.1 shows the strong star formation activity in the spi-
ral arms. The extent of this is striking, extending far beyond the optical radius.
Fig. 3.1 shows that the FUV emission traces a very similar pattern to the HI
map. The FUV map reveals strong star formation in the ring which is prominent
at optical wavelengths. However, the FUV does not reveal the stong bar seen in
the optical. It is clear that the two galaxies are interacting. There is a discrete
fracture in the main eastern spiral arm. The companion galaxy NGC 1510 is a
strong source at this wavelength. The FUV morphology in the region of NGC
1510 is suggestive of accretion towards its centre.
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3.9.3 Near UV

The NUV map is very sinmlar in morphology to the UV, The major difference
is & stronger preseoce of foreground Galaclic starg in the NUY map as cvident
in Fig. 3.2. This differcnee i itensity of the {w6 maps enables foreground star
subiraction nsing Lhe UV eolour cut diseussed in Sect. 3.3.2.

3.4 Infrared

3.4.1 Spitzer

One of the seleclion eriteria of the THINGS sanple was the requiretnent of (hese
galaxies Lo overlap with the Spitzer SINGS swrvey {Rennienll et al., 2003), The
current study will incorporate two dats products from the Spitzer Legacy Lro-
uranme, The 3.6 pn image 5 used in the kinematic study to model the stellar
mass component. The 24 pm image is used to trace obseinrsd star formation. The
36pm and 24 pm Images are observed wilh two different instruments onboad the
spitzer spacecraft. The e dals products are described helow.
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Flgguee #.2: The oo witzaviolet image. Note the siatege: simesevenoe of Galactic stars

The 3.6 pm imaging was obisined with the Infrared Array Crmera (TRAC) on-
board Spilzer. Fiaission st this wavelength is sensivive Lo the uld seellar pop-
ulation. It does inchide a conuribution frum polvevelic aromatie hydroearbons
iPAHs), however these are Lhevrized w be a minor fraction of uhe tutal cmissivn
in this band (Oh et al, 2008). The IRAC indlrument has a resolution of A ~
4" at 3.6 pm (comparalble 10 the TIINGS resolution) and & leld of view of # =
52 = 3.2°

The 3.6 pun map (Fig, 3.3) teveals the bar, which is alse seen in the oplical
Furthermore, the 3.6 pm map displags o prominent stellar bylge as well w4 faing
suggeation ol the ring whick is more prominent in che opticad bands, NGC 15160 18
alzo prominent at this wavelength iniplyiug that & significant old ssellar popnlanion
I presens,
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3.4.3 24 pm Emission

The 24 pm imaghng was performed with the Multiband lnaging Photometer for
Spitzer (MIPS) mstrument. At 24 pm the instrument has a ficld of view of
84" % 54" and a spatial reselution of 67, The output fom the Spitzer calibration
pipeline is shown in Fige 3.4, The reader @ referved to Hieke et al. (2004) asxl
Goreon ot al, (2004) far furiher details en the MIPS mstrument and the reduction
of the 24 pin scan maps,

The map from the standard calibration pipline is used. A background is sub-
tracted nsmg the same procedure as for the ultravdolet maps, The same foreground
stars selected from the UV colonr cut ave subtracted o the 24 g map. The map
i3 then examined by eye for any temaining bright stara, as well as the [requendly
evadent artefacts seen towards the edges of MIPS seans (parallel with the scan
dircetion). These artefacts are removed mannally.

The 24 pm map is displayed In Fig 3.4, It shows the ring structure in NGO
1512, However. Lhe bar seen i the 3.6 g map 13 not evident. There are two
famt filaments seon in o gorth-vesterly projection, both nsde and outside the
ring. The outer filament corresponds to the beginning of the main spiral avm seen
m the FUV image (Fig. 3.1), suggesis a gracdient u the dust content alony the
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apiral arm. similar 1o tha seen in Messier 21 (Willner et al,, 2004). The i is
of haghest concentration in the nueleus and at the location whore the bar (as scen
in the optical and NIE | mects the ring. The peak o of NGO 1510 in this baned
i twice thar of NGO 15120 Nole Lhatl the riog around NGO 1510 15 an hmaging
arlefact, See the Spitzer MIPS handbook® for a deseription of the point response

funetion (PRE'). The PRF is a rowvolution of the point souree funetion (PRE) and
Lhe pixel zcale.

=43%10

=i

Declination {J2000]
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— 28

430q™ 5% 42 A W 03T 58 oamans R
Foht Amcenzion [J20G60)
Fignre Jodc M 12 fing s eleacly wisilie in he alioes 24 g limage. The Sar seenin the 46 um inaee

5 ol alses o] heres Twn Zealnres ol oterest e 1De Gaicl Glacents in norch-eascecly projeccions,

baicly irsiade o cuteivde the ring. The euter flament corresponds b clie niee of the most prominent
spirid arm seen inthe FUY mop

3.5 Star Formatfion Rate Density Maps

The VUV and 24 pemomeapd are commbined to formn a star formstion rate surface
density {Dspg) map with units M, vear™ kpe™ The aim is to generate a star
formation rate density map of comparable resohition 1o Lthe HT synthesis obser-
valions presented in Chapler 2.0 The combination of the two wavelength regimos
requires & robust calibration, Calzotti ot al, (2007) and Kennicutt ot al. (2007)
both derive the cormrelstion belween 24 pm emission and H, extinction due to
dugt. Leroy et al. [2008) use thewr calibration and the relation between H, and

htip /A ese. spitzer. colfech, edu /mips Sdk,



36 CHAPTER 3. MULTI-WAVELENGTH DATA

FUV emission to derive an expression for Lgrpr as a function of FUV and 24 pm
emission:

Yerr = 8.1 % 10—2IFUV +3.2x 10_3.[24,”,1 (31)

where Ipyy and Iy, are in units MJy sr~!. The FUV-24m combination has the
advantage of tracing photospheric emission from young (~ 10 Myr), massive O
and early B type stars directly (via the FUV band), as well as indirectly through
the reprocessing of this starlight into mid-infrared wavelengths.

Leroy et al. (2008), and references therein, detail the choice of the co-efficients
in Eq. 3.1. The Yspgp derivation assumes a Kroupa initial mass function (IMF)
(Kroupa, 2001), and can be converted to the truncated Salpeter IMF (1955) by
multiplying by a factor of 1.4. The RMS of the map is ~ 1.5 x 10~ Mg, year—' kpc™
with comparable to the maps in Leroy et al. (2008) which are generated using the
same method. The maps are regridded to the same pixel scale as the HI total in-
tensity map derived in Chapter 2. Chapter 6 compares the global SFR calculated
from this map with previously determined values.

b



Chapter 4

Kinematics

The HI spectral line observations obtained with an interferometer enable the high
resolution measurement of a galaxy’s dynamics. These motions are used to derive
a rotation curve of the galaxy, assuming a geometric model. Such dynamical stud-
ies allow a derivation of the associated mass via the baryonic Tully-Fisher relation
(McGaugh et al., 2000); the state of the interstellar medium (Oey, 2002); and the
size and distribution of the associated dark matter halo (van Albada and Sancisi,
1986).

With the HI velocity field presented in Chapter 2, this chapter will describe
the derivation of the rotation curve model for the inner 55 kpc of NGC 1512,
i.e. the observed rotation due to the combination of gas, stars and dark matter.
The rotational velocity contribution from gas and stars is inferred from their re-
spective mass distributions. Removing these contributions from the total observed
rotation curve allows the mass distribution of the dark matter halo to be modeled.

The last section of this chapter is dedicated to the extension of the inner
rotation curve model to the outermost parts. It will model the outer tidal material
with respect to inclination and rotation velocity. These models of the outer disk
will be put into context to the larger scale environment of NGC 1512 in Chapter 6.

4.1 Model of Observed Rotation Velocities
4.1.1 Method

Due to the projection of an observed galaxy on the sky, velocities measured in the
plane of the sky are dependent on 6 parameters: the intrinsic rotation velocities,
right ascension and declination of the dynamical centre, the inclination, the sys-
temic velocity, and the position angle. The position angle (PA) is defined as the

37
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angle between the north axis and the semi-major axis of the receding side of the
galaxy, measured from north to east. The intrinsic rotation velocity is derived by
solving for the remaining 5 parameters. For brevity, these 5 parameters will be
referred to as the geometric parameters.

Internal and external effects influence the motion of matter in a galaxy (e.g. stel-
lar feedback, galaxy interactions, infall of intergalactic material). These effects
result in non-circular motions, inclination and position angle changes, etc. With
this in mind, a ‘best fit’ dynamical model will be derived to describe the global
kinematics in NGC 1512.

To arrive at this global model, a two dimensional velocity field must be trans-
formed into a one dimensional plot of rotational velocity as a function of galacto-
centric radius. This is achieved through the division of the 2D velocity field into
concentric annuli. This is known as a tilted-ring analysis. It allows the derivation
of a characteristic rotation velocity for each annulus.

Given the high spatial and velocity resolutions of the HI observations pre-
sented in Chapter 2 and the inclination (~ 40°), NGC 1512 is well suited to a
tilted-ring analysis. Each ring has its own distinct set of the 6 introduced param-
eters (rotation velocity, inclination, PA, systemic velocity, RAcentre; D€Ceentre )-
The dependence of the measured velocity in the plane of the sky on the geometric
parameters and intrinsic rotational velocity is expressed as:

V(2,y) = Vigs + Vio(R) sins) cos(6) (4.1)

assuming that all material is moving in circular orbits. In this expression, V,,, is
the systemic velocity; Vo (R) is the rotational velocity; 8 is the position angle with
respect to the receding major axis measured in the plane of the galaxy. @ is related
to the previously defined position angle (PA) in the plane of the sky by:

—(z — x0) sin(PA) + (y — yo) cos(PA)

cos(d) = R (4.2)
. _ —(z — z0) cos(PA) = (y — yo) sin(PA)
sin(d) = Roos(d) (4.3)

where o, yo are the central pixel co-ordinates of the tilted-ring model. x,y are
also in pixel co-ordinates.

Interpretation of the above three equations is sensitive to non-circular motions,
tri-axiality and dynamical centre positional uncertainties. See Oh et al. (2008),
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Trachternach et al. (2008) and de Blok et al. (2008) for in-depth studies on meth-
ods to correct for these uncertainties.

The GIPSY task ROTCUR is used to perform the tilted-ring analysis and derive
the rotation curve. The parameters are varied for each ring to obtain an optimal
fit in a least-squares algorithm!. The width of each ring is equal to a synthesised
beam. Therefore all rotation curve data points are independent from one another.

The first step in modeling the rotation curve of NGC 1512 allows the geometric
parameters and rotation velocity to run as free variables through the least-squares
algorithm. The result of this first iteration is plotted in Fig. 4.1. Note that in
Fig. 4.1 the uncertainties for the geometric parameters represent the formal least
squares error, whereas the uncertainty illustrated with the rotation velocity (Vo)
plot is the dispersion in individual velocity measurements along each respective
tilted-ring. The latter is found to be a more conservative error estimate (see 19
galaxy rotation curves derived in de Blok et al. 2008).

Documented at http://www.astro.rug.nl/~gipsy/tsk/rotcur.dcl
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Figure 4.4 displays the results of the 1% iteration (in which all parameters are
free). This is identical to Fig. 4.1, but excludes the large radii (r > 578”). As
before, the associated uncertainties for the geometrical parameters are the formal
least-square algorithm errors, while the rotation curve uncertainties represent the
total velocity dispersion along each tilted-ring.

The dynamical centre is a well constrained parameter and can be compared
with the galaxy centre at other wavelengths. Therefore, Xcensre and Yeepsre are
the first parameters to be fixed. The dynamical centre is assumed to have no de-
pendence on radius and so a 0** order polynomial is fit to both parameters. The
resulting best fit yields (x,y) = (2,-3) in pixel co-ordinates. With a 4” pixel-scale
this corresponds to a AR = 14.4” offset from the (x,y) = (0,0) pixel co-ordinate
which, by coincidence, is the optically determined centre. The offset is most likely
due to the ‘kinks’ in both the X enire and Yeensre fits at B ~ 300 — 400”. These
‘kinks’ are due to the least squares algorithm attempting to ‘compensate’ for the
streaming motions prevalent in spiral arms. Similar ‘kinks’ are seen in the rest of
the parameters in Fig. 4.4. Excluding the ‘kinks’ in the 0** order fit yields a cen-
tral co-ordinate of (x,y) = (0,0) which is consistent with the optically determined
galaxy centre and is therefore the adopted value.

The second iteration of ROTCUR is run with fixed central co-ordinates (x,y) = (0,0).
The result of this iteration is displayed in Fig. 4.5. The fixed central co-ordinates
are marked by the grey solid line seen in the top left and top right frames of
Fig. 4.5. This results in marginally smaller ranges in systemic velocity and po-
sition angle profiles. The inclination profile is very similar, however has lower

uncertainty in the three innermost data points. The rotation velocity has large
‘kinks’ in the profile.

The next parameter to fix in this iterative process is the systemic velocity.
This has a low uncertainty (Av ~ 1 kms™). The best fit systemic velocity can
be cross-checked with spectroscopic determinations in other wavelength regimes
(e.g. H,). Fixing the systemic velocity yields indiscernible changes in the position
angle and rotation velocity profiles. The outermost radii of the inclination profile
show differences of (¢ ~ 4°).

The next ROTCUR iteration builds up on the previously fixed central co-ordinates
and systemic velocity. The position angle is better constrained than the inclination
in this output, when considering the percentage spread in output values. There-
fore, the position angle is fixed next with a 1°* order polynomial. The fit has a
shallow, negative slope.
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ROTCUR is run once more with central co-ordinates, systemic velocity and po-
sition angle fixed. This results in a larger amplitude (v ~ 350 kms™) ‘kink’ in
the rotation velocity seen at R ~ 350” — 450”. The innermost ‘kink’ at R ~
40” decreases by approximately Av = 50 kms™. The changes in inclination are
indiscernible. As in the previous iterations, the inclination shows characteristic
‘wiggles’. These most likely correspond to streaming motions within the galaxy’s
spiral arms. The least squares algorithm in ROTCUR computes a better overall fit
by varying both the inclination and rotation velocity to model these streaming
motions, despite it being a less physical model (de Blok et al., 2008). The first
order fit of the inclination values is made, excluding R < 51”7 and the ‘kink’ be-
tween R = 323" — 391”. This yields an inclination fit of ¢ = 38.5°.

A final iteration is run with the ROTCUR task to derive a rotation curve based
on the iteratively fit and physically motivated galaxy parameters.

4.1.3 Results

The procedure outlined in the previous section results in the rotation curve for
the inner 27.5 kpc (R =578" assuming D = 9.8 Mpc) of NGC 1512 displayed
in Fig. 4.9. The uncertainties in this plot represent the dispersion of individual
velocity data points along each tilted-ring. The rotation curve has typically uncer-
tainties of 11 kms™'. This value is consistent with the typical dispersion velocity
derived by de Blok et al. (2008) for the 19 galaxies studies at similar resolution
in The HI Nearby Galaxy Survey (THINGS). The resulting rotation curve is rel-
atively smooth and regular given that this is an interacting, asymmetric galaxy.

4.2 Derived Mass Model

The observed galaxy rotation is due to the combined mass of gas, stars and dark
matter. The primary aim of a rotation curve analysis is to disentangle these and
quantify each component as a function of radius, with emphasis on the dark matter
distribution. This requires three main inputs: the observed rotation curve derived
in the previous section, the gas mass density profile and the stellar mass density
profile. The latter two can be derived from the HI total intensity and Spitzer
near-infrared (3.6 pum) maps respectively. This section describes the procedure in
combining these inputs to derive a galaxy mass model.
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Figure 4.98: Derived rotation curve of the inner 27.5 kpc of NGC 1512 based on central co-ordinates, systemic
velocity, position angle and inclination constrained by a least-squares algorithm. The plot shows
undulations in velocity attributable to the streaming motions in the spiral arms of the galaxy.
The associated uncertainty is derived from the dispersion of the velocity measurements along each
annulus.

4.2.1 Method
Gas Distribution

The same tilted-ring parameters applied to the HI velocity field are now applied
to the HI total intensity map using the ELLINT task. This task bins a input map
into elliptical rings, the orientation of which is derived from the tilted-ring analysis
described in the previous section. The average HI flux within each concentric ring
is corrected for inclination and converted into its corresponding surface density.
The result is scaled by a factor of 1.36 to account for helium and metals. The
conversion from HI flux to mass is given by Equations 2.2 and 2.3.

The radial HI surface density distribution is used to calculate corresponding ro-
tational velocities using the task ROTMOD, assuming an infinitely thin disk. ROTMOD
is a task that converts the radial HI flux profile into rotation velocities result-
ing from the enclosed mass (Casertano, 1983). The output values represent the
rotational velocity of each ring assuming the gas to be the only mass component.
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Stellar Distribution

The conversion of stellar emission to a corresponding stellar mass has a consid-
erably larger associated uncertainty than that of the neutral gas. The stellar
mass-to-light ratio, (M/L),, is a function of parameters including wavelength,
stellar population age, star formation history, dust extinction, metal content and
the stellar initial mass function. These uncertainties decline with increasing wave-
length towards the near-IR. This wavelength regime is predominantly sensitive to
the old stellar population and therefore is a good tracer of the total stellar mass
contribution (Bell and de Jong, 2001). Both Bell & de Jong (2001) and Verheijen
(1997) find a small range in the K band mass-to-light ratios ((M/L), = 0.5£0.2,
0.7+0.2 respectively). Observations in the near-IR are not strongly affected by
the young stellar population, dust and metallicity. The near-IR is therefore the
optimal wavelength range of choice to constrain the total stellar mass component.

The near-IR imaging data is available from 3.6 pm Spitzer SINGS Legacy Pro-
gramme (see Sect. 3.4.2). The foreground Galactic stars were manually removed,
as well as the emission of NGC 1510. The same tilted-ring elliptical integration
applied to the HI intensity map is repeated on the star subtracted 3.6 pm map,
resulting in a mean radial distribution of 3.6 um flux in units of MJy steradian™*.
Following the method adopted in Oh et al. (2008), the (M/L), is calculated to
convert the 3.6 um flux profile into a mass distribution profile. Oh et al. (2008)
derive an empirical relation between the K band and 3.6 pm (M/L), values. The
K band (M/L), is calculated from Eq. 4.4 using (J - K) colours from the 2MASS
Large Galaxy Atlas (Jarrett et al., 2003).

log (M/L)*, = 1.43(J — K) — 1.38 (4.4)

The empirical relation,

(M/LY*; gm = 0.92(M/L)" ;. — 0.05 (4.5)

is adopted from Oh et al. (2008). The radial stellar mass distribution serves as an
input into the ROTMOD task. The stellar distribution is split into two exponential
components, loosely labeled the ‘disk’ and the ‘bulge’. This is required as the
stellar radial profile reveals a distinct steep inner component (R < 700 pc) and
a flatter outer disk (R > 700 pc) typical of LSBs. Therefore, a two-component
model of the stellar radial profile enables a more accurate determination of the
total stellar flux.
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A sech?® vertical distribution is assumed for these two stellar components. The
vertical scale length is set to zp = h/b where h is the exponential radial scale
length (van der Kruit and Searle, 1981a; van der Kruit and Searle, 1981b). These
inputs enable the ROTMOD task to compute the rotation velocity attributable to
the stellar components if they existed in isolation.

Dark Matter Halo Distribution

As described previously, the total observed rotation in a galaxy is primarily due
to three components:

V::»st = V;;Zas + V.?tellar + de;zrk (46)

where V,, is the total rotation curve modeled from the HI velocity field; Vg,
and Vigear are the rotation curves of the gas and stellar components, as derived
from the respective intensity maps. The last term in Equation 4.6, Vi, is the
rotational velocity contribution due to the mass of the dark matter halo. It can be
derived from Equation 4.6 given the measured observables Vs, Voo and Viear-
Its distribution is fit to a given halo distribution model. This study assumes a
pseudo-isothermal dark matter halo of the form:

PISO = Po (1 + (‘%) 2) B (4.7)

In this equation, pg is the central surface density and R, the core radius. The
rotation velocity of this dark matter halo as a function of radius is expressed as:

V(R) = (47eroR02 {1 - %arctan (%)Dz (4.8)

Two fits are made within the GIPSY task ROTMAS: the first uses the derived
(M/L), value described in Sect. 4.2.1; the second fit sets (M/L), to the maximum
possible value allowed by the observed rotation curve. The latter is often referred
to as the maximum disk fit and is a lower limit on the dark matter content of
the galaxy. ROTMAS is the task that fits the ‘residual’ rotation velocity, Vg, from
Equation 4.6 to the user defined dark matter halo distribution function, which in
this study is the pseudo-isothermal halo (Eq. 4.8).



4.2. DERIVED MASS MODEL 53

4.2.2 Results
Mass Model Based on the Derived Stellar Mass-to-Light Ratio

This model adopts a mass-to-light ratio derived from the J - K colour described
in Oh et al. (2008). The resulting value of (M/L), = 0.59 is consistent with
the mass-to-light ratios determined for the 19 galaxies in the Northern THINGS
sample, as illustrated in Fig. 4.10.
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Figure 4.10: The stars in this plot represent derived (M/L)*; o um Values as a function of J - K colour from
de Blok et al. (2008). The triangle corresponds to the value derived for NGC 1512 in this analy-
sis. The solid line is the predicated values which assumes constant colour throughout individual
gaalaxies. The scatter is due the observed colour gradient in the sample.

The output of the ROTMAS task is a fit to a pseudo isothermal dark matter
halo. This is plotted in Fig. 4.11 as a thick, black solid line. It is based on the
value derived in Sect. 4.2.1 of (M/L); ¢ um = 0.59. The observed, gas and stellar
rotation curves are also plotted.

The mass model based on this (M/L)j ¢ ,,,, value finds NGC 1512 to be dark
matter dominated at 27.5 kpc (Mpar/Mparyons = 2.1). De Blok and McGaugh
(1997b) find 15 of their sample of 23 LSBs to have a larger Mpas/Migryons value.
This suggests that while NGC 1512’s dark matter content is consistent with LSB
galaxies, its Mppr/Mparyons Value is less than the average found by de Blok and
McGaugh (1997) of Mpar/Mparyons = 2.6. The relative fraction of dark matter
to gas and stars will increase if the limiting radius is extended beyond 27.5 kpec.
The HI rotation curve shows a number of negative values in the inner 9 kpe. This
results from the conversion of HI mass distribution to velocities in the ROTMOD
task. A negative sign is denoted to velocity values if the associated acceleration is
a net force away from the centre of the galaxy.
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Figure 4.11: Mass model of NGC 1512. Circles represent the total mass derived from the HI observations; the
thick solid line the dark matter with an pseudo iso-thermal sphere distribution; the dotted line the
gas, the dashed and dot-dashed lines the stellar disk and bulge components respectively, and the
thin solid line represents the total mass derived as a quadratic sum of these modeled components.

The mass model is summarised quantitatively by the dynamical mass calcu-
lation, the baryon-dark matter ratio, and mass-to-light ratio (M/Lg). The max-
imum rotation velocity (196.7 kms™) is found at the largest radius considered,
R = 27.5 kpc. Equating centripetal and gravitational forces for the mass within
a given radius implies a dynamical mass My, = 2.5 x 10" M.

GMm mV?
5 = (4.9)
V2R
Mdyn T (4. 10)

where V is the rotational velocity of the outermost data point in units of kms™;

R is the radius at which V' is measured in kpc; and G is the gravitational constant
in units of kpc® kg ™?s~2.

Roberts & Haynes (1994) studied galaxy properties as a function of morpho-
logical type. Their sample included ~ 5000 galaxies which part of the Local
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Supercluster (v < 3000 kms™"). They found the mass of Sab galaxies to range
between 0.4 — 2 x 10" Mg, (25 and 75 percentiles respectively). The derived dy-
namical mass M = 2.5 x 10'! M, of NGC 1512 makes it a high mass galaxy for its
morphological type, particularly as only mass within R = 27.5 kpc is considered.
This implies a total mass-to-light ratio of, (M/L)p = 86, based on the apparent
magnitude, mp = 11.5 (as adopted by Hawarden et al. 1979).

The ratio of baryons and dark matter in NGC 1512 is calculated using the
outermost rotation velocity of the observed rotation curve.

L
Mbﬂ"yo’ns ( V Vtellar ) 2
= 2 4.11
Mpu V;)b.s VH I ‘/;tellar ( )

where Vops, Vir and Vienor are the outermost velocities for the relevant mass
components. The determined value of MLA,‘I"M is 0.47, assuming the derived

(M/L)3¢ um value in Sect. 4.2.1. Comparison with de Blok and McGaugh (1997)
finds this %ﬁ—;ﬁ—”ﬁ value to be larger than 17 of their sample of 23 LSBs. The

average baryon-to-DM ratio in their sample is MLAZ‘)”:{—"Q = 0.39.

Maximum Disk Mass Model

The maximum disk fit is plotted in Fig. 4.13. The maximum disk model scales
the outer stellar disk component to the maximum value allowed by the observed
rotation curve. The inner stellar component (bulge) is not scaled as it is already
constrained to its maximum value by the observed rotation curve. Scaling the
outer stellar component requires scaling the derived (M/L); ¢ m value by a factor
of 3.77. While this scenario is inconsistent with stellar population synthesis mod-
els, it is a useful method of deriving a lower limit to the dark matter halo mass.
Fig. 4.12 is the repeated plot from de Blok et al. (2008) showing all the derived
(M/L)36 .m values for a selection of the THINGS galaxies with star-shaped sym-
bols as before. Two points are overlaid on this plot: (1) the derived (M/L); ¢ um
value for NGC 1512 used in Fig. 4.11; and (2} the value required by the maximum
disk model plotted in Fig. 4.13. It is clear that the maximum disk assumption
requires a substantial deviation of (M/L); m from what is observed for galaxies
of similar J — K colour.

The maximum disk fit, shown in Fig. 4.13, reveals NGC 1512 to be dark matter
dominated at a radius R ~ 27.5 kpe. At this radius, the mass of the dark matter
halo is approximately 4 times greater than the baryonic material (Mass ox V?).
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of 23 Ls5Bs, The "‘r*‘” 224 ratios caloubated from both the mass models lic within
the ranze of the e T?:l: e and Melzaugh sample. Both values aye however towards
the high end az llustrated by the histogram in Fig, 4 14
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Theze results find NGO 1512 to be a dark matter dominated galaxy, however
less s0 than than salues detormined for .51 sample of 23 1878 galaxies. Thiz domi-
naned s also prevalent when the [M/7L1] vitlue 1= set to ey upper limit, but
only at i = 17 kpo

23,8 wm

4.3 Extended Rotation Curve Models

The rotation curve aud mass models in the previons section only considersd 1he
inneer tadii < 27.5 kpe (filing factor > 50 %), This limie was used to work wich a
high fidelity rotation curye. The analysis 14 now expanded to incorporate the outer
part of che IIT disk, a3 well as the zolated HI clond st 8 — 16007 {0 investigate
the kinematies and study of the onter dark matter halo, Tt assumes that the gas
15 moving in crcolar orbits. Although this is unlikely, it does provide a qualitative
view of the global lanematics.

The same method as far the inner rotation curve s applicd to determine the
extended rotation eurve, The adopted dynamical cenvre and systemic velocity
values are identical to the inner 27.5 kpe determination. This 15 an assumption,
as the dynamical centre could in prineiple vary as a function of radius (e galaxy
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warps, lopsidedness).

With the dynamical centre and systemic velocity in place, the extended ro-
tation curve analysis begins with the above parameters fixed. This is illustrated
in Fig. 4.15. Immediately apparent in these plots is the increase in uncertainty
beyond a radius of 1000”. The large errors are predominantly due to the low filling
factor of the outer HI disk.
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Inspection of the three dimensional HI cube indicates that the gas in the outer
disk is in a different plane (in position-velocity space) to the galaxy. This could
be as a result of a tidal history or interaction with the intergalactic medium. Two
of the range of possible models are investigated in this study:

Model (a) assumes that the outer disk of NGC 1512 has lost angular mo-
mentum due to the tidal or intergalactic medium interaction, and therefore lost
rotation velocity. This first model will assume a constant inclination value as
derived from the inner 27.5 kpc rotation curve model. This will be labeled the
Bootstrap Model.

Model (b) assumes a flat rotation curve, which is observed for the majority
of galaxies. This model will be referred to as the Inclination Free Model.

Fig. 4.16 illustrates the case where the central co-ordinates, systemic velocity
and position angle of the entire HI disk have been modeled and fixed.

4.3.1 Bootstrap Model

There are a number of effects that would invalidate applying the same inclina-
tion model to the outer half of the HI disk (e.g. interaction with the intergalac-
tic medium, galaxy interactions), but it does have the advantage of providing a
‘benchmark’ to compare the dynamics of the outer and inner halves of the disk. In
Fig. 4.17, the result of applying such a fixed inclination to the gas in the outer disk
is displayed. The adopted model is illustrated by the thick, grey line in the bottom
left panel. The resultant rotation velocities show a sharp decrease at B ~ 30 kpc
to an approximate value of V,,; ~ 140 kms™?.

This can be interpreted as gas that has experienced a decrease in angular mo-
mentum. A change in angular momentum could likely have resulted from a tidal
interaction with a neighbouring galaxy (NGC 1510 or others). This scenario is
explored further in Chapter 6, where the local environment of NGC 1512 is studied
on a larger scale.

The total dynamical mass derived from the Bootstrap Model is My,,, = 2.8 x
10" Mg. This value is comparable to the dynamical mass inferred for the inner
27.5 kpe (Mg, = 2.5 x 10" Mg ). These are high masses for NGC 1512’s
morphological type, however they are still within a plausible range compared with
the Sab sample of Roberts & Haynes (1994).
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Figure 4.1# displays the extended version (out to B = 78 kpe, compared to
B — 275 kpe) of the rotation veloelties as derived with the Bootsirap model, If
a constant imelination 18 assumed. the zolated TIT cloud appears to be al a similar
rotational welocity, This s explored farther in Chapter 6 utilising sinele dish radio
observations of a rmich larger volume arcund NGO 1512,
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4.3.2 Inclination Free NModel

The Inclination Free hlodel is based on the assumption that the rotation carve
remains flat out 1o 1the outermost radin (8 ~ 80 kpe). Therefore, the outer
half of the T disk and the isolated JII cloud will have a fixed rotation veloc-
ity V' = 196.7 kms™'. Such an extended flat rotation carve implics a dynamical
mags of My — 7 % 10" My and thevefore & dark matter halo mass 2.5 times
sreater than that of the Bootstrap Model (Mg, — 2.8 x 101 M. ). The inferred
dynamiral mass is a factor ~ 3.5 greater than the mass range 75 perecutile for
Sab galaxies found by Roberts & Tlavnes (1994). Such a large devialion may
imply that the Inclination Free Moda 15 not consistent wich the derived moasses
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of galaxies of the same morphological type. However, it must be considered that
the total mass has been sampled to large radii due to the extended HI distri-
bution of NGC 1512. It therefore appears that dynamical mass may not be the
most accurate method to make deductions on the geometrical model of the galaxy.

Figure 4.19 displays the result of fixing this assumed flat rotation curve allowing
inclination to be a free parameter.
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The resalt of the nclination variation for fixed rotation velocita s dizplased o
Fig. 420 Tt reveals three groups of distinet inclination salues, the inner disk, the
oniter disk and & small sronp of data points at the largest radi cormespeonding to
the isolated HI elongd. A discrete change to lower mclinations of Aé ~ 107 s seen
at 27.5 kpe. However the fitterd values vary it a relatively smooth fashion beaongd
thiz radins, Uneder the assumption of a fat rotation corve and cireular orbits, the
Hi elmul appears to be inoa plane between the inner and outer HI disk.
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Flzure 4.20: Besultant nclinations fir a Hxed poration velocicy model. The plot showe three discines eroupa of
dati poibts which correspond oo the ioner disk, outer dizgz and leclated 11 cloud.



Chapter 5

Star Formation

This chapter will imvestigate the relation hetseen HI and the instantaneoss star
[ormation rate in NGO 15120 Combining thiz with the kinematic analvsis from
Chapter 4 will aid the understanding of the galaxy's recent star lormation and the
interaction scemario. The eombined ultraviolet and mid-infrared star lormation
rate indieators ave introdnced, followed by an overview of the surrently understood
HL-SFR corretation. The HI-SFR relation in NGO 1612 s probed at local scales
and using radial bhins. Envirommental effects, bhoth interual and external, will he
profed with the nge of radial profiles of the star lormation efficiency,

5.1 Ultraviolet and Infrared Star Formation Rate
Indicators

The intensity of emission kot young, wassive stars peaks to the ultraviolat region
of the electro-magnetic spectrum, Flox measared in this band is an excellent in-
dicator of the current. massive star [armation rate in spiral and irregidar galasies
{Kennieutt, 1995 Donas ot ab., 1987), However, short wavelengths (A < 7000 A)
are increasinghy affected by dust attennation, and the ultraviolet is only an opti-
mal tracer of unobseured star lormation {Calzettl. 2008).

Regions of star lormation are [reuently observed to be high b dust content.
Therefore, a second SFR indicator nast be used to overcome the dust attenoation.
Thist is heated by UV photons, and reradiates this energy in the mid-1R (Calzetti
et al., 2007; Kennicutt, 2008), Spitzer has a 24 pm observing wavelength aimed at
investigating exactly this. Combined with the FUY, one can ¢reate star formation
rate maps of a hivbrid nature that are strongly complementary in that they trace
hoth obernred and unobsenred star formation.
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This was noted by Kennicutt (1998), however has not been implemented until
recently (Bigiel et al., 2008; Leroy et al., 2008). We will employ this method of
SFR estimation in this study. This is particularly relevant in the case of NGC 1512
when considering the extent of the UV emission which is significantly larger than
in the optical. Furthermore, as NGC 1512 is a LSB galaxy, it is likely to be
relatively low in dust content, favouring the use of star formation indicators not
exclusively reliant on the radiation from dust itself.

5.2 SFR-HI Surface Density Relation

Schmidt (1959) was the first to derive a relation between gas and star formation.
He compared the stellar and gas volume density, p, perpendicular to the Galactic
plane. In his formalism of pgrr X (Pgas)”, Schmidt found N ~ 2.

Kennicutt (1989, 1998) took the work of Schmidt a step further through a
study of star formation and gas content in 61 nearby ‘normal’ spiral galaxies and
36 starburst galaxies. He determined the relation between the disk-averaged total
gas surface density, L4, and star formation rate surface density, ¥srr. The gas
surface density is comprised of both molecular and atomic hydrogen components
(Zg6s = Zgr + Zpa). For his subsample of ‘normal’ spiral galaxies, Kennicutt
found N = 247 £ 0.39.

Since then increasing research has been put into the relation of gas and star
formation. Approaches can be roughly divided into three groups: those that at-
tempt to relate either Lpy, or Lo, or both (Xg,) to the ongoing star formation
activity.

Results from these studies are varied, with a derived value of N typically in
the range 1 — 3. The large scatter is likely due to the differing spatial resolutions
and diverse methodologies adopted in star formation rate estimation which probe
a range of different physical phenomena. It must be noted, that only a limited
number of studies have investigated the Xy m2/40s — Lsrr relation at high spatial
resolution (< 1 kpc).

In the following we will investigate the Ly; relation to Ygrg in the NGC
1512 system. An advantageous aspect of our multi-wavelength data is that all
data products are of high spatial resolution. This enables local small-scale (760
pc) comparisons of the star formation rate surface density and HI surface den-
sity. Furthermore, it enables the radial profile to be investigated in relatively fine
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(760 pc) radial bins.

While the pixel-by-pixel method probes the HI-SFR surface density relation
on these small scales, the radial profiles enable these quantities to be put into
context of their environment. The latter is particularly applicable in the galaxy
interaction scenario of NGC 1512 with NGC 1510.

5.2.1 Pixel-By-Pixel Analysis

Section 3.5 described the method for combining the far ultraviolet and mid-IR
maps of NGC 1512 which will allow the comparison of star formation with the HI
total intensity map. Fig. 5.1 displays a pixel-by-pixel plot of star formation rate
surface density, X srg, as a function of HI surface density, £5;. These points are
colour-coded into three domains of the galaxy - the core (crosses), the regularly
rotating outer disk (squares), and the tidal debris (filled circles). The core is de-
fined as all radii within the optical ring (R < 7 kpc). The outer radius of the
regularly rotating disk is defined as in Sec. 4.1.1. The noise level of the £gpg is
1.5 x 107 Mg pc2 year™?.

Figure 5.1 reveals two distinct L gpp peaks occurring at different HI surface
densities. The two peaks belong to two regions in the galaxy: the core and the
regularly rotating HI disk. The peaks are separated by over an order of magni-
tude in Y gy. This is likely due to the core being dominated by molecular, not
atomic, hydrogen (Bigiel et al., 2008; Goldsmith et al., 2007). Bigiel et al. (2008)
find their sample of 8 spiral galaxies to all be dominated by molecular hydrogen
inside of 0.4 Ros. If we assume the x-axis in Fig. 5.1 to represent the sum of both
atomic and molecular hydrogen, ¥, the lower peak may well be shifted closer
to Ty ~ 10 Mg pc™2. Bigiel et al. (2008) derive radial profiles of the HI and H,
mass surface density for their sample of 13 spiral galaxies. They find their sample
of 8 spiral galaxies to have a Hy/HI ratio of ~10 in the galaxy centre. This is
roughly consistent with the difference in the gy peaks seen in Fig. 5.1.

Figure 5.1 also reveals a sharp HI upper limit at g ~ 10 Mg pc™2. This value
most likely coincides with the critical density at which atomic hydrogen converts
to molecular form. The value is consistent with Bigiel et al. (2008) who find 95%
of the neutral gas to have a surface density Zg; < 9 Mg pc™2 for their sample of
8 spiral galaxies. Similar results were found at lower spatial resolutions by Wong
& Blitz (2002) and Martin & Kennicutt (2001). A histogram of the HI surface
density in each of the three regions is displayed in Fig. 5.2. This illustrates how
the HI density varies in these regions. The HI surface density has its peak value
at Lyr = 12.7 Mg pc2. This is significantly larger than that quoted by van der



70 CHAPTER 5. STAR FORMATION

._rllllll-rllllllrlI1!lllllr|1l|lrrr'|Tl'|I'|

year "L kpe?]

M.

=2

log Larg

=

=4.0n - Lol
—&.5 =21 gt 15 -1l 1.5 et} 1.3 1.0 1.5

log Eui Mz pe~]

Figure 3.11 Star fermacion vate aurface deneityoas a Jowtion of correapomding AT deasityn Red crosaluies
repregent peance fn the eore of the galaxy, hlack souaces correspoodd oo the regalacly ot atisg HT
diak, and biue cireles to what a8 conridersd oo be tidal matecial,

Hulst ot al. {194%2) whe iovestigated the HI surface density of 8 LSBs wilth the
VLA, He found typical peak vaiues of ¥yr ~ 4 6 M. pe ? (log Ty ~0.6 -0.78 in
log sprace]. They Aod this to be below the catical density for star formation follow-
inyg Kenmicutt (19859), and suggest this as the reason for the low sarface hrightness
disk. The slighily higher X4 values observed in NGO 1512 may be due 1o (1)
The Jarger gas density frequently ebserved in the spiral arms of interaeting spiral
gulaxivs (e MR Yun, Ho & Lo 1), 2 NGO 1512% HI surface density is
oot that of a tvpicsl LER described in van der Thokst {19921 The bin centred at
Yo~ 4 M pe™® (log Sy = 0.8) contains the greatest number of data HI data
polots,

Figure 6.1 reveals no obvions relation on local (760 pe) scales as both quan-
tities vary by ~ 2.5 orders of magnicude. This is consistent with the findings of
Dhgiel et al. (20085 Tut, this result % in stark contrast with the observed global
corrclation of Xgp with star formation derived by Kennicutd {1998). While ihis
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plobal relation betwesn total gas and total SFR for galasdes 1s zelatively well con-
atrained [assnming a conversion from nentral te total gas). this does not seem to
lold om local scales as sugpested by Fig, 5.1

Stars frrm in giant molecilar elouds (GMCO3). Thersfore, we expect an anti-
correlation between Xy and Zepp i GMOs are resolved. However. the scale of
GMOs i typically ~ S0-100 pe, substantially smaller than 760 pe rescluticn of
the HI and SFR sudace depsity maps. Tamburro et al. (200051 imestigate the
distance between HL and star formation rate peaks nsing high resolution (67) HI
maps aml the same star formation rate mapr recipe a3 the current study. They
find tvpical offscts of ~ 1} pe,
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Figire 5.1 may he snggestive of & contimuim between the strong relationship
of Bgpp and Bepg on global scales, and the expeeted anti-correlation on seales that
GACs are resolved (- 30100 po).

5.2.2 Radial Binning

To identily possible trends of Zgy and Tepg with radins, the maps are divided
inta the same tilked-rings as derived from the kinetnatic analysis. Fig. 5.3 displays
& plat of these two radial profiles, The commonly observed HT central depression
ls seen in the mner tadii (R < 3 kpe). The meressed Egrg of comparmon galaxy
NGO 1510 can be geen ab ~ 14 kpe. The secord lavgest peak in Yopp is located
at B ore 3 kpe and originates from the palaxy’s ring, which 1s quite praminant in
aptical and nltravinket wavelengths,

& » ® H Surface Density
@ @60 Star Foirnaton Rate Demsity

[

m =

legTr Mo pe~ and Torp (10 *Msyear hpe 2

g il n Ht i % &1 4 4l
Hadius  kpc

Figure G.3: laclial profiles of Ty ol Nery. Note thar Seug beoseabs] iy 0 L mrmlile sreder viaual coo-
pariscn of the tee profiles,

Fignre hd displavs the relation between the radial profiles of Egry and Egpp.
This i the equivalent of the pixelbv-pixel plot in Fig. 3.1, however, all pixcls
have been averaged into radial bins, each the width of the resolution of the HI
mayp. This averaging effect loses the local infornation, however it fncreases the
signal-to-noise. particalarly towards the onter radii
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Binning the pixels into radial ellipses appears to reveal a clearer picture than
the pixel-by- pi.KLl plot {Fig, 5.1). It suggests a star formation threshold ac ~ 2.5
Mz pe™ (log Xapg =~ 0.4). [t must he veiterated that the core (red ernsses) of o
typical {= Sed) apiral galaxy is vsually dominated by moleciylar hvdrogen.
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Figure 5.4% Star formation eate sustace density as s tunceicn of correspending LU suriacs density, Fixels from
g 3.1 are binocd upin recial anouli of wideh 177, The threc remions of star formation arc dcnv:atcri
with the same Avinoola aein Kip, 5.1, Note E3pp showe a signiZeant inorrase 80 Xy 23 Mz po—
g Espp-a0.17

5.3 Star Formation Efficiency

The star [ormation analysais iz expanded [urther by regarding the star formation ef-
figzency parameter (SFE), This s defined as the percentage of presontly avaitahle
gas converted into atars per vear. It 15 calculated with the expression:
TR = ZsrR [}-‘Eﬂ.r_l] (B
L1
2

where Larg has units Mz yvear pe 0 andt Sy has unats Mz pe * Following
Leroy et al. (2008), the errovs are defined as:
o TRAS (5.2)

iar L
‘Ilr." X i Ting *ﬁl'l]'w_??,be-.rrf.u
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where apays 15 the RMS scatter within cocli tilted ring, N v 15 the number of
pixels in the ring, and Vg 15 the omber of pixels per resobution element.

The stor formation ethciencs (SEFE) shesss o clear dependence on radiog, The
SEPE decreascs oun to o radius of 1.2 « Hay B = 152 kpo), There is o distiner
local effect in the vicinity of NGOIEND al 78 — 14 kpe The SFE increases by
approzdmately on order of mwgnitude for o ~ 1.8 ke bond,

The SFF in Lhe middle disk {15-23 kpec) is low when gompared 1o §F E values
reported in Letoy ot al, {2008), The SFE at 1.2 Bay is~ 1.2 x 107" year~!, This
is a factor of two lower than than any of the K spiral galaxies studied v Levoy e
al. (2008), consizslent with a low surlace brightness disk,

Figure 5.5 surprisingly shows a posicive sradicnn in the star formation efficiency
lrom 23 — 50 kpe. This could Te an environmental effect (see Chapter 6 where this
is investipated further). Loeroy et ol (2008) found constant SFE m Hy dominated
recions in their sample of & gpiral galavies. Howeser, in HI dominaled regions
Lhey find SFFE Lo decreage with galacloceninie raddius, They also find the SFE in
HEdominsated regions to be mure sensitive to envirenmental offects. The increase
in SFF seen in the ovler disk of NGO 1512 could well be such an environment
effect in the form of Ldal interaction with NGO 1810 and/or other neiglibouring
galwsdes. This inerpretatinn must he treated with carmion given the large eror-
Lava.

NGO 15125 inreraction with neighbrouring NGO 1510 has clearly initiated re-
cenl slar lprmakion as ceased by the GALEX FUV anmd Spitwer MIPS 24eum
taps,  There appears o be o weak HESER correlation st smnll-scales. Loweser
thore is an apparent star formation threshold if the pixels are averaged into raclial
tams. The increase in star lormation efficiency in Lhe ouler radil conld Lentatively
bie interpreted us o larger inleraction seenario. An analvels of the local environ-
ment is the theme of Chapter 6.
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Chapter 6

The Tidal Dwarf Galaxy and
Local Environment

Environmental offects have a strong influenee on a galieny's morphology, kinemat-
ics and star formation histors. This 15 seen through a galasoe's inferaction with
the intergalactic medinm (IGM), stwong radiation fields, and with other zalaxies
(Jones and Forman. 1990, Hickson. 1999; Feretri and Venturi, 2002). This chapter
inwostizgates the eovironment of MOC 1512, besinning with a more detailed anal-
vais of the newly discovered HI clond disenssed in Chapter 20 Additionally, the
HI Parkes All Sky Survey (HIPASS) detection of NGO 1512 15 compared to the
ATCA HI map, These HIPASS observations coable a larger area coversge of the
NGO 1512 system, however with bmch lower spatial resolution {(~157). The goal
of including HTPASS observations inthig stidy is to search for additional diffuse
HI emssion outgide the Seld-of-view of the ATCA observations. Tnrergalactic HI
is obsetved to trace galaxy mteractions [o.g. the ME1 gronp; Yun, Ho and Lo
1984) and low column density featires may provide chies to che history of the

NGO 1312 group.

6.1 Tidal Dwarf Galaxy?

6.1.1 -HI-Bata

Chaprer 2 reported the discovery of an izolated HI cloud associated wich the
MNOC 1512 system. The eloud 15 at a projected distance of 72 kpe southi-west
of the centre NGC 1512 and has an HI mass of Mg = 6.5 x W (D798 Mpe)?
Mo Les angmlar extent of A# ~ §'xd’ corresponds to a physical cxtont of Al =
1.1%1.7 kpe (in the plape of the sky). The dloud spans Av ~ 21 kme ™" in veloeity



Chapter 6

The Tidal Dwarf GGalaxy and
Local Environment

Environmental effects have a strong influence on a galaxy’s morphology, kinemat-
ics and star formation history. This is seen through a galaxy’s interaction with
the intergalactic medium (IGM), strong radiation fields, and with other galaxies
(Jones and Forman, 1990; Hickson, 1999; Feretti and Venturi, 2002). This chapter
investigates the environment of NGC 1512, beginning with a more detailed anal-
ysis of the newly discovered HI cloud discussed in Chapter 2. Additionally, the
HI Parkes All Sky Survey (HIPASS) detection of NGC 1512 is compared to the
ATCA HI map. These HIPASS observations enable a larger area coverage of the
NGC 1512 system, however with much lower spatial resolution (~15’). The goal
of including HIPASS observations in this study is to search for additional diffuse
HI emission outside the field-of-view of the ATCA observations. Intergalactic HI
is observed to trace galaxy interactions (e.g. the M81 group; Yun, Ho and Lo
1994) and low column density features may provide clues to the history of the
NGC 1512 group.

6.1 Tidal Dwarf Galaxy?

6.1.1 HI Data

Chapter 2 reported the discovery of an isolated HI cloud associated with the
NGC 1512 system. The cloud is at a projected distance of 72 kpc south-west
of the centre NGC 1512 and has an HI mass of My = 6.5 x 107 (D/9.8 Mpc)?
Mg. Its angular extent of A8 ~ 6’x4’ corresponds to a physical extent of AR =
1.1x1.7 kpc (in the plane of the sky). The cloud spans Av ~ 21 kms™ in velocity
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