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Abstract

This thesis presents a first look at the directly measured peculiar velocity flow field within
the Southern Zone of Avoidance. Large peculiar velocity surveys are hampered by the low
detection rates and poor data quality of galaxies in the Zone of Avoidance (ZoA) where
the obscuring effects of dust and stars in the Milky Way prevent the detection of galaxies
across 10 — 20% of the sky. Moreover, dynamically significant structures lie hidden behind
the Galactic plane. Dedicated surveys have been conducted to unveil the mass distribution
within the ZoA. The ZoA peculiar velocity survey presented here makes use of deep sys-
tematic HI survey data, new high resolution Hi observations and new deep near infrared
(NIR) observations to provide high fidelity measurements for use with the NIR, Tully-Fisher

relation.

Hr observations reveal galaxies where both optical and NIR surveys fail. The HIZOA
deep HI survey conducted at the 64m Parkes telescope revealed ~ 1000 galaxies in the
southern ZoA (Henning et al. 2005, Donley et al. 2005, Shafi 2008) . Accurate HI linewidths
are required for the measurement of Tully-Fisher distances. The fidelity of the Hi linewidths
depends both on the velocity resolution and signal-to-noise ratio of the spectrum. New
Hi1 data were therefore acquired at Parkes for 82 galaxies, providing a mean factor ~ 3.4

improvement in the fractional uncertainties in the 50% linewidth.

A deep NIR follow-up survey of HIZOA galaxies within 6000 kms~! was conducted
using the 1.4m IRSF telescope using the SIRIUS camera for simultaneous imaging in the
near infrared J, H and K, bands. These deep, high resolution NIR observations are able
to penetrate the dust and deblend foreground stars making it possible to detect the NIR
counterparts for the Hi-detected galaxies. The survey images have an exposure time of
10 min resulting in a limiting magnitude approximately 2™ deeper than the 2MASS survey
and the SIRIUS camera has a 0745 pix~! pixel scale and 7/7 x 7’7 field of view. The three-
colour images were searched by eye for possible NIR-HI counterparts resulting in a galaxy
catalogue containing 567 galaxies in 422 fields. Of these fields the NIR counterparts were
confirmed for 356 Hi1 galaxies. Algorithms for the subtraction of foreground stars were

developed and used to obtain accurate surface photometry of each source.

The NIR galaxy colours were used to investigate the nature of extinction in the ZoA.
The results show that on average across the southern ZoA, the true extinction is 82% of the
DIRBE/IRAS values provided by Schlegel et al. (1998). There is no significant variation in



the correction factor as a function of Galactic longitude but there is variation with Galactic
latitude. The DIRBE/IRAS overestimation is greater within +1° of and 1° — 3° above the
Galactic plane.

A preliminary peculiar velocity flow field within the southern ZoA is derived by combining
the Hi and NIR data. A strong flow towards the Great Attractor (GA) is observed. This
flow field also shows possible indications of backside infall onto the GA, showing that the
GA does indeed play an important role in the motion of the Local Group. The success of
this study demonstrates the feasibility of further TF peculiar velocity studies in the ZoA,
notably the extension of this survey to greater distances and an improved calibration of the
TF relation for use in the ZoA.
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Chapter 1

Introduction

Over the last few decades, the emerging picture of the Universe is that of a “cosmic web”,
with galaxies lying along filaments and walls with voids in between (Shapley 1930, Joeveer
& Einasto 1978, Davis et al. 1982, de Lapparent et al. 1986). Cosmological studies have
shown that these sponge-like structures are born out of the tiny density fluctuations in the
early universe (Bardeen et al. 1983, Guth & Pi 1982, Hawking 1982, Starobinsky 1982).
Gravitational instability caused these fluctuations to grow into the large-scale structure
observed in the present-day Universe (e.g. Bond & Efstathiou 1987, Holtzman 1989, Springel
et al. 2005). On scales of a few hundred Mpc, the asymmetric gravitational influence of this
inhomogeneous distribution of matter results in the motions of galaxies. These “peculiar
motions” are superimposed on the smooth Hubble flow of the expanding Universe. In the
nearby Universe, the mass distribution around the Local Group (LG) results in its own
peculiar motion. The peculiar motion of the LG, the motion of our Galaxy in the LG and
the motion of the Sun within our Galaxy give rise to the observed dipole in the Cosmic
Microwave Background (CMB; Kogut et al. 1993). While the CMB anisotropy provides a
direct and accurate measurement of the peculiar velocity of the LG (Conklin 1969, Henry
1971), the underlying gravitational acceleration caused by the mass distribution is contested
(cf. Strauss et al. 1992, Lynden-Bell et al. 1989, Erdogdu et al. 2006a, Kocevski & Ebeling
2006, Scaramella et al. 1991).

The mass distribution, and hence the LG acceleration, can be measured by the direct
detection and three-dimensional mapping of galaxies in large surveys. This hinges on the
assumption that galaxies trace the total mass distribution, i.e. that the relationship between
visible and dark matter is well constrained. Several estimates of the density field and the LG
acceleration have been made using measured redshifts from the IRAS Galaxy Catalogue (e.g.
Rowan-Robinson et al. 1990, Strauss et al. 1992), optical catalogues (e.g. Lynden-Bell et al.
1989, Hudson 1993a;b) and 2MASS (Erdogdu et al. 2006b). Alternatively, the mass density
field can be inferred from the peculiar velocities of a sample of galaxies, independently of
any a priori knowledge of the bias between visible and dark matter (Bertschinger & Dekel
1989, Dekel et al. 1990, Dekel 1994). The peculiar velocities of every galaxy respond to the
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underlying gravitational potential field generated by the overall local mass distribution. As
such, each galaxy can be considered as a test particle on the gravitational potential field.
Large mass overdensities act as “attractors” whereas voids appear to repel nearby galaxies.
Bertschinger & Dekel (1989) developed a method to reconstruct the density field from the pe-
culiar velocity field (POTENT; see also Dekel et al. 1990, Dekel 1994) using the assumption
of irrotationality of gravitational flows. The measurement of peculiar velocities, however,
relies on a large uniform sample of galaxies with high fidelity distance measurements. More-
over, redshift-independent distances (e.g. the Tully-Fisher relation; Tully & Fisher 1977)
are needed in order to extract the peculiar velocities from the recession velocities.

Peculiar velocity surveys are hampered by the low detection rates of galaxies in the Zone
of Avoidance (ZoA) where the obscuring effects of dust and stars in the Milky Way prevent
the detection of galaxies across 10 —20% of the sky. The apparent lack of galaxies within the
ZoA has serious implications for peculiar velocity analysis; this unfilled part of the sky acts
as a void and may artificially produce an outflow unless it is accounted for. This problem has
been circumvented by statistical interpolation of the adjacent mass distribution and filling
in the ZoA. Yahil et al. (1991) employ a simple linear interpolation across the 10° wide ZoA
of the IRAS redshift survey. The optical surveys used by Lynden-Bell et al. (1989) exhibit
a larger 30° wide exclusion zone which is filled by duplicating galaxies from higher latitudes
into the Galactic plane. Lahav et al. (1994) apply a noise-reducing Weiner filter to the
interpolated spherical harmonics of the angular distribution of galaxies in adjacent regions.
Kolatt et al. (1995) advocate interpolating the observed potential field as opposed to the
mass distribution. They used this method to specifically study the derived mass density
field within the ZoA. Their study and that by Loeb & Narayan (2008) suggest that the
largely unknown mass distribution within the ZoA contributes significantly to the motion of
the LG. Several dynamically important structures, including the Great Attractor (Lynden-
Bell et al. 1988) and Local Void (Tully & Fisher 1987) lie within the ZoA. Moreover, the
Pisces-Perseus and Hydra-Centaurus Superclusters, two of the largest superclusters within

the nearby Universe, lie near the Galactic plane.

The motivation for mapping structures within the ZoA is twofold. The first is to produce
a complete map of structures within the local Universe. The second reason is the importance
of these structures in dynamical studies, in particular studies of the origin of the motion of
the LG. To this end, it is necessary to first detect large numbers of galaxies within the ZoA.
Kraan-Korteweg & Lahav (2000) and Kraan-Korteweg (2005) describe the complementary
multi-wavelength work aimed at revealing galaxies behind the Galactic plane. The blind Hi1
surveys pioneered by Kerr & Henning (1987) which used the 1.42 GHz (21 cm) hyperfine
emission line of neutral hydrogen provide an efficient and unbiased means of penetrating the
dust and stars of the Milky Way to detect galaxies. Recently, the HIZOA deep HI survey
conducted at the Parkes telescope (Henning et al. 2005) revealed ~ 1000 galaxies in the
southern ZoA. The survey covered the region of the sky that is most obscured by dust,
i.e. where the optical ZoA is particularly prominent. The extension of HIZOA around
the Galactic bulge covers the regions where near infrared (NIR) surveys such as 2MASS
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become increasingly incomplete due to prohibitive stellar densities. Complementary, deep,
high resolution NIR imaging which is able to overcome most of the effects of extinction
and stellar density can be used to shed light on the stellar properties of the HI galaxies.
Importantly, the NIR data combined with the HI1 information can be used to determine
distances to these galaxies using the NIR Tully-Fisher relation (e.g. Aaronson et al. 1980a,
Masters et al. 2008).

This thesis describes a deep NIR follow-up survey of HI galaxies detected in the HIZOA
survey. These data are used to measure directly, for the first time, preliminary peculiar
velocity flow fields within the southern ZoA. This can be used as a feasibility study for
further such work. This dataset will be valuable in quantifying the mass distribution within
the ZoA and will aid in our understanding of the origin of the motion of the LG.

This introductory chapter describes the background information pertaining to the mea-
surement of peculiar velocities within the Zone of Avoidance. In Sect.1.1, the ZoA is de-
scribed in detail and the effects of extinction and stellar density at different wavelengths are
discussed. Section 1.2 outlines why it is important to map the mass within the ZoA and
describes the multi-wavelength searches that have been undertaken to reduce the ZoA. I
explain the advantages of HI observations to detect galaxies in the ZoA and the usefulness
of subsequent NIR follow-up observations. Section 1.3 describes how the determination of
peculiar velocities can unveil the mass distribution. Here I discuss how observations in the
ZoA can contribute to our understanding of the mass distribution in the Local Universe and
then describe the NIR Tully-Fisher relation as an ideal method for distance determination
of spiral galaxies in the ZoA. Finally, in Sect. 1.4, I emphasize the necessity for dedicated
follow-up NIR observations which are significantly deeper than those available with current
NIR surveys.

1.1 The Zone of Avoidance

It was Proctor (1887) who first noticed that the nebulae in Herschel’s General Catalogue
(Herschel 1864) seemed to avoid the region of the sky near the Galactic plane. The detection
of Cepheids in these nebulae allowed their distances to be determined and so they were
identified as galaxies (Hubble 1925). However, at that time, there was no explanation why
these galaxies would avoid part of the sky. It was only after the discovery of the obscuration
of starlight by interstellar dust (Trumpler 1930), that it was understood that this “Zone of
few Nebulae” was caused by dust in our own Galaxy (Hubble 1936). This region came to
be known as the “Zone of Avoidance” because galaxies appeared to avoid it and because
of the greater difficulty in observing galaxies within it. The ZoA was first quantified as
the region delineated by “the isopleth of five galaxies per square degree from the Lick and
Harvard surveys” (Shapley 1961). For comparison, the density of galaxies in the unobscured
sky is observed to be 54 galaxies per square degree (Shane & Wirtanen 1967). The ZoA is
not caused solely by dust extinction; the increase in stellar density near the Galactic plane
creates further problems for the detection and parametrisation of galaxies in the ZoA.
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The extent of the ZoA depends on wavelength. It encompasses more than ~20% of the
optical extragalactic sky, but only ~10% of the infrared extragalactic sky (Kraan-Korteweg
& Lahav 2000). The optical ZoA is mainly a result of dust extinction, which increases
strongly towards the Galactic plane, reaching up to 70 mag in the B-band (A. = 445 pm)
(Schlegel, Finkbeiner, & Davis 1998). The NIR ZoA is largely due to the high stellar density
in the Galactic plane and around the Galactic bulge. The increase in the number of stars
increases the background noise and causes confusion where stars appear ‘blended’ and are
misidentified as extended sources. The following two sections (Sect.1.1.2 and Sect.1.1.1)
give a full discourse on the causes and effects of extinction and star density, including how
they are parametrised and measured. An understanding of these processes is needed to

understand their limitations to photometry and how to correct for their effects.

1.1.1 Galactic Extinction

Dust in the interstellar medium (ISM) scatters and absorbs light, thereby reducing the flux of
stellar sources. This process is known as eztinction. Extinction is wavelength dependent and
increases towards shorter wavelengths. Moreover, objects appear redder because the bluer
wavelengths suffer more extinction. The extinction in the NIR wavebands, J (A, = 1.25 um),
H (1.62 pm) and K, (2.14 pum)*, is typically 21%, 13% and 9% respectively of the optical
B band extinction (Cardelli, Clayton, & Mathis 1989). It is therefore advantageous to
work at longer wavelengths where the extinction is reduced. The extinction, Ay, at a given

wavelength A is expressed in magnitudes,
my :mg—FA,\, (1.1)

where m,, is the observed and mf is the extinction-corrected magnitude of a stellar source

at the wavelength .

Extinction Laws

The amount of the scattering depends on the relative sizes of the dust grains, their compo-
sition and the wavelength of the light. The size of the grains depends on the density of the
environment (Cardelli et al. 1989) and so the variation in the density of the ISM means the
amount of extinction is different for each line of sight. The extinction can be quantified via

the parameter Ry :
Ay

This represents the ratio of the total, Ay, to the selective extinction or colour-excess, E(B —
V). Ry is dependent on the environment, thus line-of-sight. The typical value of Ry is 3.1,
increasing up to ~5 in regions of recent star formation where the dust grains are likely to be
larger (Glass 1999). The extinction at a specific wavelength, A, can usually be expressed

*where A., given in brackets, is the central wavelength of each band
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as a function of Ry . Cardelli et al. (1989) find an empirical extinction law,

<ﬁv> :a(xH%X (13)

where = 1/X. Over the wavelength range 0.9 um < A < 3.3 pm they find:

a(r) = 0.5742"
b(x) = —0.527x'6% (1.4)

The extinction in a given bandpass is calculated by integrating the extinction law over the
filter response curve and thus depends on the telescope and filters used. For example Schlegel
et al. (1998) calculate the extinction values for the optical Landolt B and NIR UKIRT J, H
and K bands using the extinction laws of Cardelli et al. (1989) in the NIR and O’Donnell
(1994) in the optical. Their results, listed in their Table 6, are:

Ap = 4315E(B-V),
A; = 0.902E(B-V), (1.5)
Ay = 0576E(B-V),
Ag = 0367TE(B-V).

Provided the selective extinction is known, the extinction in any waveband covered by the

extinction law can be determined.

Extinction Maps

The dust maps of Schlegel, Finkbeiner, & Davis (1998) are widely used for determining the
selective extinction for a given line of sight. Figure 1.1 shows the all-sky reddening map
of Schlegel et al. (1998). The map gives F(B — V) in logarithmic units from 07004 (dark
blue) to 6™3 (red), plotted in Galactic coordinates. This all-sky reddening map is based
on the 100 ym observations of the Differential InfraRed Background Explorer (DIRBE) on
the COsmic Background Explorer satellite (COBE; Hauser et al. 1991) and the InfraRed
Astronomy Satellite (IRAS; Neugebauer et al. 1984) Sky Survey Atlas (ISSA; Wheelock et al.
1994). Dust emits strongly at these wavelengths so the intensity can be transformed to a map
of dust column density. Schlegel, Finkbeiner, & Davis (1998) calibrated the column-density
map for reddening with the colours of elliptical galaxies.

The original infrared DIRBE maps have a coarse resolution of 0°7 which fails to resolve
small-scale variations of the dust column density across the Galactic plane. The higher
resolution, 5', all-sky TRAS/ISSA map was used to improve the resolution of the DIRBE
dust map to 6/0. However, within the Galactic plane, extinction can vary on scales smaller

than this.

Due to the high density and bright-source contamination in the Galactic plane, Schlegel
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Figure 1.1: All-sky extinction map of Schlegel et al. (1998). The map gives E(B — V)
in logarithmic units from 0004 (dark blue) to 6™3 (red), plotted in Galactic coordinates.
Image from LAMBDA data products.

et al. (1998) warn that their dust maps are not properly calibrated and are thus poorly
constrained for |b| < 5°, where b is Galactic latitude. In the Zone of Avoidance, both the
Schlegel map and the older reddening maps of Burstein & Heiles (1982) overestimate the
reddening by ~13—33% (see for example Burstein 2005, Dutra et al. 2002, Schroder et al.
2005).

Effect of Extinction on Galaxy properties

Intervening dust causes galaxies to appear fainter and redder. Additionally, extended objects
will appear smaller since the fainter outer parts will drop below the detection limit. This
effect was first rigorously quantified by Cameron (1990) in the optical B band and later
in the NIR J, H and K, bands by Riad et al. (2010). While the extinction correction for
simple dimming is linear, the additional dimming because of the decreased isophotal radii
is non-linear and depends on the surface brightness profile of the source (see for example
Cameron 1990, Riad et al. 2010).

Internal Extinction

Dust within galaxies causes internal extinction, A%, as well. The amount of internal extinc-
tion depends on the inclination of the galaxy: a line of sight through a more inclined galaxy
will have a higher dust column density and thus experience more extinction. It also de-
pends on the morphology: late-type irregular galaxies have a higher fractional dust content,
however, they are smaller and thus have less total dust and lower internal extinction. The

internal extinction is often determined statistically from a very large sample of galaxies.
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In a study of 2MASS spiral galaxies, Masters, Giovanelli, & Haynes (2003) parametrise
the NIR internal extinction as:

5 = vlog(a/b), (1.6)

where a and b are the semi-major and -minor axes respectively. a/b is the axis ratio of the
galaxy which is a proxy for the inclination. For low inclination, log(a/b) < 0.5, they find a

linear relation with:

vy = 0.48+0.15,
vg = 0.39+0.15,
vk, = 0.26+0.15.

For high inclinations, log(a/b) > 0.5, they find:

vy = (1.6+£0.2) +0.24/log(a/b),
vyao = (1.4+£0.2)+0.20/log(a/b),
vk, = (1.1£0.2)+0.13/log(a/b).

1.1.2 Stellar Density

The exponential increase in the surface density of stars near the Galactic plane and Bulge
causes an increase in source confusion. Unresolved, spatially co-incident stars appear ‘blend-
ed’ and mimic extended objects. These stars can be mistakenly identified as galaxies, par-
ticularly by automated routines. The completeness and reliability of a galaxy catalogue
thus deteriorates with increasing stellar density. Figure 1.2 shows the 2MASS Point Source
Catalogue (2MPSC) stellar number density metric, log(Ng,<14/deg?), where Ng .14 is
the number of stars brighter than 14™0 in K . The Galactic bulge has a stellar density,
log(Nk, <14/deg?) > 4.5. There is a significant increase in density across the Galactic plane

increasing towards the Galactic bulge.

In addition, the stellar density contributes an additional ‘noise’ component to the total
background noise. This is known as confusion noise. This is due to the increased number of
stars fainter than the detection limit that contribute to the background sky (Jarrett et al.
2000b). This is illustrated in Fig. 1.3, taken from Jarrett et al. (2000b) who quantified the
confusion noise for the 2MPSC. The plot shows the relationship between Galactic latitude
(left axis) and star density for two regions along the Galactic plane at longitudes 50° and
130°. The cross-hatched area gives the confusion noise in magnitude units (right axis) as a
function of the stellar number density. There is a strong correlation between the increase in

confusion noise and the increase in stellar density.

Finally, the inability to resolve faint stars and the need to remove a greater number of

foreground stars results in larger errors in galaxy photometry.
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Figure 1.2: 2MPSC stellar number density for stars brighter than 14™0 in K plotted in
Galactic coordinates. The number density metric is log(NK5<14/deg2), where Nk, <14 is the
number of stars brighter than 14m0 in K. The light grey region has log(Nx, <14/deg?) < 3.2
and the white region (Galactic bulge) has log(Nk, <14/deg?) > 4.5. Image from Jarrett et al.
(2000D).

Figure 1.3: Predicted stellar number density, log(Ng, <14/deg?), as a function of Galactic
latitude for 50° Galactic longitude (solid line) and 130° Galactic longitude (dashed line).
The dashed lines demarcate regions of low (< 3.1), moderate (3.1 — 3.6), and high (> 3.6)
stellar number density. The estimated confusion noise as a function of the stellar number
density is denoted by two dot-dashed lines with cross-hatching in between. Image from
Jarrett et al. (2000Db).
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1.2 Galaxies in the ZoA

The intrinsic properties of galaxies in the ZoA are no different to those of the population
in the unobscured sky. Studies of the properties of galaxies are therefore best accomplished
outside of the ZoA where the measurements are largely unaffected by foreground dust and
stars. However, in studying the large-scale distribution of matter in the Universe, and
in particular, the effects this matter distribution has on the dynamics of the Milky Way
and nearby galaxies, it is important to include the distribution within the ZoA. A multi-

wavelength survey approach is necessary to unveil and characterise this distribution.

1.2.1 The Importance of Mapping Structures in the ZoA

Large-scale galaxy redshift surveys reveal complex web-like structures in the three-dimension-
al distribution of galaxies. Galaxies tend to be grouped together in clusters and super-
clusters joined by filaments and separated by voids (Fairall 1998). Analysis of these large-
scale structures (LSS) helps us understand the formation of structure in the Universe and
allows for the determination of fundamental cosmological parameters. Moreover, the dis-
tribution of matter, both dark and visible, induces the peculiar motions of galaxies and is
responsible for the motion of the Local Group and the resulting dipole in the CMB. The
incompleteness of the distribution of galaxies in the ZoA has hampered our progress in

understanding these cosmological problems, in particular:

e The determination of the size, extent and connectivity of nearby large-scale structures.
Several nearby structures are bisected by the Milky Way, including the Perseus-Pisces
Chain (Chamaraux et al. 1990), the Centaurus Wall (Fairall et al. 1998), the Hydra-
Antlia extension (Kraan-Korteweg et al. 1994a) and the Great Attractor region (Woudt
1998).

e The origin of the motion of the Local Group. The CMB dipole is very accurately
measured and implies a LG velocity of 622 km s~! towards Galactic longitude [ = 277°,
and latitude b = 30° (Kogut et al. 1993). However, the source of the motion remains
poorly constrained and it is debated whether it is caused by distant structures or
nearby massive structures hidden by the ZoA. Strauss et al. (1992, IRAS sample),
Lynden-Bell, Lahav, & Burstein (1989, optical surveys) and Erdogdu et al. (2006a,
2MRS) concluded that the mass within ~ 6000 kms~! causes the motion, with the
major contributions due to Virgo (Jerjen & Tammann 1993), the GA (Lynden-Bell
et al. 1988) and the LV (Tully 2007). On the other hand, Kocevski & Ebeling (2006,
X-ray clusters) and Scaramella, Vettolani, & Zamorani (1991, Abell/ACO clusters)
show that there are contributions to the motion from beyond 6000 kms~!, with the

major contributor being the Shapley supercluster concentration (SC; Shapley 1930).

e The relative importance of the GA and SC to the local dynamics remains contended.
The nature of the dynamics around the GA will help resolve this issue. If the GA is
an isolated structure and the large positive peculiar motions in front of it are indeed
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generated by the GA there should be present behind the GA significant negative
peculiar velocities or backside infall. Evidence for this was first reported by Dressler &
Faber (1990), but Mathewson, Ford, & Buchhorn (1992a) found no evidence for such
infall using an independent dataset. Recently, using data from the 2MASS Redshift
Survey, Erdogdu et al. (2006a) find a backside infall of v;;,fa = 1274409 kms™! in the
CMB frame in the reconstructed velocity fields. The infall is strongest at a distance
of 5000 kms~! and the highest back-falling velocity they find is 800 4= 600 kms~! in

the CMB frame. However, their results remain inconclusive.

1.2.2 Multi-wavelength Searches

The degree and extent of the ZoA depends on the wavelength of observation. A multi-
wavelength approach is most effective at detecting galaxies within the ZoA and provides
complementary information from the different wavebands. A number of systematic surveys
have been conducted using different parts of the electromagnetic spectrum. The following
subsections give a brief overview of the searches undertaken at various wavelengths to reduce
the ZoA. For a more detailed overview, see Kraan-Korteweg & Lahav (2000) and a more

recent update by Kraan-Korteweg (2005).

Optical

Nearly two decades of deep optical studies of the ZoA have revealed tens of thousands of
galaxies behind the plane of the Milky Way (see for example Kraan-Korteweg & Lahav
2000, Wakamatsu et al. 1994). Although the optical wavelengths are most affected by dust
extinction, a significant reduction of the ZoA has been achieved through systematic deep
surveys covering most of the low latitudes. These surveys have been particularly effective
for moderate extinction and have reduced the optical ZoA from Ag < 1 mag (|b] = 10°) to
Ap < 3 mag (]b] 2 5°) (Kraan-Korteweg 2000). Optical surveys are unbiased towards any
specific morphological type.

Figure 1.4 (reproduced from Kraan-Korteweg & Lahav 2000) shows an extinction-corrected
diameter-limited (D° > 1/3) sample of optical galaxies in Galactic coordinates. The ZoA
is obviously void of galaxies. The completeness of the sample follows approximately the
Ap = 3m0 extinction contour (plotted in red).

Near Infrared

The longer wavelength NIR, (0.75 — 5 pm) searches become more efficient where deep optical
surveys become incomplete (Ap > 3 mag) because extinction in the NIR is much lower than
the optical. The sensitivity of the NIR to the old stellar population makes NIR surveys
particularly sensitive to early type galaxies.

There have been two major systematic surveys in the NIR: the DEep Near Infrared
Southern Sky Survey (DENIS; Epchtein et al. 1997) and the 2 Micron All Sky Survey
(2MASS; Strutskie 2006) which imaged the whole sky in J, H and K. DENIS observed the
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180° 90° 270° 180°
Figure 1.4: Optical galaxies with extinction-corrected diameter D° > 1/3 in Galactic coor-
dinates. The size of the circles indicates the diameter of each galaxy. The ZoA is obvious
as a lack of galaxies with b < 5° which follows closely the Ag = 30 (Schlegel et al. 1998)
extinction contour (red line). Reproduced from Kraan-Korteweg & Lahav (2000).

southern sky in the three NIR bands I (A. = 0.82 um), J and K, while 2MASS observed
the northern and southern skies in J, H and K, going ~ 1™ deeper in K, than DENIS.
2MASS produced a catalogue of 0.5 billion Milky Way stars and 1.65 million extended
sources (mostly galaxies) (Jarrett et al. 2000b). The 2MASS extended source catalogue
(2MASX) has been used to map large scale structure in the ZoA (Jarrett 2004, Jarrett et al.
2000a). However, galaxies near the Galactic bulge are still largely obscured due to the high
stellar density and confusion (Kraan-Korteweg & Jarrett 2005). Figure 1.5 shows an Aitoff
equal area plot of integrated flux along the line of sight for ~1 million sources in the 2MASX

in Galactic coordinates. The ZoA follows the Galactic plane flaring up around the bulge.

Radio

The neutral hydrogen (Hi) emission line at 21 cm has shown to be the most effective at
penetrating the most obscured parts of the ZoA. Galactic Hi emission was first detected
by Ewen & Purcell (1951) and extragalactic HI emission by Kerr & Hindman (1953). The
weak 21 cm or 1.42 GHz emission results from the neutral hydrogen undergoing a hyperfine
transition between spin states. Despite the fact that an average hydrogen atom would take
11 million years to undergo this transition spontaneously (Landowitz & Marshall 1960),
there are enough hydrogen atoms in galaxies for these transitions to occur. The absorbing
dust in the Milky Way is fully transparent to radiation at 21 cm, making gas-rich galaxies
easy to detect in the ZoA. Moreover, the emission line nature makes it possible to determine
the redshift as well as the maximum rotational speed of the gas of the detected source.

The search for galaxies behind the Milky Way in H1 was pioneered by Kerr & Henning



12 Introduction 1

Figure 1.5: 2MASX integrated flux along the line of sight for ~1 million sources in Galactic
coordinates. The ZoA flares up around the Galactic bulge due to the increase in stars.
(Jarrett, priv. comm.)

(1987) using the Greenbank 91 m radio telescope. The first systematic survey in the northern
ZoA was the Dwingeloo Obscured Galaxies Survey (Henning et al. 1998). The introduction
of the Multibeam (MB; Staveley-Smith et al. 1996) receiver on the 64 m Parkes* telescope in
1997 brought with it the capability for more sensitive larger systematic surveys with higher
survey speed (see for example Staveley-Smith et al. 1998). The MB receiver, consisting
of 13 beams in a focal plane array (Staveley-Smith et al. 1996), has uncovered thousands
of galaxies in two key surveys: a southern all sky survey (HIPASS; Meyer et al. 2004)
with an rms noise of 13 mJybeam ™! and another deeper survey covering the southern ZoA
(HIZOA; Henning et al. 2005) with an rms noise of 6 mJybeam~!. The HI observations
reveal galaxies where both optical and NIR surveys fail (see Figs. 1.4 and 1.5) due to high
extinction and stellar density. In fact, the HIZOA survey region was chosen in order to cover
this specific region of the sky. However, no information is available on the stellar content
of these galaxies. Deep, high resolution NIR observations are able to penetrate the dust
and deblend foreground stars making it possible to detect the NIR counterparts for the Hi-
detected galaxies. These complementary data are extremely valuable in the determination

of distances, in particular via the NIR Tully-Fisher relation.

*The Parkes telescope is part of the Australia Telescope which is funded by the Commonwealth of
Australia for operation as a National Facility managed by CSIRO
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1.3 The Cosmic Peculiar Velocity Flow-Field

1.3.1 Peculiar Velocities

The expansion of the Universe results in the well-known Hubble (1929) law
v = H()d, (17)

where Hj is the Hubble constant, taken to be 75 km s~! Mpc~'* throughout this thesis.
However, in addition to this smooth Hubble flow, galaxies exhibit a peculiar motion as a
direct result of the gravitational influence of the inhomogeneous mass distribution within
their local environment. These large scale structures in the Universe are born out of the
initial quantum density fluctuations in the early universe which collapse and coalesce under
gravitational instability.

Peebles (1976) showed that, in the linear regime, where both the perturbations and the
velocities are small, the peculiar velocities, vpec , are directly proportional to the underlying
gravitational acceleration, g. At position x the peculiar velocity is

2f

= 3HoQMg(X)' (1.8)

Vpec(X)
The symbols in boldface represent vector quantities. The constant of proportionality depends
only on cosmological parameters: the Hubble constant, Hy, the matter density, {25, and the
rate of growth of structure, which can be approximated as f ~ Q95 for ACDM cosmologies
Percival (2005). The gravitational acceleration is simply the divergence of the gravitational
potential, directly proportional to the mass density. Therefore, the peculiar velocity field can
be used to either investigate the fundamental cosmological parameters for a known potential
field or, assuming a cosmological model, reveal the underlying gravitational potential or mass
distribution field.

Observationally, only the scalar radial component of the peculiar velocities, vpcc, can
be measured. Provided a redshift-independent distance is known, the peculiar velocity can
be calculated from the difference between the measured recession velocity, v.ps, and the
expected Hubble flow, Hyd:

Upee = Vobs — Hod. (1.9)

For a sample of galaxies, it is theoretically possible to reconstruct the three-dimensional
velocity field from the measured radial velocity field. This is because the velocity is propor-
tional to the gradient of a potential field. Reconstruction methods (e.g. POTENT; Dekel
et al. 1990) have been developed to implement this but they suffer two main problems: large
errors on individual measurements and sparse, uneven sky coverage.

Peculiar velocities are typically of the order of a few hundred kms~! and their errors are

*The error in Hy is represented by the dimensionless value h7s which is related to the usual Hubble
parameter h = Ho/100 km s™1 Mpc~! by h = 0.75h75. A factor of hrs therefore is present in all distance
dependent results.
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largely dominated by the uncertainties in the distances. This means that they can only be
measured in the Local Universe, within a few thousand kms™'. At vps = 1000 kms™?,
a 10% distance error corresponds to a peculiar velocity error of 100 kms™!, while at
Vobs = 10000 kms~! the corresponding error is 1000 kms~!, which is larger than the typical
magnitude of the peculiar velocity.

The study of cosmic flows is only possible with the ability to measure distances for
many galaxies. In the 1970’s several methods for the determination of redshift independent
distances were discovered, providing distances for much larger numbers of galaxies. These
methods include the Tully-Fisher relation (TF; Tully & Fisher 1977) for spiral galaxies and
the D,, — o relation (Dressler et al. 1987) and the Fundamental Plane (FP; Djorgovski &
Davis 1987) for elliptical galaxies. Recently, methods using Surface Brightness Fluctuations
(Tonry & Schneider 1988) and surveys for Type Ia supernovae (Gibson et al. 2000, Riess
et al. 2004) have provided complementary distance measurements. However, the workhorses

of peculiar velocity determinations remain the TF and FP relations.

1.3.2 The Local Peculiar Velocity Flow Field

De Vaucouleurs (1958) first noticed the presence of an overdensity of galaxies in the Local
Universe (cz < 3000 kms™1). He described this flattened local supercluster as a ‘super-
galaxy’ and defined the supergalactic plane (for a recent review see Lahav et al. 2000). He
also noted that this mass overdensity could perturb the motions of galaxies. Early work in
measuring the flow fields was aimed at determining the amplitude of the infall towards the
Virgo cluster, what de Vaucouleurs (1958) considered to be the center of the local super-
cluster (Tonry & Davis 1981, Aaronson et al. 1982). Since then, it has been recognised that
the local velocity field is more complex. There are many nearby attractors and voids as well

as distant mass concentrations. See Willick (2000) for a review on flow fields.

1.3.3 The Problem of the ZoA

While the ZOA has been greatly reduced in the last decade, it is still too poorly sampled
and the determination of the velocity fields is severely hampered in this region. Methods
of statistically interpolating either the mass density distribution (Lahav et al. 1994) or the
underlying gravitational potential (Kolatt et al. 1995) have been used to ‘fill in’ this region.
However, it is uncertain whether they truly model the hidden dynamics. By interpolating
the surrounding peculiar velocities into the ZoA, Kolatt et al. (1995) show that the inclusion
of the £20° around the Galactic plane changes the direction of the gravitational acceleration
vector by ~35°. Clearly, the mass distribution in the ZoA is of crucial importance to the
motion of the Local Group. Recent work by Loeb & Narayan (2008), comparing the CMB
dipole and that of the 2MASS Redshift Survey (2MRS; Huchra et al. 2005), suggests a
significant contribution to the motion by hidden mass within the ZoA, particularly around
the Galactic centre. Direct measurement of the peculiar velocity flow field within the ZoA
will help resolve a number of these questions, including that of the nature and extent of the
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GA (Tully et al. 2008).

1.3.4 The Near Infrared Tully-Fisher Relation

The Tully-Fisher relation (TF; Tully & Fisher 1977) is a general empirical correlation be-
tween the luminosity and the rotation velocity of spiral galaxies. The rotation velocity
(measured either by the HI line width or by the optical rotation curve) is independent of
distance, while the luminosity falls off as the square of the distance, so the relation provides
a natural means for determining distances for spiral galaxies. A consensus on the physical
origins of the TF relation is yet to be reached, but it can be explained by several sub-relations

between:
e the total luminosity and luminous mass;
e the distributions of luminous mass and total mass (including dark matter); and
e the total mass distribution and rotation speed.

A simple derivation leads to the relation
L x v} (1.10)

where vy, 18 the maximum rotational speed of the gas in the galaxy. Observationally, it is
convenient to express the relation in terms of absolute magnitude, M « —2.5log L, and the
Hi linewidth, W = 2v,.,;. The TF relation can then be written as

M =a+b(logW — 2.5), (1.11)

where b/2.5 is the measured exponent. The slope and intercept depend on wavelength, mor-
phological type and the choice of observational parameters; in particular the exponent may
have a value between 3 and 4. Several different measurements can be made of the magnitude
(e.g. total or isophotal magnitude) and the rotational velocity (e.g. 20%-linewidth wsq, 50%-
linewidth wsg, circular velocity ver.) which provide different TF relations. It is important
to use consistent measurements in calibrating the relation and measuring distances. Several
homogeneous datasets have been compiled from various samples, including the SCI sample
(Giovanelli et al. 1997b) and the Mark III catalogue (Giovanelli et al. 1997a, Willick et al.
1997).

Shortly after the adoption of the TF relation as a distance indicator, it was realised that
the NIR wavebands would provide several advantages over optical wavelengths (Aaronson
et al. 1979) for the following reasons:

1. The extinction, both internal and Galactic, is significantly reduced in the NIR. This
results in smaller uncertainties introduced by extinction corrections and more robust

photometric measurements.
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2. The spectral energy distribution of all galaxies peaks in the NIR, where it is domi-
nated by the old, red stellar population. The long-lived low mass stars provide the
best indicator of the total stellar mass which governs the kinematics of galaxies and
is unperturbed by recent short-term star formation which is significant at bluer wave-

lengths.

3. The distribution of old stars is smoother, resulting in a smooth light profile. This

makes it easier to fit smooth elliptical isophotes resulting in cleaner photometry.

Importantly, it is the low extinction in the NIR compared to shorter wavelengths that
makes the NIR TF relation most ideal for use in the ZoA. Firstly, because it means that the
galaxies can be detected and secondly because the photometric corrections and uncertainties

are much smaller.

1.4 Motivation for follow-up Near Infrared observations

of HI galaxies

The HIZOA survey was very successful in identifying new galaxies in the most obscured part
of the ZoA. However, while the H1 data provide information on the redshift, galaxy rotation
and HI mass, no information on the stellar content is known. The NIR is ideally suited for
this: it is an excellent tracer of the stellar mass of galaxies. Moreover, and of particular
importance to this work, the effects of dust extinction are significantly lower in the NIR
and the Hr galaxies are more likely to be detected in the NIR than in the optical. In fact
many of the HIZOA sources are optically invisible and can only be detected in the NIR.
Imaging in the NIR can therefore provide the necessary information on their morphologies,

luminosities and inclinations.

While all-sky NIR surveys such as 2MASS already exist, they lack the depth and resolu-
tion to either detect or accurately measure the parameters of these low-latitude H1 galaxies.
We have therefore conducted follow-up NIR observations in the J, H and K bands using
the STRIUS camera on the IRSF telescope in Sutherland. With images deeper than currently
available with 2MASS (10 min compared to ~ 8 s) and a factor ~4.5 times improvement in
resolution, we can detect fainter targets and mitigate some of the effects of stellar confusion.
Figure 1.6 shows a comparison between postage stamps of the same galaxy in 2MASS and
with the IRSF. HIZOA sources can be detected to higher levels of extinction and stellar den-
sity. In addition, the deep, high resolution images allow for improved photometry because

we can resolve, and therefore remove, fainter stars.

The high fidelity IRSF photometry can be used to obtain Tully-Fisher distances, which
will allow for the determination of peculiar velocities.
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Figure 1.6: A comparison between the 2MASS image (left) and the IRSF/SIRIUS image
(right) of HIZOA galaxy J0730-28. The deeper 10 min exposure with IRSF/SIRIUS reveals
the fainter outer parts of the disk than the ~10 s exposure of 2MASS. The higher resolution
of the IRSF/SIRIUS (0745 pix—!) compared to 2MASS (2" pix—!) allows for fainter stars
to be seen and resolved particularly on the faint disk of the galaxy. Both images are 1’ x 1’
with North at the top and East to the left.

1.5 Outline of this Thesis

The remainder of the thesis is structured as follows. Chapter 2 summarises the HIZOA
survey and the basis for selection for the follow-up NIR photometric survey. In Chapter 3
the results of follow-up narrowband H1 observations are presented. These observations pro-
vide improved Hi parameters for low signal-to-noise and/or narrow profiles in the HIZOA
survey. The deep NIR follow-up survey is described in Chapter 4. The stages from observa-
tions and data reduction to source detection and parametrisation are discussed. Chapter 5
presents the NIR catalogue. The quality of the NIR data is assessed and the photometry
is used to investigate the nature of extinction in the ZoA. Some of the combined gas and
stellar properties of the galaxies are analysed for the sample of Hi galaxies with confirmed
NIR counterparts. The determination of Tully-Fisher distances and peculiar velocities is
presented in Chapter 6. Details of the sample selection are given. The preliminary peculiar
velocity flow field within the ZoA is presented and discussed. Possible systematic uncer-
tainties in the flow field are also highlighted. Finally, Chapter 7 provides a summary of the
results presented and outlines the prospects for future work.
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Chapter 2

Deep HI Survey

This chapter describes the systematic HI survey conducted in the Zone of Avoidance. This
survey serves as the basis for our selection for the follow-up NIR survey. We discuss here
the completeness and characteristics of the HI survey and describe the large-scale structures

evident in the survey.

2.1 The HI Parkes Deep Zone of Avoidance Survey

The development of the Multibeam receiver (MB; Staveley-Smith et al. 1996) on the 64 m
Parkes Radio Telescope has allowed rapid large-area but sensitive blind HI surveys to be
carried out for the first time. The MB receiver has 13 beams with two orthogonal polarisa-
tions in the focal plane array, arranged in a hexagonal grid. Each beam has a FWHM of 143
and the individual beams are separated by about two beamwidths. The beam sensitivity

pattern is shown in Fig. 2.1. The receiver has a system temperature of 20 K.

DEC offsct (degrees)
06 0 05
.n
o 13 ~
s

? RAnffueLD(d=grees) - b
Figure 2.1: Beam sensitivity pattern of the Parkes Multibeam receiver at 1370 MHz
(Staveley-Smith 1997). The footprint of the receiver on the sky is ~ 1°7. Each beamsize is

14!3 and they are separated by about twice that beamwidth.
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As mentioned in Chapter 1, two large, deep surveys have been conducted with the MB

receiver:

HIPASS The Hr1 Parkes All Sky Survey
The largest HI survey carried out thus far was a blind survey of the southern sky

with an rms noise of 13 mJy beam™!

, covering a velocity range of —1200 < cz <
12700 km s~!. A total of 5317 galaxies were found: the original survey produced
a catalogue of 4315 galaxies for ¢ < +2° (Meyer et al. 2004), while the Northern

Extension (2° < ¢ < 425°) produced a further 1002 galaxies (Wong et al. 2006).

HIZOA The Hi1 Parkes Deep Zone of Avoidance Survey

This systematic survey ran with an exposure time five times longer than HIPASS,
resulting in an average rms noise of 6 mJy beam~! and covering 196° < [ < 52° over
the same velocity range (Henning et al. 2005). The original survey (212° <[ < 36°,
|b] < 5°) was extended to include a northern region, the Northern Extension (NE)
covering 36° < I < 52° and 196° < [ < 212° with |b| < 5° (Donley et al. 2005). In
addition, it has been further extended into the Galactic Bulge region (GB extension)
covering 332° < [ < 36°, 5° < |b| < 10° and 352° < [ < 24°, 10° < |b| < 15° (Shafi
2008).

The following sections describe the HIZOA survey and data products in detail.

2.1.1 HIZOA Survey Parameters

The survey was conducted with a correlator bandwidth of 64 MHz across 1024 channels,
resulting in a 13.2 kms™! channel spacing. It covers a velocity range of —1200 < v <
12700 kms~!. The full HIZOA survey was conducted in three parts: The initial part of
the survey (ZOA) covered the entire southern ZoA (§ < 0°) within 5° of the Galactic plane
(Henning et al. 2005). In Galactic coordinates this covers 212° < [ < 36°, |b| < 5°. This
was extended to the northern declinations visible from Parkes (0° < ¢ < 27°). The so-called
Northern Extension (NE) covers 36° < [ < 52° and 196° < I < 212°, |b| < 5° (Donley et al.
2005). Finally, higher Galactic latitudes around the Galactic Bulge were surveyed in the
GB extension covering 332° < < 36°, 5° < |b| < 10° and 352° <1 < 24°, 10° < |b| < 15°
(Shafi 2008). Hereinafter the HIZOA survey is taken to mean the combination of the ZOA
survey and the NE and GB extensions (ZOA+NE+GB). The full survey area is plotted in
Galactic coordinates in Fig. 2.2, overlaid with equatorial coordinates. The ZOA survey area
is shown in blue, the NE extension in green and the GB extension in red.

The observations were made by scanning the telescope across the sky at constant Galactic
latitude. Each scan covered 8° in Galactic longitude, offset by 35 in latitude, with the
receiver rotated to achieve maximum sky coverage. Each scan maps out a strip 8° x 1°7.
The ZOA and NE regions had 25 scans, while the GB extension was slightly less deep with
only an average of 20 scans. The data were bandpass-corrected, calibrated and Doppler-
corrected using LIVEDATA, a component of the Astronomical Image Processing System
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Figure 2.2: HIZOA survey area plotted in Galactic coordinates, overlayed with equatorial
coordinates. The three subcomponents of the HIZOA are plotted in blue (ZOA), green (NE)
and red (GB).

(AIPS++; Barnes et al. 2001). The calibrated, processed spectra were imaged using the
GRIDZILLA component of AIPS++, using a top-hat median gridding algorithm with a
tophat radius of 6’ (Barnes et al. 2001). The resulting data products are three-dimensional
(Right Ascension — Declination — Velocity) cubes of 8° x 10° across the Galactic plane
and 8° x 5° in parts of the GB extension. The pixel size is 4 x 4’ and beamsize of the

gridded data is 15’5. The cubes are Hanning smoothed to reduce the effects of ringing by

strong continuum emission. This reduces the velocity resolution to 27 kms~'. The survey
parameters are summarised in Table 2.1.
Table 2.1: HIZOA Survey parameters
Parameter Value
Area coverage 212° <1< 36°, [b] < 5° (1840deg? ZOA)

36° < 1 < 52° and 196° < | < 212°, |b| < 5° (320 deg? NE)
332° < 1< 36° 5° < |b] < 10°
and 352° < 1 < 24°,10° < |b| < 15° (800 deg® GB)

Velocity coverage —1200 < v < 12700 kms~!
Telescope FWHP resolution 14'.3
Data cube FWHP resolution 15.5
Integration time per beam 25 min (ZOA+NE)

20 min (GB)
rms noise ~ 6 mJy beam™!

Velocity resolution 27 kms~!
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2.1.2 Source Detection and Parameterisation

The data cubes were searched visually by three independent searchers to identify galaxy
candidates. A total of 1107 candidates were identified in the survey. At the time of this
work, the ZoA catalogue was not completely finalised so this number may be subject to
minor adjustment. A semi-automated procedure was used to determine the HI parameters
of each source using a script developed by L. Staveley-Smith. The script uses the mbspect
task in the MIRIAD package (Sault et al. 1995). The first step is determining the spatial
position and extent of each source. This is done by spatially fitting a Gaussian to the
velocity-integrated emission, the central coordinates defining the source coordinates. This
position is used in the spectral analysis. A first-order baseline was fit to each spectral
profile, however in some cases this is unrealistic and the lowest order that gave a reasonable
fit was used. The maximum flux above the fitted baseline was determined as the peak flux
density, Speqr. The total flux, Iy, was determined by integrating the flux over the galaxy
profile. The systemic velocity was taken to be the midpoint of the profile at 50% of the peak
flux. The maximum width of the profile at 20% and 50% (wqo and wsg respectively) were
measured. The extent of the HI emission for most of the sources is less than the resolution

of the gridded data and can be treated as point sources.

Derived Parameters

The distance, D, in Mpc, was calculated from the Hubble law, based on the velocity in the

Local Group standard of rest,
VLG

Hy '

The Local Group velocity is derived using the TAU convention: vpg = vpe + 300sini cos b.

D= (2.1)

The HI mass, in Mg, is derived from
Mpyr = 2.356 x 10° DIy, (2.2)

where I is in Jykms—!(Martin et al. 2010, Zwaan et al. 2005).

2.1.3 Source Distribution

The spatial distribution of the HIZOA sources (open circles) are plotted colour-coded by
redshift bins in Fig. 2.3, which also shows galaxies with known velocities in and around
the ZoA (small points). These are taken from LEDA. The non-uniform distribution of the
LEDA sources is partly due to the fact that it is a non-homogeneous dataset, compiled from
all available redshifts. The velocity distribution of the HIZOA sources is plotted in Fig. 2.4;
75% of the sources lie within 6000 kms™!.

For the Northern Extension, Donley et al. (2005) find a mean flux density completeness
limit of 22 mJy, where the mean flux density is defined to be the integrated flux divided
by the 50% velocity width. This mean flux density limit corresponds roughly to a peak
flux density limit of 29 mJy, which is ~ 50 above the rms noise of 6 mJy for the survey.
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Figure 2.3: Sources detected in HIZOA compared to literature galaxies with known veloc-
ities. The top panel shows only sources in LEDA (small points) while the bottom panel
shows also the new HIZOA detections (large open circles). The blue rectangles mark the
boundary of the survey. Sources are plotted in Galactic coordinates and binned by veloc-
ity. Galaxies with v < 2000 kms~! are plotted in blue, 2000 < v < 4000 kms~! in cyan,
4000 < v < 6000 km s~ in green, 6000 < v < 8000 kms~! in orange and v > 8000 kms~! in
red.
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Figure 2.4: Velocity distribution of HIZOA sources. The vertical dotted line shows
6000 km s~! within which ~75% of the sources lie.
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Assuming a mean linewidth of 150 — 200 kms~! for a typical spiral galaxy, the HI mass
limit, in M), at the 5o level is

My = (1.1 —1.4) x 10° D?. (2.3)

The HI mass limit serves as an indication of the lowest HI mass of the galaxies that can
be detected in the survey. At 6000 kms~!, this corresponds to a lower limit of M =
(7.2 —9.2) x 10° hZ, Mg, for a mean linewidth of 150 — 200 kms~!, while at the Great
Attractor distance (v = 4500 kms™!) the lower limit is M ~ (4.1 — 5.2) x 10° h2; Mg.
However, at the edge of the HIZOA survey (v ~ 12000 kms~!) this corresponds to a
~ 4x larger lower mass limit of M ~ (1.4 — 3.7) x 10! hZ, M. For comparison, the
Hi mass function derived from HIPASS by Zwaan et al. (2005) has a characteristic mass of
M}, = 6.5 x10° h2; Mg. HIZOA is therefore sensitive to M};; galaxies at GA distances.
This is illustrated in Fig. 2.5, which shows the HI masses of the detected sources as a function
of their recession velocities. The two blue lines show the mass, as a function of velocity,
for a 50 detection with mean linewidths of 100 kms~! (dotted) and 200 kms~! (solid).
Mj;; = 6.5 x 10° h2; Mg is represented by a horizontal black line. For distances beyond

~ 6000 kms~!, HIZOA is sensitive only to the most massive galaxies.

11

10

log M, + 2loghe; [M ]
le]

8t° e «  HIZOA
S - = 5¢ detection with w—100 km s~
l_" —— 50 detection with w =200 km s
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Figure 2.5: Mass sensitivity of the HIZOA survey: HI mass as a function of recession velocity.
The horizontal black line shows an M} ; = 6.3 x 10° h%; My (Zwaan et al. 2005). The
solid and dotted blue lines show the mass as a function of velocity for galaxies with mean
linewidths of 100 kms~! and 200 km s~! respectively for a 50 detection.

2.1.4 Large-Scale Structures

As can already be seen in Fig. 2.3, the new HIZOA sources show the extension of several
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Figure 2.6: Five redshift slices of sources within 25° of the Galactic plane. Redshift slices are
from top to bottom: v < 2000 kms~! (blue), 2000 < v < 4000 kms~! (cyan), 4000 < v <
6000 kms~! (green), 6000 < v < 8000 kms~! (orange) and 8000 < v < 12700 kms~? (red).
The HIZOA survey area is outlined in blue. Sources in LEDA are small dots. HIZOA sources
are plotted with large open circles. HIZOA sources that have been previously detected
and appear within LEDA appear as large filled circles. Note that LEDA constitutes an
inhomogeneous dataset.
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large-scale structures (LSS) into the ZoA. The apparent underdensity around the Galac-
tic bulge (GB) is not a result of an observational bias, but is due to the Local Void
(LV; Tully & Fisher 1987). Figure 2.6 shows the same plot, but subdivided into vari-
ous velocity ranges. The small points are LEDA sources within 25° of the Galactic plane
and the open circles are the HIZOA galaxies. The top panel (dark blue) shows galax-
ies with v < 2000 kms~!. The Puppis filament (Kraan-Korteweg & Huchtmeier 1992)
is clearly visible crossing the Galactic plane at [ ~ 250°. The LV is evident as an un-
derdensity around the GB. The second panel, 2000 < v < 4000 kms~! (cyan), shows
the Centaurus Wall (Fairall et al. 1998) running diagonally across the Galactic plane at
I ~ 320° and connecting to the Centaurus cluster at (I,b) ~ (310°,20°). Structures visi-
ble at [ ~ 240° and [ ~ 280° are respectively the Puppis filament and the Hydra-Antlia
extension (Kraan-Korteweg et al. 1994b). The latter connects to the Antlia cluster at
(1,b,v) = (272°95,+19°19,2797 kms~!) after crossing the Galactic plane and extends fur-
ther to the Hydra cluster centred at (I,b,v) = (269°63, +26°51,3777 kms~!) (outside this
plot). The middle panel (4000 < v < 6000 kms~ in green) shows the Norma wall entering
the plane from below at [ ~ 330°, bending over at [ ~ 310° to join the Centaurus-Crux
cluster (Woudt & Kraan-Korteweg 2001) and appearing to extend toward the Vela cluster,
(1,b) ~ (280°,15°), (Abel S0639; Stein et al. 1997) at larger redshifts. The Norma wall is
thought to be a dominant part of the Great Attractor (GA; Lynden-Bell et al. 1988). The
fourth panel (6000 < v < 8000 kms~! in orange) and the bottorn panel (v > 8000 kms~?! in
red) are relatively incomplete and only Hi-bright galaxies are detected (see Fig. 2.5). These
Hi-massive galaxies are often found in less dense regions and are thus poorer tracers of the
LSS. However, some structure behind the LV is visible. The back end of the Vela cluster
is visible, as is a possible connection from the back of the Norma Wall towards the Ophiu-
cus (Wakamatsu & Malkan 1981) cluster located behind the LV at (I,b) ~ (350°,15°). An
additional structure located behind the Puppis filament is traced out at [ ~ 240°.

Figure 2.7 shows the distribution by Galactic longitude of all HIZOA sources. The
dropoff at I > 350° is due to the LV. The peak near [ ~ 320° is the Norma Wall and
the broad peak around [ ~ 250° are the Hydra-Antlia and Puppis filaments. The veloc-
ity distributions for three Galactic longitude slices are shown in Fig. 2.8. The left panel
shows the GB (I > 340°) and the underdensity of the LV. The middle panel shows the
Norma Wall area (300° < [ < 340°) with a clear peak around 3000 — 4000 kms~!. The
Puppis/Hydra-Antlia region (I < 300°) is plotted in the right panel showing a peak around
2000 — 3000 kms~! corresponding to the Puppis and Hydra-Antlia filaments and a second
peak at 5000 — 6000 kms~—! corresponding to the Vela cluster.

2.2 Near Infrared Counterparts

The HI spectra provide information on the neutral gas properties of the galaxies as well as
dynamical information via the width of the Hi line. It does not provide any information on
the stellar properties of the galaxies. NIR imaging is able to provide this information, whilst
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Figure 2.7: HIZOA source distribution by Galactic longitude. The peak around [ ~ 320°
is due to the Norma wall/GA, and the broad peak around I ~ 230 — 260 shows the Hydra-
Antlia extension and the Puppis overdensity. The low counts around [ > 350° are due to
the LV.
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Figure 2.8: Velocity histograms for three Galactic longitude slices. The left panel shows the
GB region (I < 300°), the middle panel shows the GA region (300° < | < 340°) and the
right panel shows the Hydra-Antlia region (I > 340°).
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overcoming some of the effects of extinction and star crowding that hamper observations
in the ZoA. Importantly, NIR photometry allows for the determination of distances via the
Tully-Fisher relation. 2MASS covered the entire sky in the NIR J, H and K bands. While
the shallow depth and relatively low resolution of the 2MASS survey limits the detectability
of galaxies behind the Galactic plane, some 2MASX counterparts are found for the HIZOA

sources.

Hi surveys favour the detection of gas-rich spirals and irregular galaxies. The NIR, being
particularly sensitive to the old stellar population, is more sensitive to elliptical and normal
spiral galaxies and misses faint disks and blue, low surface brightness (LSB) galaxies.

Fig 2.9 shows the HIZOA sources with confirmed counterparts in the 2MASS extended
source catalogue. The plot shows all the HIZOA sources with green points and the ones
with 2MASX counterparts with large blue points. Overlaid are contours of constant stellar
density in the 2MASS PSC for log N(g_ <14m) = 3.5,4.0 and 4.5 in yellow, orange and
red respectively, where the stellar density, log Nk, <14m), is defined to be the number of
stars per square degree brighter than K, = 14™. The distribution of HIZOA galaxies
with 2MASX counterparts is strongly dependent on the 2MASS stellar density with almost
no counterparts present where the stellar density is higher than log N(g, <14m) > 4.5. As
discussed in Sect. 1.1.2 the stellar density is the limiting factor causing the ZoA in the NIR.
The fact that only 130 of the 1107 HIZOA galaxies have counterparts in 2MASS motivates
the need for deeper, higher resolution NIR photometry of these sources. This will improve the

identification of NIR, counterparts as well as the photometry available for these counterparts.

20

1107 HIZOA galaxies
e 130 2MASS counterparts

Galactic Latitude 4 [deg]

30 0 330 300 270 240 210
Galactic Longitude [ [deg]

Figure 2.9: 2MASS counterparts to HIZOA galaxies. The small green points show all

the sample galaxies while the large blue points show the sources with confirmed 2MASX

counterparts. 2MASS PSC stellar density contours are overplotted on both plots with values

of log Nk, <14my = 3.5,4.0 and 4.5 plotted in yellow, orange and red respectively. The blue

rectangles show the HIZOA survey area.
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2.3 Target Selection for NIR Follow-up

Targets for the dedicated follow-up NIR survey are HIZOA galaxies within a volume delim-

ited by v = 6000 kms~!. The reasons for this choice are:

e this volume encompasses most of the LSS in the nearby universe, including Centaurus,
the Norma wall/GA and the Hydra clusters;

e at the limit of this volume we are sensitive to M};; galaxies (see Sect.2.1.3);

e an My = —24.16 galaxy (Kochanek et al. 2001) at 6000 km s~! will have a apparent
magnitude of 10m35. 2MASX has a limiting magnitude in the K band of 13™1 (at high
Galactic latitudes; Jarrett et al. 2000b), while the limiting magnitude of the Norma
wall with the same instrumental set-up as here has a limiting magnitude of 15™0 (Riad
2010). Even with extinction of Ax, = 1™ (Ap =~ 10™), we should be able to detect

galaxies up to 3™5 fainter than M ; and

e the mass density out to this distance and within the ZoA may have a significant effect
on the motion of the Local Group (Kolatt et al. 1995, Loeb & Narayan 2008).

Figure 2.10 shows the spatial distribution of HIZOA candidate galaxies; the targets

L are plotted in the top

selected for NIR follow-up observations, i.e. those within 6000 km s~
panel (blue) and the more distant galaxies which are not observed are shown in the bottom

panel (red).
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Figure 2.10: The distribution of all the HIZOA galaxies showing those selected for NIR
follow-up observations. The blue rectangles mark the boundary of the HIZOA survey region.
821 galaxies with v < 6000 km s—! are selected for observation with the IRSF. They are
plotted in blue the top panel. The bottom panel, in red, shows the galaxies excluded from
the follow-up survey.



Chapter 3

Narrowband HI Observations and
Data Reduction

The measurement of TF distances not only requires accurate photometry, but also accurate
Hi linewidths. The fidelity of the HI linewidths depends both on the velocity resolution and
S/N ratio of the spectrum. We have undertaken narrowband Hi observations for a sample of
HIZOA galaxies with low S/N and/or narrow linewidths in order to provide higher fidelity
linewidths for the TF analysis. This chapter describes the new narrowband Hr observations

and the subsequent data reduction and spectral parameterisation.

3.1 Observations and Data Reduction

Observations

Follow-up HI line observations were carried out for 82 galaxies using the 64 m Parkes Ra-
dio Telescope with the Multibeam receiver (MB; Staveley-Smith et al. 1996) installed at
the prime focus. Given the limited observing time, these galaxies were selected based on
the identification of a likely NIR counterpart (see Chapter 4 for a description of the NIR
observations) and to cover a wide range of velocity widths and H1 masses.

Observations were acquired on five nights in the period 2010 February 15 — 20, with a
total allocated observing time of 70 hours. The multibeam receiver allows both ON source
and OFF (background) source measurements to be taken simultaneously, thereby halving
the effective exposure time for a single target and significantly reducing the noise in the OFF
measurement. In narrowband mode the MB receiver uses the inner 7 beams. The method of
beam-switching was employed whereby the target is switched between each of the 7 beams.
The ON source integration time per beam is then 1/7'" of the total integration time. The
OFF source observation is averaged from the other 6 beams which reduces the noise in the
OFF measurement by a factor /6.

The individual exposure times of 10 — 50 min and the specific correlator configuration

31
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for each target were optimised based on the average flux and velocity width measured from
the HIZOA spectra. The narrowband correlator was used for nearly all the galaxies. This
correlator has a bandwidth of 8 MHz across 1024 channels, which gives a channel separa-
tion of 1.65 kms~!. The spectra were later binned to provide sufficient S/N for broader
profiles. Some broad profiles were observed with the wideband ZOA correlator* (64 MHz
over 2048 channels with 13.2 kms~! channel width). Figure 3.1 shows the positions of the
targets observed; the 82 new observations are plotted in large blue points. The remaining
HIZOA galaxies within 6000 kms~! are shown in small red points. Since the narrowband
observations were done before the NIR follow-up survey, this sample does not constitute the
entire sample used for Tully-Fisher analysis in Chapter 6. Some galaxies remain with large

linewidth errors.
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Figure 3.1: Distribution of narrowband Hr1 observations of HIZOA galaxies, plotted in Galac-
tic coordinates. HIZOA galaxies with v < 6000 kms~! are plotted in small red points, the
positions of the 82 new narrowband observations are shown in large blue points.

Data Reduction

The data were bandpass-corrected, calibrated and Doppler-corrected using LIVEDATA, a
component of the Astronomical Image Processing System (AIPS-++; Barnes et al. 2001).
The calibrated and processed spectra were imaged using the GRIDZILLA component of
ATPS++ (Barnes et al. 2001), using the WGTMED statistic. The extent of all sources is
less than 155, the angular resolution of the gridded data. The sources can therefore be
treated as point sources and the final spectrum is extracted from the entire “cube”.

There are two main causes of baseline ripples in the spectra: ringing due to strong
Galactic HT emission and continuum emission across the 20 — 22 cm from Galactic sources

(Barnes et al. 2001). Ripples caused by spectral ringing decay roughly as 1/n, where n is the

*The choice of configuration was initially made based on the trade-off between velocity resolution and
S/N. However, observations showed that the narrowband correlator provided more stable baselines and the
choice was made to use the narrowband correlator and bin the spectra to improve the S/N.
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channel number away from the strong narrow line. These ripples are commonly suppressed
by smoothing the spectrum with an appropriate kernel. The spectra were smoothed with
a Hanning filter of three channels. However, in many spectra, some significant residual
baseline ripples remain which cannot easily be removed. This ripple is a result of a nearby
continuum source which can set up standing waves in the telescope structure depending on

the location and strength of the continuum emission and geometry of the telescope.

3.2 Hi1 Parametrisation

The Hr parameters of the galaxies were determined in a way consistent with the HIZOA

parameters.

The mbspect task in the MIRIAD package (Sault et al. 1995) was used to measure the
Hi spectral parameters. A low order polynomial was fit to the baseline of each spectrum. In
most cases, a first or second order fit was insufficient due to the strong baseline ripples. In
these cases, a higher order fit was made. Examples showing two baseline-fitted spectra are
shown in Fig. 3.2. The left panel shows a profile to which a first order baseline is fit, while
the right panel shows a profile with a highly variable baseline which was fit with a fourth

order polynomial over a restricted velocity range of the spectrum.
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Figure 3.2: Examples of two cases of baseline fits. The (inner) vertical lines in the plots
demarcate the H1 profile which is masked from the baseline fit. Outer vertical lines show
the velocity range within which the baseline was fit. The left panel shows a profile to which
a first order baseline is fit. The right panel shows a profile with a highly variable baseline
which was fit with a fourth order polynomial over a restricted velocity range of the spectrum.

The peak flux density (Speqr) above the baseline and the integrated flux (Igy, robust
moment 0) were determined with mbspect. The 20% and 50% velocity widths (wg and
wso respectively) were usually taken to be the maximum fits returned by mbspect. The
heliocentric velocity (vper, in the optical convention) was taken to be the centre point of the
20% velocity width. The H1 mass was calculated from Eq. 2.2.
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3.2.1 Results

The final parameters for all observed galaxies are given in Table 3.1, including the observation
and the baseline fit parameters. The resulting HI profiles for all galaxies are given in Fig. 3.3.
The spectra show the fitted baseline; the velocity regions inside the inner two vertical lines
(H1 profile) and outside the outer two vertical lines (where applicable) were disregarded in
the baseline fit. The peak HI flux is marked with a filled circle. The wyo and wsg velocity

widths are shown with open circles (maximum fit) and crosses (minimum fit).

Uncertainties

Uncertainties on the HI parameters were calculated according to Koribalski et al. (2004).
The uncertainty in the peak flux density, 0(Speqr) is dominated by the rms noise in the

spectrum and, additionally, increases with peak flux density. We take

0(Spear)? = rms® + (0.05Scar ). (3.1)
We adopt
_ Speak K¢ 1/2
o(Iur) =4 <U(Speak))> (SpearIurAv)™'=, (3.2)

where Awv is the velocity resolution of the spectrum, for the uncertainty in the integrated

flux. The uncertainty in the systemic velocity is given by

o Spear )12
0(Vsys) =3 (U(Speak:)> (PAv)™"*, (3.3)

where P = 0.5(wqp — wsp) measures the steepness of the profile edges. Finally, the uncer-
tainties in the 50% and 20% linewidths are

o(wso) = 20(veys), and (3.4)

o(w2) = 30(vsys), (3.5)

respectively. Finally, the error on the HI mass is calculated by propagating the errors on

the integrated flux and systemic velocity. From Egs. 2.2 and 2.1, we have
log My = 5.372 — 2log Hy + 2logvrg + log Iy, (3.6)

where the velocity has been transformed to the the Local Group frame (vrg = vsys +

300sinicosb). The error is then given by

1/2

o(log Mirr) = l(hﬁm)2 <0—5)qu3))2 + (111110>2 (U(IZHII)Y] ' 8.7)
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The dominant term is the uncertainty in the integrated flux, o(Ig;) and errors in the trans-
formation between the heliocentric and Local Group frames are negligible. Uncertainties in

the distances due to peculiar velocities have been ignored.
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Figure 3.3: New HI spectra obtained for 82 galaxies. The fitted baseline is shown and the
peak Hiflux is marked with a filled circle. The wyy and wsg velocity widths are shown
with open circles (maximum fit) and crosses (minimum fit). The velocity regions between
the inner two vertical lines and outside the outer two vertical lines (where applicable) were
disregarded in the baseline fit. Spectra follow the order in Table 3.1.
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3.3 Comparison to HIZOA

At the time of this writing, the full set of HIZOA parameters were not available for all
the cubes, specifically the wgg and wso parameters. Five of the galaxies observed with
the narrowband correlator do not have HIZOA w5y parameters. We use the remaining 77
galaxies to compare the newly derived parameters with those in HIZOA. The differences
between our measured systemic velocities and the HIZOA HI velocities given by HIZOA are
plotted as a histogram in the left panel of Fig. 3.4. The distribution of velocity offsets has
a mean of 1 kms~! (shown by the vertical dotted line) and a dispersion of 14 kms~!. The
right panel of Fig. 3.4 illustrates the differences between our 50% linewidths and the HIZOA
values. The mean offset is —5 kms™! (shown by the vertical dotted line) with a dispersion
of 13 kms™!. The narrowband linewidths are marginally smaller than the HIZOA widths.

30 - - . - 15
20 10
= 4
10 5
olo [1 o R—— [1
-60 -40 -20 0 20 40 60 —40 -20 0 20 40 60
vy, (narrow) v, (HIZOA) [km s '] wyy(narrow) —wy(HIZOA) [km s ']

Figure 3.4: Histograms of offsets between narrowband and HIZOA systemic velocities and
linewidths. The left panel shows the distribution of offsets between the narrowband and
the HIZOA systemic velocities. The right panel gives the distribution of offsets between the
narrowband and HIZOA 50% linewidths. In both panels the vertical dotted lines show the
mean value of each distribution.

Both the 20% and 50% linewidths are needed for the computation of the uncertainty
in the widths and velocities (see Sect. 3.2.1). We therefore select a sample of galaxies that
have full HIZOA parameters and new narrowband observations in order to quantify the
improvement in the errors of parameters obtained with the narrowband observations. For
the 53 galaxies that have both wsg and wsg parameters in HIZOA we derive the errors on the
systemic velocity, o (vsys), and the 50% linewidth, o(wsg). Figure 3.5 shows a comparison of
HIZOA and narrowband systemic velocities. Figure 3.6 shows a comparison of HIZOA and
narrowband 50% linewidths. In both figures, the z-errors show the narrowband uncertainties
and the y-errors are the quadrature sum of the narrowband and HIZOA uncertainties.

Figures 3.7 and 3.8 show examples of galaxies that have very large offsets between the
narrowband and HIZOA parameters. These three galaxies were excluded from the previous
plots. J1149-64 (Fig 3.7) has an asymmetric profile with a much weaker second peak. Our
50% width is measured at the second peak which is brighter in our profile. The HIZOA width



3.3 Comparison to HIZOA

51

Figure 3.5: Comparison of narrowband and HIZOA systemic velocities.

Figure 3.6: Comparison of narrowband and HIZOA 50% velocity widths.
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is measured on a single peak. Figure 3.8 shows the spectra of two galaxies (J1621-53 and

J0858-45A) that have very poor baselines in the narrowband observations. The baselines

prevent the identification and accurate measurement of the HI profile.
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Figure 3.7: J1149-64: an asymmetric profile that is poorly fitted in HIZOA. The left panels
show the narrowband spectrum and the right panels the HIZOA spectrum.

3.3.1 Improvement in Linewidth Errors

The error on the 50% linewidth is important for Tully-Fisher analysis. The improvement
in the uncertainties obtained from the new observations compared to the HIZOA values is
shown in Fig 3.9. The HIZOA fractional uncertainties, o(wsg)/wso, are plotted against the
narrowband fractional uncertainties. The dotted line is the line of equality and the dashed
line is y = 5z, i.e. where the HIZOA fractional uncertainty is 5x the narrowband fractional
uncertainty. The HIZOA uncertainties are clearly always much larger than the new values.
Figure 3.10 shows a histogram of the ratio of o(wsg)/wso for HIZOA to o(ws)/wso for the
narrowband observations. The mean value of 3.4 is shown with a vertical dotted line.

Figure 3.11 shows the narrowband and HIZOA spectra of two galaxies (J1305-57 and
J1003-49) with the best improvement over HIZOA.
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Figure 3.8: The two galaxies with very bad baselines in the narrowband spectra. The left
panels show the narrowband spectra and the right panels the HIZOA spectra for J1621-53
(top) and JO858-45A (bottom).
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Chapter 4

Near Infrared Follow-up Survey

This chapter describes the deep NIR follow-up survey of HI sources selected from the HIZOA
survey. The survey was conducted under photometric conditions with the 1.4 m IRSF
telescope using the SIRIUS camera for simultaneous imaging in the near infrared J, H
and K, bands. The survey images have an exposure time of 10 min resulting in a limiting
magnitude approximately 2™ deeper than the 2MASS survey. The deeper images and the
superior resolution of the IRSF (0745 pix~!) allow for the detection of galaxies to greater
levels of Galactic extinction and stellar density.

The telescope and detector are first described, following which the reasons for their choice
for a dedicated follow-up survey are given (Sect.4.1). The details of the observations and
the image reduction and calibration process are discussed in detail in Sect. 4.2.

This chapter also describes the process of identifying the most likely HI counterpart
galaxies in the near infrared survey images. The detection rate and its dependence on
extinction and stellar density is discussed. The routines and algorithms used to subtract
foreground stars from the images are presented in detail in Sect. 4.5.

Finally, the surface photometry that was performed to extract the magnitudes is ex-

plained. The photometric parameters derived are described in Sect. 4.7.

4.1 Infrared Survey Facility

The imaging data were acquired with the Japanese InfraRed Survey Facility (IRSF), a 1.4 m
Alt-Azimuth Cassegrain telescope situated at the South African Astronomical Observatory
(SAAO) site in Sutherland, South Africa. The IRSF is equipped with the Simultaneous
InfraRed Imager for Unbiased Surveys (SIRIUS), a detector capable of simultaneous imaging
in the three near infrared atmospheric windows: J, H and K. The camera consists of three
1024 x 1024 pixel HgCdTe (HAWAII) arrays each with a gain of 5.5 e~ /ADU and a read-
out-noise of 30e~ (Nagashima et al. 1999, Nagayama et al. 2003) and which are cooled to
80 K. The field-of-view of the telescope is 7/7 x 77 resulting in a pixel scale of 0745 pix~!.

Built for surveys, the IRSF has a speed of f/10, compared to that of f/13.5 for 2MASS.

55
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The small pixel scale and fast speed makes the IRSF ideal for a follow-up survey of this

nature.

4.1.1 Comparison of the IRSF to Contemporary Instruments

SIRIUS has a higher angular resolution than contemporary large-area NIR surveys such as
2MASS (Strutskie 2006) and DENIS (Epchtein et al. 1997). Table 4.1 gives a comparison
between the IRSF/SIRIUS and 2MASS and DENIS. Also included in the table are the spec-
ifications of the forthcoming VISTA Hemisphere Survey (VHS). The Visible and Infrared
Survey Telescope for Astronomy (VISTA) is 4 m class telescope currently under commis-
sioning at Paranal (Emerson et al. 2004; 2006, Arnaboldi et al. 2007). The IRSF/SIRIUS
provides improved resolution compared to current NIR surveys with large sky-coverage. It

will be a few years before surveys like VISTA become available for this kind of work.

Table 4.1: Specifications of current/proposed near infrared surveys and their instruments

Telescope/ Diameter FoV Filters Pixel Effective
Survey Scale Exposure

fu] ] Ppix] s
IRSF /SIRIUS 14 7Tx77 J H K, 0.45 600
DENIS 1.0 12x12 I, J K, 3.0% 9.0
2MASS 1.3 85x85 J H,K, 2.0 7.8
VISTA /VHS 4.0 60 x90 J H K, 0.34 60
NoTEs:

*DENIS pixel scale in the I band is 170 pixel~1.

The higher resolution of the IRSF greatly helps in identifying and deblending foreground
stars, allowing them to be removed more accurately and improving the surface photometry
of galaxies. Our survey uses an effective exposure time of 10 min which results in a ~ 1 —2™
deeper survey depth than currently available with either 2MASS or DENIS (Riad 2010).
This exposure time is long enough for the detection of fainter extragalactic objects while
not so long the field is saturated with the fainter old stellar population. The VHS, which
will start this year, will image ~ 2™ fainter than our survey, but may in fact be too deep
and be limited by confusion noise due to numerous faint foreground stars.

The field-of-view of the IRSF, 77 x 7/7, is ideally suited to this survey given the positional
accuracy of the HI sources of ~ 4’ (Donley et al. 2005).

4.1.2 Comparison of IRSF/SIRIUS to 2MASS Imaging

A comparison of the quality of the IRSF images compared to 2MASS is shown in Fig. 4.1,
which shows three-color image of a single field imaged both with the IRSF (left) and 2MASS
(right). The field is centred on [ = 319°756, b = 1°226, in a heavily extincted (Ay = 8™51)
high star-density (log(Nx,<14/deg®) = 4.74) region. Two galaxies (denoted a and b in
Fig. 4.1) that are not detected in 2MASX can be identified in the IRSF images. This clearly
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demonstrates the improved sensitivity and resolution of the IRSF/SIRIUS data. Comparison
of the insets (magnified postage stamps of each galaxy) show that, while no galaxies were
detected by the 2MASS pipeline, the bright bulges of these two galaxies are visible in the
2MASS image, but are indistinguishable from stars. Furthermore, it is clear that many faint
small stars are resolved with the IRSF, in particular on the outer edges of the galaxies,
which are not visible in the 2MASS image. This means that we are better able to deblend

these sources and obtain reliable photometry.

4.2 Observations

The observations for the follow-up survey were started in 2006 and were continued through
to 2010. The bulk of these observations were done by myself in 2009 and 2010. Table 4.2
lists the progress of the observations and the observers who contributed to the survey. A
total of 7 weeks were allocated exclusively to this project, however a significant amount of
time (~ 60%) was lost due to bad weather and serious problems with the detector cooling
system in 2010. This cooling problem led to an increase in the temperature of the detectors

and the development of hot pixels, following which the repair process lasted five days.

Table 4.2: IRSF/SIRIUS observations

Year Month(s) Allocated weeks Fields  Observer(s)*
2006 March — June - 7 NWS
2007 March — May - 50 NS/JT/NWS
2007  August/September - 8 NWS
2008 January - 7 EE
2008 March/April - 7 NWS
2009 March/April 2 297 WWwW
2009 June 2 67 wWw
2010 February 1 13 PK
2010 June/July 2 124 WwW
NoTEs:

*Norma Wall Survey (NWS), Nebiha Shafi (NS), James Tagg (JT), Ed Elson (EE),
Wendy Williams (WW), Paul Kotze (PK)

Figure 4.2 shows the 580 (~ 70%) of the 821 HIZOA galaxies within 6000 kms™~! that
have been observed to date; observed galaxies are plotted in blue while unobserved galaxies
are marked in red. The remaining galaxies were not observed due to time constraints. The
targets that were observed, however, constitute a representative sample of HI properties.
The uneven spatial coverage of observations is largely a result of the allocated observing time
lost due to poor weather and technical problems falling in June/July (o > 18%) and February
(o < 9M). The distribution of the target galaxies across Galactic longitude is shown in the
left panel of Fig. 4.3 in red with those that could be observed in blue. The right panel shows
the completeness fraction per longitude. The relative incompleteness of the observations at
both I < 270° (o < 9%, Puppis/Hydra-Antlia filaments) and [ > 0° (a > 182, Local Void) is
again evident. The observations in the Norma region (270° < I < 360°) are nearly complete
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which is excellent for studying the flow fields around the Great Attractor. Unfortunately
the completeness is ~ 50% or less around the Local Void and Puppis regions. The impact
of the low coverage for | < 250° is somewhat compensated for by the better detection rate
in the 2MASX in this region due to the lower stellar density (see Sect. 2.2).

Figure 4.2: Observations completed within the allocated observing runs. The blue rectangles
mark the HIZOA survey region. Of the 821 galaxies with v < 6000 kms~! selected for
observation 580 (70%) have been observed and are plotted with blue points in the top panel.
The remaining 241 are plotted in red in the bottom panel.
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Figure 4.3: The numbers (left) and fraction (right) of galaxies observed (blue) out of the
sample with v < 6000 kms~! (red) plotted in 20° bins of Galactic longitude. The dotted
line in the right panel shows 90% completeness.
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4.2.1 Imaging

NIR imaging employs two dimensional arrays to count photons, which while similar to optical
CCD’s suffer some problems inherent to the NIR. Firstly these arrays need to be sensitive
to the low energy of NIR photons and often their construction results in imperfections and
defects known as bad pixels. Secondly the radiation from objects at room temperature
(~ 300 K) is strong in the NIR, hence observations at these wavelengths suffer from very
high thermal noise. Even with the cooling of the detectors, the thermal background remains
high. Furthermore the atmosphere emits strongly in the NIR and the measured NIR sky
background is about 5— 10 mag arcsec 2 brighter than in the optical. Riad (2010) measured
sky-background levels of approximately 16.3, 14.2 and 12.5 mag arcsec™2 for J, H and K,
respectively at Sutherland which is comparable to the values measured for the Paranal
Observatory (16.5, 14.5 and 13.0 mag arcsec™2 for J, H and K, respectively)*. This sky-
background, most strongly in the K band, shows a seasonal variation with the changes of
the site temperature. Additionally, the NIR sky emission has structure at all size scales,
primarily because of upper atmospheric aerosol and hydroxyl emission known as airglow
(Ramsay et al. 1992). The OH airglow is the dominant background component at J and
H, while thermal continuum emission dominates the K, background. Airglow emission

frequently has a high degree of substructure on scales of tens of arcseconds.

Exposure Times

Exposure times above ~ 30 — 40 s result in saturation whereas short exposures have insuf-
ficient signal-to-noise for the detection of faint galaxies. To counter this, we take multiple
short exposures and combine them. For N combined frames, the signal-to-noise ratio in-
creases by v/N. Based on previous experience with SIRIUS in the ZoA (Riad 2010, Skelton
et al. 2009, Nagayama et al. 2006; 2004) we decided on 25 frames, each of 24 s exposures
resulting in an effective exposure time of 600 s. This allows for the detection of faint galaxies

without too much contamination by faint stars.

Dithering

These 25 frames are slightly offset from each other such that each part of the field is imaged
on a different part of the detector in each frame. This process of dithering overcomes the
problem of faulty pixels. The input from bad pixels is averaged out when the individual
frames are aligned and median-combined. The dither pattern is shown in Fig. 4.4. Dithering
is determined by the telescope controller which constructs the right ascension and declination
offsets based on the number of frames and the dither radius, chosen to be 15” which defines
the individual spacing in the 5x 5 grid of pointings. An anomaly in the controller code results
in the eleventh frame deviating from the pattern. All other frames lie on two concentric
squares. Individual dithered frames, known as self frames are aligned and combined in the

pipeline reduction process. Dithering increases the field size to ~ 86 x 8'6.

*www.eso.org/gen-fac/pubs/astclim/paranal/skybackground/
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Figure 4.4: The dither pattern used for all the observations for the 25 dithered frames. The
numbers refer to the frame number. The outer square is 60” x 60" and the inner square is
30" x 30”. Frame 1 occupies the target coordinates. Frame 11 is offset due to an error in
the flow of the control software.

Sky Observations

Atmospheric emission is not constant in time, it varies over scales of a few minutes. Moreover,
the presence of substructure leads to strong gradients across a few arcminutes of sky. It
is therefore essential to accurately measure the sky level across the detector. There are
generally two methods of determining the sky. The first is to obtain images of empty
sky adjacent to the object and switch rapidly between this sky field and the object. This
method works well in regions of low star density where blank sky is easy to observe. It
does, however, require as much time spent observing the sky as observing the object and
makes a large survey inefficient. A second method involves generating a self-sky image when
doing a dithered exposure. Here, instead of realigning the dithered frames, one simply stacks
and median combines them. Because detector artifacts remain fixed on the detector while
astronomical sources move with the dither pattern, any features (e.g. stars) with scale less
than the spacing between dithered frames will be removed, leaving only the structure of the
sky. Note that extended astronomical objects with scales larger than the field separation

will leave a residual on the sky image.

Flat-fields

In addition to dead pixels, the sensitivity or response to light varies from pixel-to-pixel across
the array. These pixel-to-pixel variations in sensitivity are corrected for by flat-fielding. An
exposure taken of a uniformly illuminated source (flat-field), directly represents the response
of each pixel. The twilight sky provides a good source of uniform light over the field-of-view
of the IRSF. On each observing night 100 frames of 5 s exposures were taken both at evening
and morning twilight (weather permitting). For each observing run (usually 1 or 2 weeks), all
the twilight flats were combined into a single master flat for that run and used to correct all
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the raw images from that run. In some instances, due to poor weather and when observing
was done outside of the dedicated observing time, the master flat was constructed from only
1 or 2 twilights. However the stability of the SIRIUS detectors has been well established
(Riad 2010).

Dark Frames

The relative low energy of NIR photons means that the detectors are particularly susceptible
to thermal noise. This results in the build-up of charge on the detector even when the shutter
is closed. Clearly this thermal noise depends on the exposure time. A dark frame taken
with the shutter closed with the same exposure time as the object exposures, allows for the
determination of the thermal noise. Therefore ten dark frames were taken at the end of
each observing night. These are averaged and subtracted from all raw images in the pipeline

reduction.

4.3 Image Processing with the SIRIUS Pipeline

All raw images were reduced using the SIRIUS pipeline developed and maintained by Yasushi
Nakajima*. SIRIUS is a dedicated Image Reduction and Analysis Facility (IRAF)' package
for automated reduction of SIRIUS images. The high-level steps that encompass the image

reduction include:

1. dark current subtraction

2. determination of master flat fields and flat correction
3. sky determination and subtraction
4

. frame to frame offset determination and combination

These steps are explained in detail in the following sections. The pipeline is executed in IRAF
with the tasks pipeneolist which generates all the ASCII files containing the necessary
information to run the reduction, which is executed with the task pipeneo. We start with
N dithered frames self (7).

4.3.1 Dark Current Subtraction

The first step in pipeneo generates the dark frame for the night and corrects all frames for
thermal noise. The 10 dark frames from each night are median combined into a master dark
frame which is subtracted from each self(i) frame. The new individual frames are named
self,(i). Figure 4.5 shows typical dark frames. Faulty pixels show up in the dark frames
as bright pixels while the horizontal gradients are a result of the reset anomaly due to the

charge readout across four quadrants.

*Department of Astrophysics, Nagoya University, Chikusa-ku, Nagoya, Japan

TIRAF is distributed by the National Optical Astronomy Observatory, which is operated by the Associa-
tion of Universities for Research in Astronomy, Inc, under cooperative agreement with the National Science
Foundation



4.3 Image Processing with the SIRIUS Pipeline 63

Figure 4.5: Typical dark frames in the J, H and K, bands (left to right). Faulty pixels show
up as bright white points. The horizontal gradients are a result of the detector readout.

4.3.2 Determination of the Master Flat and Flat Correction

A separate task, autotwflat, within SIRIUS is used to create the master flat field for each
observing run. autotwflat takes as input the dates the twilight flats were taken, the frame
numbers and whether they were morning or evening flats. The task then creates individual
flat fields by selecting from within each twilight run pairs of frames with a mean flux less
than 6000 counts (~ 30% of the saturation level) and a mean flux difference of less than
2000 counts. Each of these pairs is combined differentially and normalised by the median
flux. Finally these differential flats are median combined to produce a single master flat
field, twilight.

Riad (2010) shows that the variation in the quantum efficiency of the detectors over
about a month is negligible. In fact it is stable over time scales of over a year. A sample

master flat for J, H and K is given in Fig. 4.6.

Figure 4.6: Typical master flat frames in the J, H and K, bands (left to right). The dark
regions around the edge of the J band flat field are faulty pixels.

The name of the twilight frame is passed as input to pipeneolist. Individual object
frames throughout that observing run are corrected for pixel-to-pixel variations of quantum
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efficiency of the detector by dividing each by this master flat:

1£ (i
se1tf (i) — Seitald)
twilight

4.3.3 Sky Determination and Subtraction

The next step in pipeneo is to generate sky frames for each dither set. In addition to sky
emission, imperfections in the telescope optics and dust create patterns visible in each frame.
Generally the J band is free of these patterns and has little sky structure. The H band is
affected strongly by the OH emission which manifests as ripples across the image. Dust on
the detector window radiates strongly in the K band producing out-of-focus rings and spots
in the K images. Sample sky frames, in which these characteristics are visible, are shown
in Fig. 4.7. Furthermore there is an effect of high stellar density on the sky frames. The
overlap of different stars in the undithered combine results in a hatchwork residual pattern.

Figure 4.7: Typical sky frames in the J, H and K, bands (left to right). The J band shows
little or no structure. Structure from OH emission is evident in the H band. Rings due
to dust emission from the detector window is seen in the K sky emission. The top panel
shows a sky field in a region of relatively low stellar density, while the bottom panel shows
sky fields from a region of high stellar density. Residuals from two saturated stars remain in
all three sky frames and a faint hatchwork pattern due to the high stellar density is evident
in the lower panel.

The sky frame is made by additively scaling each frame, selfg (), to have the same
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median flux as the first frame in that dither sequence, selfl’;(l):
self!/ (i) = self! (i) + (< selff(1) > — < self! (i) >)
d d d d

ensuring all frames in the sequence have the same median flux. These frames are median
combined without correcting the dither offsets generating the sky image. Because any astro-
nomical source will appear in different positions in each frame, their flux does not contribute
to the median. This removes any astronomical sources in the image, leaving only the struc-
ture of the sky and and detector artifacts. However, in regions of high star density, different
stars may overlap in many frames and the median does not fully account for this. The result
is a cross-hatched pattern in the sky frame as can be seen in the lower panels of Fig. 4.7.
Also, for extended sources larger than the dither radius, the source overlaps with itself in
the individual frames, resulting in a locally higher measure of the sky value. The bright
residual in the upper left corner of the bottom panel of Fig. 4.7 is a result of a saturated
star. Finally this sky image is subtracted from all frames in the dither sequence and the

median flux of the sky image is added back, leaving a uniform sky level in each frame.

SELF(i) = self’'(i) — sky+ < sky >

4.3.4 Dither Combine

The last step in pipeneo is to generate a single image from each dither set. A list of
sources in each SELF(¢) frame is generated with IRAF tasks daophot and daofind. Stars
are selected where the flux exceeds 100 and the magnitude error ¢ < 0™1 within the central
region [51 : 900,51 : 900]. The edges of the images are avoided due to the faulty pixels
especially on the J band array. The initial dither offsets are applied to each frame list
and sources in each field are matched, thereby refining the actual offsets between images.
These offsets are used to align the images. Once aligned, the frames are median combined,
removing any effects of bad pixels. The final image has a factor N enhancement in gain and
a reduced noise by a factor of 1/v/N.

4.4 Image Calibration

The output images from the SIRIUS pipeline require astrometric calibration to transform
image coordinates to the World Coordinate System (WCS) and photometric calibration to
convert instrumental fluxes to a standard magnitude system. We use the 2MASS Point
Source Catalogue (2MPSC Strutskie 2006) as a standard for these calibrations. The cal-
ibration is done with a combination of IRAF and python scripts developed by one of our
Japanese collaborators Dr. N. Matsunaga* and modified by Riad (2010).

The following sections describe the calibration standard catalogue and the astrometric

and photometric calibration procedures.

*Institute of Astronomy, School of Science, University of Tokyo
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4.4.1 Calibration Standard

The 2MPSC contains 0.5 billion stars and provides an excellent standard for calibration
purposes. It matches all the filters that we use in our survey, it covers our entire survey
region and its calibration is smooth over the whole sky. The 2MPSC itself is calibrated
from the Tycho 2 Point Source Catalogue (Hgg et al. 2000). The mean astrometric offsets
between 2MPSC and Tycho 2 were found to be (Aa) = —0.09 + 8.06 x 1072 arcsec in
right acsension and (Ad) = 0.48 £8.85 x 1072 arcsec in declination. Stars with S/N > 20
have a photometric accuracy of 0™054 (Cohen et al. 2003). See the 2MASS Explanatory
Supplement* for a detailed description of the calibration of the 2MASS images.

4.4.2 Astrometric Calibration

In order to transform the image coordinates to WCS, we match sources in the image to
an astronomical catalogue. While detecting sources in the image and extracting sources
from a catalogue is relatively easy, the process of cross-identifying them is non-trivial and
computationally expensive, particularly for large source numbers. However greater source
counts significantly increase the accuracy of the transformation. The scripts developed by
Dr. N. Matsunaga use a routine based on the Optimistic Pattern Matching (OPM) technique
proposed by (Tabur 2007). This technique utilises the fact that for any two nearby stars,
triangular combinations with a distant star are less frequent than with a third nearby star.
This means that fewer triangles are required to provide a good match between the image

and calibration catalogues. The astrometric solution is obtained by solving the following

X = Cba:+f(71y‘+'Cb
Y = Csz+Cuy+Cs (4.1)

where (z,y) are the image coordinates of each object, (X,Y’) the WCS coordinates of each
object in the calibration catalogue and C; are the coefficients defining the transformation.
The solution is found using the IRAF task ccmap. We use J2000 coordinates.

4.4.3 Photometric Calibration

The use of different filters and optical and electronic systems means that the flux of an object
will differ with the optical system with which it is measured. However, this instrumental
magnitude can be corrected for such effects and converted to a standard system. The

instrumental magnitude is simply the counts expressed on a log scale:

mj = —2.5log (?) (4.2)

*http://www.ipac.caltech.edu/2mass/releases/allsky/doc/explsup.html
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where m} is the instrumental magnitude, F) is the background-subtracted source flux in

counts and ¢ is the exposure time. This is transformed to a standard magnitude by
my = ZPi +mh + c1 X + comeor, (4.3)

where m) is the object’s magnitude in the standard system, Z P, is the calibration constant
or magnitude zero-point, ¢; and X are the airmass extinction coefficient and airmass re-
spectively, cameo) is a colour term. Following Riad (2010) we neglect the colour term as it is
assumed to be small. The magnitude zero-point is usually determined by measurements of
standard stars (near-infrared standard star catalogues Persson et al. 1998, Carter & Mead-
ows 1995) with the same instrumental setup. However this requires additional observation
time and where there are many stars within the field-of-view for which standardised magni-
tudes are available one can easily use these to determine the zero-points. Additionally this
has the advantage that changes in the photometric conditions are readily tracked. We use
the 2MPSC as a standardized magnitude catalogue. We do, however, need to correct for any
differences in the instruments used, notably in the detector filters. SIRIUS uses broad-band
J, H and K filters that, while very similar to the 2MASS standard, are sufficiently different
that we cannot compare directly our magnitudes with those in the 2MASS system. How-
ever, there exist colour-dependent transformation equations between the two photometric
systems. Nakajima (priv. comm.) shows

Jsirins = Jomass + (—0.045 %+ 0.008)(J = H )amass — (0.001 + 0.008)
Hgrius = Homass + (0.027 £ 0.007)(J — H)smass — (0.009 = 0.008) (4.4)
Kogsius = Kaomass + (0.015 +0.008)(J — K )amass — (0.001 % 0.008)

which are valid over a wide range in colour 0.0 < (J — H) <3.9,0.0 < (H — K;) < 2.8 and
0.0 < (J— K;) <4.9. A comparison on the transmission curves of the 2MASS and SIRIUS
filter systems is given in Fig. 4.8. Thus, in the SIRIUS magnitude system:

M sicius = Z Py +m, (4.5)

where the zero-point now incorporates the airmass term.

The photometric calibration makes use of an IRAF script developed by Riad (2010)
which matches sources within 1735 (3 pixels) in each image with sources in the 2MPSC.
Only photometric quality stars (marked with AAA in the 2MPSC) and with colour (J — H
and J — K) errors of < 0™.1 are considered for calibration. The code implements SExtractor
(Bertin & Arnouts 1996, Bertin 1996) for measuring instrumental magnitudes and cross-
identifying them with sources in the 2MPSC. The 2MPSC magnitudes are first converted
to the SIRIUS system via the above transformations. For each matched pair the zero-point
is calculated and the median of all pairs determined as the zero-point of the field.
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Figure 4.8: Comparison of SIRIUS (solid) and 2MASS (dashed) transmission curves for the
J, H and K filters.

4.4.4 TImage Statistics

Two measures of the photometric conditions are determined for each field: the seeing, or
FWHM, of stars in the field, and the magnitude zeropoint. Fig. 4.9 shows the distribution
of seeing values for all of the final 580 images. 65% of the images were observed with K,
seeing less than 1’5 and 85% less than 1/75. The distribution of magnitude zeropoints is
shown in Fig. 4.10. The median zeropoints are consistent with values previously determined
by Riad (2010) and Cluver et al. (2008a). The medians and standard deviations of both the

magnitude zeropoints and seeing values in all three bands are given in Table 4.3.

Table 4.3: Mean magnitude zeropoints and average seeing for all 580 images

< ZP > o seeing o

mag]  [magl ][]
J 20.84 0.06 1.49 0.35
H 21.02 0.06 1.47  0.33
K 20.24 0.06 1.39  0.30

4.5 Galaxy Identification

While the large number of images in our survey makes individual identification of sources
time consuming, their location within the ZoA makes the use of automatic routines unreli-
able. The advent of large surveys brought the need for automated routines for the detection
and parameterisation of sources. Programmes like FOCAS (Jarvis & Tyson 1981), COS-
MOS (Beard et al. 1990) and SExtractor (Bertin & Arnouts 1996) have been developed to
identify and extract parameters of sources in images. These methods have been shown to be
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Figure 4.9: Histogram of image FWHM as a measure of the seeing.
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Figure 4.10: Histogram of magnitude zero points as a measure of the image quality.



70 NIR Follow-up Survey 4

efficient at high galactic latitudes. However, closer to the Galactic plane, it becomes more
complicated to deblend and separate fluxes of nearby sources and the reliability of these
algorithms severely degenerates (Beard et al. 1990). Identification and classification by eye
remains the best choice and is not prohibitive for this survey.

Having the three NIR bands is particularly useful, as they allow for the generation of
false colour images. Each band contributes one channel of the RGB image where blue is
the shorter wavelength J and red is K. Galaxies are intrinsically red and their colours are
different (redder) to the colours of foreground stars and Galactic sources. Their different
colour and their extended nature allows the eye to rapidly identify galaxies in the field colour
images of each field.

For this survey I developed a python script, findgal, that uses the pyDS9* module that
interfaces with SAOImage DS9', an astronomical imaging and data visualisation tool. The
script is available onlinef. DS9 is used to interactively display a three-colour RGB composite
image (Ks: red, H: green and J: blue). The user is able to mark the approximate centre
of each galaxy candidate on the DS9 image as well as the semi-major and -minor axes.
The program interface provides information on the HI properties of each target to ease the
visual identification of the HI counterpart. If any 2MASX sources lie within the field, they
are marked with magenta circles allowing for quick identification and possible confirmation
as the Hr counterpart. Each field is systematically searched at a higher magnification for
smaller sources.

Figure 4.11 shows an example of the DS9 display and HI information for Hi source J1053-
62. Identified in the field is a large (~ 2') spiral galaxy. The source is also marked as a
2MASS galaxy (2MASXJ10534560-6250026), however, the position is offset with respect to
the IRSF position. This illustrates the susceptibility of 2MASS to identify a foreground star
as the centre of faint galaxies lacking a strong bulge (i.e. later type spirals or irregulars).
This source lies in a region of moderate extinction (Ay = 276) which explains the reddish
colour of the galaxy.

Once the sources have been detected and before any meaningful photometry can be
extracted, it is necessary to remove any foreground contamination by stars. The following

sections describe the methods used for the subtraction of foreground stars from the images.

4.6 Star-subtraction

The increase in stellar density near the Galactic plane results in the contamination of ex-
tragalactic sources by foreground stars. It is important to remove the flux contribution of
the foreground stars from the galaxy flux. A method of star-subtraction via PSF-fitting is
employed to achieve this. This is implemented in two steps: First, the point spread function

(PSF) is determined for the field, this is the “shape” of a point source (star) in the image.

*http://hea-www.harvard.edu/saord/ds9/pyds9/
TThis research has made use of SAOImage DS9, developed by Smithsonian Astrophysical Observatory.
fpassword-protected at www.ast.uct.ac.za/"wendy/zoatf/findgal.py
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Figure 4.11: Sample output from findgal, showing the ~ 8.6 x 8.6 three-color image in the
DS9 interface and the HI information for target J1053-62. Clearly visible in the field is a
large spiral galaxy. The blue ellipse marks the galaxy parameters as defined by the user
in findgal. The small magenta circle marks the position of a 2MASX source in the field,
2MASXJ10534560-6250026. In this case the 2MASX source is offset due to the faintness of
the galaxy and the presence of a foreground star.
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This PSF may be variable across the field. Second, the fitted PSF is used to remove stars
in the neighbourhood of each detected galaxy.

4.6.1 PSF Determination

While, the shape of the PSF depends on the instrumental set-up, the dominant driver of
the PSF shape is atmospheric seeing, which results in a generally Gaussian-shaped profile of
point sources. Variations in the seeing cause deviations from a symmetric Gaussian, which
may vary across the field of view. Saturated stars deviate from the Gaussian profile and
very bright stars produce diffraction spikes. Determining an accurate PSF is very important
for star removal. A further complication to accurate PSF modelling is high star density,
where light from neighbouring stars may be present in the wings of what appears to be an
isolated star. Routines such as KILLALL (Buta & McCall 1999) have been developed to
ease the PSF-fitting and star removal in crowded fields. However, the implementation of
these routines are manual and time-consuming. For our relatively large sample we require
an automated routine. Dr Nagayama* developed an automated PSF fitting routine for the
Norma Wall Survey which uses the DAOPHOT package in IRAF. I modified the script to
run in PyRAFT. Here follows the algorithm:

1. A maximum of 50 unsaturated, isolated stars are selected. This set of stars is {PSF model}.

2. This set of stars is used to create an initial estimate of the field PSF, PSF1. PSF1 is

used to subtract all detected stars in the original image except for {PSF model}.

3. A new improved PSF, PSF2, is fitted using {PSF model} on the star-subtracted image.
This ensures that any possible contamination in the wings of the PSF model stars by

nearby stars is reduced, thereby resulting in an improved model PSF.

4. Step 3 is repeated to produce the final PSF, PSF.

4.6.2 Background Cleaning

Bright stars in the images may produce leakage along a column in the array. An effect of the
reset anomaly also produces vertical gradients in some of the images. These vertical features
are removed by subtracting the average of each column from that column. The median sky

level is added back to the entire image.

4.6.3 Star Removal

An algorithm used for the removal of stars around each galaxy was also developed by Dr
Nagayama. However, extensive modifications were made to improve the performance of the
routine to prevent the removal of structures on the galaxy as well as spurious rings around

the galaxy. The algorithm relies on some limited user input to verify the identification of

*Department of Astrophysics, Nagoya University
TPyRAF is a product of the Space Telescope Science Institute, which is operated by AURA for NASA
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stars on the galaxy. The user is allowed the options of removing spurious detections or
adding sources that were not detected. Stars are removed from a box around each galaxy,
the size of which depends on the initial estimate of the size of the galaxy. This is done to
decrease the total computation time.

The steps in the star subtraction process are described here:

1. The sky background and rms, o, in the image is determined. Both are determined

using imstatistics with 30 iterations with 3o clipping.

2. The galaxy is modeled using ellipse and bmodel. This model is subtracted from
the image with imarith resulting in the galaxy-subtracted image. Structures on the
galaxy such as spiral arms may not be fully modelled and may result in residuals in

the galaxy-subtracted image.

3. The bright stars in the galaxy-subtracted image are detected and removed. This is
done using findstars which uses Source Extractor to detect all sources above 3.50 of
the background. The DAOPHOT tasks phot and allstar are used to measure the
PSF photometry of these sources and then to remove them from the galaxy-subtracted
image. allstar produces an output file containing the details of all successfully sub-

tracted stars.

4. The faint stars are then detected and removed from the galaxy-subtracted image. The
detection is done using findstars with a detection limit of 1.8c. Within the radius of the
galaxy only stars that are also detected using DAOPHOT’s daof ind with a threshold of
20 are included in the list. This prevents the misidentification of residuals of structures
as stars. Again PSF photometry is done with phot and the stars are removed from

the galaxy-subtracted image using allstar.

5. The two allstar output files for the bright and faint stars are concatenated, and used

in substar to remove these stars from the original image.

6. An additional step is taken to find and remove any residuals as a result of the imperfect

fit of the PSF to every star in the image.

7. Steps 2 to 6 are iterated four times. Each iteration improves the galaxy model as the
subtraction of stars on the galaxy is improved. This results in improved photometry
of stars on the galaxy and therefore improved subtraction. In the last iteration the

user is asked to confirm the source lists for the bright and faint stars.

A flowchart of the star-subtraction algorithm is shown in Fig. 4.12. Tasks and subroutines
are shown in rectangles. Input/output is shown with rounded rectangles.

Figure 4.13 shows two examples of where the original star-subtraction routine resulted
in residuals on the galaxy. This problem particularly affects galaxies that are difficult to
model with ellipse. These include edge-one galaxies, which result in a row of residuals
along the plane of the galaxy. Isophote twists produce a ring of residuals. Galaxies with
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clear structure, especially strong spiral arms, are also affected and often strong residuals
occur at the edges of bars in barred spiral galaxies. Comparison of the central panel which
displays the results from the original method of subtraction, and the right panel illustrating

the results from the improved method, demonstrates that we have overcome this problem.

4.6.4 Residual Cleaning

The PSF fitting is not perfect and does not exactly match the true shape of every star in
the image. The star-subtraction process often leaves residuals of large negative flux where
the PSF does not fit precisely. These ‘blemishes’ can affect the photometry so need to
be removed. While residuals away from the galaxy are removed in the star-subtraction
routine, those on the galaxy are removed manually. The IRAF task imedit was applied to
remove these blemishes. A user interface implementing pyDS9 was developed allowing the
user to define circular apertures of varying radius to non-interactively input into imedit.
The smallest possible aperture is chosen. imedit measures the background level and any
gradients within a small annulus around the aperture. This background map is used to
replace the pixel values within the aperture. Large residuals, due to saturated stars, are
more problematic. They require large apertures, typically a few pixels larger than the
radius of the PSF.

4.6.5 Postage Stamp Creation

As part of the star-subtraction process, three-colour postage stamp images of the starry
and the star-subtracted fields are generated. The images were colour stretched using the
following recipe, based on that used by T. Jarrett for the 2MASS Near-Infrared Galaxy
Morphology Atlas* (Jarrett 2000). The colour scale is stretched relative to the NIR colour
of a “normal” galaxy (J — Ks; = 1m0 and H — Ky = 0™m28). This means that the true colour
of the galaxy will be reflected in the three-colour image. The K peak flux is measured from
the K band image. From this the J and H peak fluxes are deduced from the normal galaxy
colours. These peak fluxes define the upper limits of the colour stretch. The lower limits
are taken to be —7.5% of the peak flux.

The RGB images are generated using the make_rgb_image routine in APLpy' (As-
tronomical Plotting Library in Python) which is a Python module aimed at producing
publication-quality plots of astronomical imaging data in FITS format. The blue scale is
assigned to the J band, green to the H band and red to the K, band. A logarithmic stretch
is used in all bands. Normal galaxies will appear white because of their normal colours.
Galaxies with J — K > 1™2 will appear redder, and with J — K, < 1™ will appear blueish.
Note that large extinction will result in redder colours. Figure 4.14 shows examples of
postage stamps for six galaxies. J0716-18C is an edge-on slightly reddish galaxy character-
istic of a large early type spiral galaxy. J0949-47B is a blueish galaxy and has a low surface

*http://wuw.ipac.caltech.edu/2mass/gallery/galmorph/2mass_galmorp.html
Thttp://aplpy.sourceforge.net/
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Figure 4.13: K, band images showing the improved performance of star-subtraction routine
for two galaxies: JO0716-18C (top row) and J0903-41 (bottom row). The left panel shows
the original starry images, the middle panel shows the results of the star-subtraction using
the original routine and the right panel shows the results of the improved star-subtraction
routine. The original routine leaves residuals on the galaxies which are not present with
the new routines. Particularly affected are the planes of edge-on galaxies and substructure
within galaxies.
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J0716-18C J0949-47B

J1232-59

J0952-55B

Figure 4.14: Examples of starry and star-subtracted postage stamp images. The colours of
the galaxies are representative of the true NIR colours.

brightness. J1232-59 appears white and J1620-46 appears slightly redder as it lies behind
more extinction. J0952-55B and J1149-64 both lie behind a heavy layer of dust and thus

appear very red.

4.7 Surface Photometry

The extraction of simple parameters, such as total magnitude, mean surface brightness and
isophotal radius of a galaxy is actually more complicated for larger galaxies than smaller
galaxies. The larger number of pixels on which these galaxies lie increases the difficulty, in
particular because the outer pixels are dominated by the sky. In general, larger galaxies
require a full surface photometry study of their isophotes and shape. The use of elliptical
isophotes, while they are the simplest shape to use, is justified by Kepler’s first law. This is
particularly true in elliptical galaxies (e.g. Jedrzejewski 1987). The first stage is the reduc-
tion of the two-dimensional image onto a one-dimensional profile determined by elliptical
isophotes.

The following sections describe the surface photometry and the astrometric, geometric

and photometric parameters derived thereby.
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4.7.1 Astrometric Parameters
Source Positions

Two positional measurements are made. The first is the position of the peak pixel in the
J band which is most sensitive, except in regions of very high extinction. The second is
based on the intensity-weighted centroid of the J + H + K, “super” co-add image. The

intensity-weighted mean or first order moment is given by

Z Iix;

X == iei 17 s and (46)
€S
;Sjiyi
V==& 4.7
S (4.7)
€S

where I; is the intensity at pixel (z;,y;) of source S. z and y are in image coordinates and

are transformed to J2000 and Galactic coordinates via the WCS solution of each field.

Ellipse Fitting and Object Orientation

Ellipses were fitted to each galaxy image using the IRAF task ellipse. The central coor-
dinates, (X,Y), are fixed while the position angle (¢, measured counterclockwise from the
x-axis) and ellipticity (¢ = 1 — b/a) are fit at intervals in the semi-major axis. ellipse
returns a table containing, amongst others, the intensity in counts enclosed within the el-
lipse, the position angle, the ellipticity and their errors at each semi-major axis step. The
ellipticity and position angle characteristic of the galaxy are determined to be the average
value in the outer part of the disk, between the 1o and 20 isophotes, where o is the sky
rms. Both the ellipticity and the position angle are usually stable in the outer disk. The
ellipse parameters are determined in all three bands. The final position angle is transformed
to J2000 coordinates.

4.7.2 SELF-sky Correction for Large Galaxies

The nature of the SELF-sky measurement (see Sect. 4.2.1 and Sect. 4.3.3) means that
galaxies larger than the dither radius, overlap in the individual dithered frames, selfé(i).
The final sky frame, SELF(), therefore contains an extended residual in the region of the
galaxy. The result is that too much sky is subtracted from the region around the galaxy
causing the measured fluxes to be lower than they should be. This is clearly evident in the
intensity profile of the galaxy as a dip in flux around the outer edges below the median sky
level. The residual is such that it is largest in the centre of the galaxy, decreasing towards
the outer parts. However, it cannot be measured directly at the centre of the galaxy. We
therefore measure the shape of the recovery of the dip in the outer parts to the sky level

and extrapolate to the centre. This is done by fitting a linear function to the intensity
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Figure 4.15: Example intensity profile with SELF-sky correction. The red profile shows the
intensity profile before the correction. A linear function is fitted to the outer part of the
profile from the minimum (red line) to the outer edge where the sky level is reached. The
limits of the fit are shown with solid vertical lines. The horizontal line shows the measured
median sky level in the image. The blue profile shows the corrected profile.

profile between the minimum intensity and the asymptotic sky value and adding this to the
intensity profile. A linear function was chosen as it is the simplest function that descibes
the shape of the dip. It provides a first order correction while introducing as little error as
possible from a higher order terms. The size of the correction at the centre of the galaxy
can be up to 5 — 10 counts pixel~! for large bright galaxies.

A correction for this effect is made for galaxies which have both semi-major and -minor
axes that are larger than the dither radius. Figure 4.15 shows as an example for one galaxy
(JO748-26B) the H band intensity profile. The red profile is uncorrected. The red line
shows the fit that has been made from the minimum in the profile to the outer edges. The
fit region is demarcated by two vertical lines. The horizontal line shows the measured median
sky value. The blue profile shows the corrected intensity profile.

The correction is applied to the image for further photometric analysis, using the deter-

mined elliptical parameters (centre, ellipticity and position angle).

4.7.3 Photometric Parameters
Radial Surface Brightness Profiles

The one-dimensional radial surface brightness profile (SBP) is measured with ellipse by
holding the position angle and ellipticity fixed, in addition to the position. The SBPs of
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each galaxy were fitted with a double Sérsic function,

n n,2
p(a) = 1o +1.086 (“) + o2 +1.086 <a> , (4.8)
Th Th,2

or in terms of intensities,

n n,2
I(a) = Ipexp (:;) + Ip 2 exp (a) . (4.9)

Th,2

The double Sérsic function is the most general profile that allows for the simultaneous fitting
of both an inner bulge (usually following a de Vaucouleurs profile with n = 4) and an outer

disk profile (exponential with n = 1).

A plot of the SBP in each band is produced which shows the measured SBP, the fitted
SBP, the residuals, the fitted parameters and a grey-scale image and ellipse parameters.
Examples of such SBP plots for J0748-26B are shown in Fig. 4.16. In each plot the upper

2. as a function of semi-major axis, a

panel shows the surface brightness, p in magarcsec™
in arcsec. The inset panel shows a grey-scale image of the galaxy, with the characteristic
ellipse plotted in white. The parameters of the ellipse are given below the inset and the
radius of the ellipse is determined to be the 1o isophote, which is marked on the SBP by the
horizontal and vertical dashed lines. The solid line shows the fitted profile, the parameters
of which are printed in the top left of the plot. The lower panel shows the residuals, in

mag arcsec 2, of the fitted profile.

Following a similar analysis to Kirby et al. (2008b), extrapolation of the analytic double
Sérsic function allows for an accurate estimate of the flux that remains undetected below

the sky noise. The integrated flux between an outer radius, royu;, and r = oo is:

Am = —2.5log (Imissmg> (4.10)

total

where

Imissing = / 277(1 - e)I(a)a da
0

QAtot n n,2
/ 2w (1 —¢) [IO exp (a) + Iy 2 exp (a) ] ada (4.11)
0 Th Th,2
on(1— e d 1oty [2 (Ten) "] foariap {2 (o)™
n n’ \ r, n,2 n,2" \Th2
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and

oo

2m(1 —e)I(a)ada

Itotal =

J
- /Om 27(1 — €) llo exp (:;)n + Iz exp (a)ng] ada (4.12)

Th,2
Iyr? 2 10,27’2 2

I[a, z] is the incomplete gamma function and aso; was taken to be the radius at which

the surface brightness drops to 1o. The observed total magnitude, mgps, is the magnitude

enclosed within this aperture. The total magnitude is then determined to be:
Mot = Mobs — AM. (4.13)

Fixed Aperture Magnitudes

The simplest photometric measurement is for fixed circular apertures. Magnitudes are mea-

sured using a python routine for apertures of 3", 5”, 7", 10" and 15".

Isophotal Magnitudes

Isophotal elliptical aperture photometry is performed in each band, using the ellipse task.
The isophotal radius, 7, is the radius of the isophote at surface brightness . The isophotal
magnitude, m,, is defined as the integrated magnitude within that radius. In each band the

2 isophotal radii and

p = 20 mag arcsec™ 2, u = 21 mag arcsec” 2 and pu = 22 mag arcsec”
magnitudes are calculated. The surface brightness profile is used to determine the radius at

which a given surface brightness is reached.

Photometric Errors

The fundamental limits to the photometry depend on the accuracy of the background de-
termination, the S/N within the aperture and the zeropoint calibration. The error, op, on
a flux within a given aperture, F', is the quadrature sum of the Poissonian source noise and

the error in the sky background:

op =+ F+ No2,,., (4.14)

where N is the number of pixels in the aperture and o,,s is the sky background
The ellipse fitting procedures will introduce additional errors, however, these are ne-

glected here as they are expected to be less significant than the errors already mentioned.



Chapter 5

Near Infrared Galaxy Catalogue

This chapter presents the final catalogue of NIR galaxies identified as possible HI coun-
terparts to the HIZOA galaxies. The parameters listed in the catalogue are described and
the quality of the photometry is assessed by comparing it to the 2MASS photometry where
available. To further assess the photometric quality of these data we also compare it to that
from the Norma Wall Survey which was performed with the same telescope, instrument
and exposure times, but with a different data reduction and photometry pipeline. The NIR
colours of these galaxies are used to investigate the nature of extinction across the survey
region. In the final two sections, the NIR counterparts for the HI sources are confirmed and

an analysis of some of the H1 and NIR properties of these galaxies is made.

5.1 Catalogue Parameters

The astrometric, geometric and photometric parameters described in the previous Chapter
are all listed in the final galaxy catalogue. Various parameters pertaining to each observation,
including the observation date, the seeing parameters and the magnitude zero points for all
three bands are also given. A complete list with brief descriptions of all the parameters
in the final catalogue is given below. The list shows the column number, followed by the
column name and the description. The units or column format are shown in square brackets

where applicable.

*Column 1 Designation: Unique identifier [ZOAhhmmss.ssstddmmss.ss]
*Column 2 Jname: HI catalogue name [Jhhmm=+dd]

Column 3 Date: Observation date [ccyy-mm-dd]

Columns 4 & 5 RA, Dec: J2000 Equatorial coordinates [deg]

*Columns 6 & 6 1, b: Galactic coordinates [deg]

*Columns 8 & 9 j_ell, j_ell_sig: J band ellipticity (¢ =1 — b/a) and error

*Columns 10 & 11 j_phi, j_phi_sig: J band position angle (East of North) and error
[deg]

83
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Columns 12 & 13 h_ell, h_ell_sig: H band ellipticity (¢ = 1 — b/a) and error

Columns 14 & 15 h_phi, h_phi_sig: H band position angle (East of North) and error
|deg]

Columns 16 & 17 k_ell, k_ell_sig: K, band ellipticity (¢ =1 — b/a) and error

Columns 18 & 19 k_phi, k_phi_sig: K, band position angle (East of North) and error
|deg]

Column 20 r_j20e: Jo isophotal radius [arcsec]

Columns 21 & 22 j_m_j20e, j_msig_j20e: Jo isophotal magnitude and error [mag]

Column 23 r_h20e: Hj isophotal radius [arcsec]

Columns 24 & 25 h_m_j20e, h_msig_j20e: Hyj isophotal magnitude and error [mag]

Column 26 r_k20e: Ky, isophotal radius [arcsec]

Columns 27 & 28 k_m_j20e, k_msig_j20e: Ky isophotal magnitude and error [mag)]

Column 29 r_j21e: Jo; isophotal radius [arcsec]

Columns 30 & 31 j_m_j21le, j_msig_j21le: Jy; isophotal magnitude and error [mag]

Column 32 r_h21e: Ho; isophotal radius [arcsec]

Columns 33 & 34 h_m_j21e, h_msig_j2le: Ho; isophotal magnitude and error [mag]

Column 35 r_k21le: K, isophotal radius [arcsec]

Columns 36 & 37 k_m_j21e, k_msig_j2le: K, isophotal magnitude and error [mag]

Column 38 r_j22e: Js; isophotal radius [arcsec|

Columns 39 & 40 j_m_j22e, j_msig_j22e: Ja3 isophotal magnitude and error [mag]

Column 41 r_h22e: Hss isophotal radius [arcsec]

Columns 42 & 43 h_m_j22e, h_msig_j22e: Hs, isophotal magnitude and error [mag]

Column 44 r_k22e: Ky, isophotal radius [arcsec]

Columns 45 & 46 k_m_j22e, k_msig_j22e: Ky, isophotal magnitude and error [mag)]

*Column 47 r_k20fe: Ky, fiducial isophotal radius [arcsec]

*Columns 48 & 49 j_m_k20fe, j_msig_k20fe: J band Ky fiducial isophotal magnitude
and error [mag]

*Columns 50 & 51 h_m_k20fe, h_msig_k20fe: H band K,y fiducial isophotal magni-
tude and error [mag]

*Columns 52 & 53 k_m_k20fe, k_msig_k20fe: K, band K fiducial isophotal magni-
tude and error [mag]

Column 54 r_k20fe: Jy; fiducial isophotal radius [arcsec]

Columns 55 & 56 j_m_j21fe, j_msig_j21fe: J band .Js; fiducial isophotal magnitude
and error [mag]

Columns 57 & 58 h_m_j21fe, h_msig_j21fe: H band .Js; fiducial isophotal magnitude
and error [mag]

Columns 59 & 60 k_m_j21fe, k_msig_j2ife: K, band Jo; fiducial isophotal magnitude
and error [mag]

*Column 61 j_m_ext: J band extrapolated total magnitude [mag]
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*Column 62 h_m_ext: H band extrapolated total magnitude [mag]
*Column 63 k_m_ext: K, band extrapolated total magnitude [mag]

*Column 64 j_msig_ext: J band extrapolated total magnitude error [mag)]

*Column 65 h_msig_ext: H band extrapolated total magnitude error [mag]

*Column 66 k_msig_ext: K, band extrapolated total magnitude error [mag]

Column 67 j_dm_ext: J band difference between total magnitude and J2; magnitude

[mag]

Column 68 h_dm_ext: H band difference between total magnitude and Hs; magnitude

[mag]

Column 69 k_dm_ext: K, band difference between total magnitude and K5; magnitude

jmag]
Columns 70 & 71
Columns 72 & 73
Columns 74 & 75
Columns 76 & 77
Columns 78 & 79
Columns 80 & 81
Columns 82 & 83
Columns 84 & 85
Columns 86 & 87
Columns 88 & 89
Columns 90 & 91
Columns 92 & 93
Columns 94 & 95
Columns 96 & 97
Columns 98 & 99
Columns 100-102

j_m3, j_msig3: J band 3" aperture magnitude and error [mag|
j_mb5, j_msigh: J band 5" aperture magnitude and error [mag|
j_m7, j_msig7: J band 7" aperture magnitude and error [mag|
j_m10, j_msigl0: J band 10" aperture magnitude and error [mag]
j_m15, j_msiglh: J band 15" aperture magnitude and error [mag]
h_m3, h_msig3: H band 3" aperture magnitude and error [mag]
h_m5, h_msigh: H band 5" aperture magnitude and error [mag]
h_m7, h_msig7: H band 7" aperture magnitude and error [mag]
h_m10, h_msigl0: H band 10” aperture magnitude and error [mag]
h_m15, h_msigl5: H band 15" aperture magnitude and error [mag]
k_m3, k_msig3: K, band 3" aperture magnitude and error [mag]
k_mb, k_msigh: K, band 5" aperture magnitude and error [mag]
k_m7, k_msig7: K, band 7" aperture magnitude and error [mag]
k_m10, k_msigl0: K, band 10” aperture magnitude and error [mag]
k_m15, k_msiglb: K, band 15” aperture magnitude and error [mag]

j_sb_core, h_sb_core, k_sb_core: J, H and K, central surface

brightness [mag arcsec™2 |

Columns 103-105
Columns 106-108

j_peak, h_peak, k_peak: J, H and K peak flux [mag]
j_back, h_back, k_back: J, H and K, background values [mag arcsec 2 |

Columns 109 & 110 im_nx, im_ny: Postage stamp z and y dimensions [pix]

Column 111 Photflag: Photometry quality flag [int]

Columns 112-114
flag [int]
Columns 115-117
Columns 118-120
Columns 121-123

*Column 124 ebv:

j_sbflag, h_sbflag, k_sbflag: J, H and K surface brightness fit

j_magzp, h_magzp, k_magzp: J, H and K, magnitude zero point
j_see, h_see, k_see: J, H and K, FWHM seeing [arcsec]
j_expos, h_expos, k_expos: J, H and K, exposure time [sec]|

Galactic reddening along the line of sight (Schlegel et al. 1998) [mag]

*Column 125 SD: Log of the stellar density for stars brighter than 14™ in K|
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A sample of the catalogue with only the columns marked with a * is given in Appendix A,
Table A.1. This table contains the brightest, Ksoq < 11™, galaxies. The choice of including
only the J band ellipticity in the sample catalogue was made because this parameter is used
in Chapter 6 for the determination of the inclination of each galaxy. The longer wavebands
are assumed to be increasingly biased to the bulge of the galaxies and so the J band should
provide the best estimate of the inclination of the disk. The full catalogue is available in

electronic form on the internet*.

5.2 Quality Control

5.2.1 Comparison with 2MASX

A comparison was made between the 2MASS and IRSF photometric parameters of the
galaxies for which counterparts are available in the 2MASX catalogue. Of the 821 HIZOA
galaxies within v = 6000 kms~—!, 101 have counterparts in 2MASX, of which 82 have been
observed with the IRSF. Sixty-nine of these galaxies have reliable 2MASS and IRSF photom-
etry and can therefore be used to assess the quality of our photometry compared to 2MASS.
In many cases, the 2MASS coordinates are offset from the IRSF coordinates because the
source is centered on a nearby foreground star which has not been removed. Only sources
with reliable IRSF photometry are compared, i.e. galaxies near the edge of the field are
excluded.

The comparison is made for both the 5” aperture magnitudes and the K, = 20™ fiducial

isophotal magnitudes in all three bands. The metric used is
Am =m(2MASS) — m(IRSF). (5.1)

Thus a positive quantity means that the 2MASS magnitude is fainter than the IRSF. All
IRSF /SIRIUS magnitudes are transformed to the 2MASS standard via the transformation
given in Eqs. 4.4. Figure 5.1 shows the comparison of the IRSF/SIRIUS and 2MASS magni-
tudes. The 5” aperture photometry in all three bands is compared in the left panel and the
K, = 20™ fiducial isophotal magnitudes are compared in the right panel. In both figures the
horizontal coloured strip shows the 1o dispersion around the mean (horizontal dashed line).
The mean and standard deviation is given in the top left corner of each plot. The mean
offsets and standard deviations are summarised in Table 5.1. The offsets and dispersion are
smaller for the 5" aperture than the isophotal magnitudes. This is to be expected given
the smaller apertures used, although it may be more affected by the different methods used
for determining the position. 2MASX uses the peak J band pixel while our photometry
is based on the centroid of the super co-add image. Note that that seeing corrections are
deemed negligable given the excellent observing conditions. On average, the IRSF isopho-
tal magnitudes are fainter than the 2MASX magnitudes. This is not surprising because

*password-protected at http://www.ast.uct.ac.za/ wendy/zoatf/nircat, for access email the author
(wendy*AT*ast.uct.ac.za)
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of the higher resolution of IRSF/SIRIUS which improves the detection and subtraction of
faint stars within the isophotal radius. The dispersion in all three bands is ~ 2 times that
obtained by Riad (2010) when comparing IRSF /SIRIUS isophotal magnitudes (same instru-
mental set-up) to 2MASX. However, our larger dispersion may originate from the fact that
our sample is composed mostly of spiral galaxies, many of which have extended faint disks,
whereas Riad’s sample contains many more elliptical galaxies. Note also that the K, = 20™

fiducial isophotal magnitudes are measured in differently determined apertures.
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Figure 5.1: Comparison of the 5" circular aperture (left) and K, = 20™ fiducial isophotal
(right) magnitudes in J (top), H (middle) and K, (bottomn) between the IRSF and 2MASX.
The horizontal coloured strip shows the 1o dispersion around the mean.

Table 5.1: Comparison of 2MASX and IRSF/SIRIUS 5" aperture and K, = 20™ fiducial
isophotal magnitudes

Filter =~ 5" aperture K, = 20™ fiducial
(Am) o (Am) o
jmag] [mag] [mag] _[mag]
0.012 0.068 -0.07 0.19
0.024 0.061 -0.03 0.17
0.031 0.060 -0.03 0.18

A
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5.2.2 Comparison with Other IRSF Observations in the ZoA

We also compare the photometry of galaxies common to both our survey and the Norma
Wall Survey (Riad 2010) which was conducted using IRSF/SIRIUS with the same instru-
mental set-up and observing parameters. Sixteen galaxies with reliable photometry in both

catalogues were found. Here the metric used is
Am =m(NWS) —m(IRSF). (5.2)

Figure 5.2 shows the comparison of the 5” and isophotal magnitudes of these galaxies.
Table 5.2 lists the means and standard deviations of each comparison. The table also lists
the standard deviations derived for the NWS using multiply-observed galaxies.
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Figure 5.2: Comparison of the 5" circular aperture magnitudes in J (top), H (middle)
and K, (bottom) between the IRSF and NWS. The horizontal coloured strip shows the 1o
dispersion around the mean.

5.2.3 Internal Consistency

A small number of galaxies were observed in more than one field, 9 of which have reliable
photometry. The overlap is largely due to two HI galaxies within 4’ of each other and were
thus observed twice with small positional offsets. For these galaxies we compare the 5"
aperture magnitudes derived from each image as an indication of the repeatability of the



5.2 Quality Control 89
Table 5.2: Comparison of 2MASX and IRSF/SIRIUS 5" aperture magnitudes
Filter 5" aperture
(Am> g ONWS
[mag] [mag] [mag]
J 0.008 0.058 0.140
H 0.020 0.059 0.134
K, 0.020 0.048 0.140
photometry and the photometric accuracy. Here the metric used is
Am =m(IRSFy) — m(IRSF>). (5.3)

Figure 5.3 shows the comparison of the 5" aperture magnitudes of these galaxies. Table 5.3

lists the means and standard deviations of each comparison. The table also lists the standard

deviations derived for the NWS using multiply-observed galaxies. We find that, despite the

small size of this sample, the scatter is consistent with that of the NWS.
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Figure 5.3: Comparison of the 5" circular aperture magnitudes in J (top), H (middle)
and K (bottom) for doubly-observed galaxies. The horizontal coloured strip shows the 1o

dispersion around the mean.
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Table 5.3: Internal consistency of the 5” aperture magnitudes

Filter 5" aperture
(Am> g ONWS
[mag] [mag|] [mag]
-0.027 0.045 0.140
H -0.022 0.055 0.134
K -0.001  0.075 0.140

5.3 Extinction and NIR Colours

The Schlegel et al. (1998) extinction maps derived from the DIRBE/IRAS data are not
properly calibrated at low Galactic latitudes (]b] < 5°) (see Sect. 1.1.1 for a full discussion of
extinction including the DIRBE/IRAS extinction maps). Foreground contaminating sources
are not removed from their maps at |b] < 5° which would lead to an overestimate of the
extinction. Moreover, Schlegel et al. (1998) assume an extinction law with Ry ~ 3.1, while
the dust composition of giant molecular clouds within the Galactic disk is likely to differ
from less dense dust clouds further from the Galactic plane. Thus the extinction law and
Ry parameter should vary across the Galactic plane. Higher density regions consisting of
larger grains typically have Ry ~ 5. For these regions, the difference in extinction as a
function of wavelength is lower (large grains are grey absorbers) and would also imply an
overestimation of the total extinction for a given colour.

Despite these problems the DIRBE/IRAS maps remain the best means to estimate the
extinction in this region of the sky. Several studies have shown that they do indeed over-
estimate the extinction. For example, Nagayama et al. (2004) measured the colour excess
of giant stars in a region around PKS 1343-601 (I,b = 309°7,1°7) and found the Schlegel
values to be 33% too high. Schréder et al. (2007) looked at the I — J, J — K and I — K
NIR colours of galaxies in the same region and concluded that the extinction is 87% of the
DIRBE values, i.e. the DIRBE values overestimate the extinction by 15%. Other indepen-
dent studies have shown the true extinction to be 67 — 87% of the DIRBE values (Arce &
Goodman 1999, Choloniewski & Valentijn 2003, Dutra et al. 2003, Schrioder et al. 2005, van
Driel et al. 2009). Furthermore, in their study of Northern ZoA galaxies, van Driel et al.
(2009) find that the overestimate depends on the amount of extinction, increasing from a
factor of 0.86 for galaxies with B band extinction in the range 2 < Ap < 6, to a factor of
0.69 for the more heavily extincted galaxies with 6 < Ap < 12. Moreover, the consistency
of their values with those derived in the Southern ZoA, closer to the Galactic bulge suggests
little or no variation with Galactic longitude.

The colours of nearby galaxies provide an independent means to determine the extinction
at low latitudes. To test the validity of the DIRBE/IRAS extinction we apply a correction
based on these values and look for residuals in the resulting colours. Figure 5.4 shows the
extinction-corrected NIR colours, (J — H)?, (H — K;)° and (J — K,)°, as a function of the
K, band extinction, Ag,. The DIRBE/IRAS maps clearly overestimate the extinction at
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these low latitudes. This is done for all NIR detections with reliable photometry in all three
bands. The galaxies cover a wide range of Galactic latitude and longitude. The colours were
determined from the 5” aperture magnitudes. The dashed lines show a linear least squares
fit to the data. There is a clear trend for the colours of galaxies at high extinction to be

bluer than expected. The fits give:

(J—H)° = (—0.100+0.026)Ax, + (0.680 £0.012) [0 = 0.12],
(H-K,)° = (—0.152+0.025)Ax, +(0.2834+0.012) [0 =0.12], and (5.4)
(J—K,)° = (—0.248+0.042)Ag, + (0.964+0.019) [0 = 0.19),

where o is the rms deviation of each fit.

To derive the true extinction as a function of the DIRBE/IRAS extinction we follow the
method of Schréder et al. (2007), which is described briefly below.

A generic colour, Egs. 5.4 may be written in terms of the K, band extinction as

C° = CLAKS =+ b, (55)
and the reddening law is given by
E
C=C°+ < (C)>AKS, (5.6)
Ax,

for the DIRBE /IRAS correction and

»_ E(C —

C=C"+ (()> Ak, (5.7)
Ak,

for the true extinction-corrected colour, where the true parameters are denoted by the tilde.

E(C) is the colour excess. Combining Eqgs. 5.5 to 5.7 results in

~ —\ [ E(C
Co = CLAKS + b+ (AKS - AKS) <()> . (58)

Ak,
Since there is a clear trend in C' with Ag_, the true extinction cannot simply be a constant
additive offset from the DIRBE/IRAS value. We therefore assume that the correction is a

constant multiplicative factor, i.e.

Ak, = [ Ak, (5.9)
Substituting this into Eq. 5.8 yields
~ E
Ceo = a—&—ﬁ(l—f) Ak, +0. (5.10)
Ak,

Now, in order for the true colour to be independent of extinction, the first term must be
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Figure 5.4: Extinction-corrected NIR colours plotted as a function of K, band extinction
derived from the DIRBE/IRAS maps (Schlegel et al. 1998), from top to bottom: (J — H)°
(blue), (H — K,)° (green) and (J — K;)° (red). The colours are corrected for extinction
based on the Schlegel et al. (1998) maps and Cardelli et al. (1989) extinction laws. The
dashed lines in each panel show a least squares linear fit to the colours and the fitted linear
equation is given in the top left corner. The dotted lines show the mean intrinsic NIR galaxy
colours determined by Jarrett et al. (2003).
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Zero, i.e.

a+——L1-f)=0, (5.11)

which implies

f=a <i(?>_1+1. (5.12)

Therefore the slope of the linear fit (Eqs. 5.4) to the colour can be used to determine the
correction factor f. For our fits we get

f—m = 0.875+0.032,
fu-kx, = 0.723£0.046, and (5.13)
f—k,) = 0.689+0.052,

where the errors were determined via standard error propagation. While there are three
values, only two are independent so we combine the first two (which have the lowest rms in
the fits and which are consistent at the 2o level), to conclude that

f=0.82+0.03. (5.14)

Thus, averaging across the entire southern ZoA, the true extinction is 18% lower than
predicted by the DIRBE/IRAS values.

Because this sample covers such a large area, we can use it to investigate the extinction in
different regions of the Galactic plane. In the following section we determine the correction

factor in several latitude and longitude bins.

5.3.1 Variation with Galactic Latitude and Longitude

Figures 5.5 and 5.6 show the extinction factor derived for several Galactic longitude and
latitude bins respectively. The size of the bins is restricted by the number of galaxies we
have. Each bin contains 15—60 galaxies. From Fig. 5.5 we do not see any significant variation
in the correction factor as a function of longitude. There is some variation within the errors.
This is consistent with the results of van Driel et al. (2009), which suggest continuity of
the overestimation across Galactic longitude. Initial work by Burstein and Heiles (see e.g.
Heiles 1976, Burstein & Heiles 1978; 1982) suggested a variation with longitude based on the
observed changes in the relationships between the Hi gas-to-dust ratio and galaxy counts
towards the Galactic bulge.

However, Fig. 5.6, indicates that there is significant variation with Galactic latitude,
with the correction factor being smaller within the Galactic plane (]b| < 1°) and smallest
immediately below the plane (—1° < b < —3°). The sample size within each bin prevents
a more detailed analysis to investigate whether this trend occurs at all longitudes. Despite
this, the fact that the correction factor is smaller above the plane is clear. This appears to
follow the asymmetry in the star density and the Hr1 distribution about the Galactic plane,
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Figure 5.5: DIRBE/IRAS extinction correction factor as a function of Galactic longitude .

which is consistent with the warp of the Galactic disk falling below the Galactic plane in

the Southern hemisphere.
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Figure 5.6: DIRBE/IRAS extinction correction factor as a function of Galactic latitude b.

5.4 Catalogue Statistics

5.4.1 Detection Rates

Of the 580 fields that were observed, galaxies were found in 422 fields. A total of 567
galaxies were identified. 141 fields had more than one galaxy identified as a possible coun-
terpart. The identification of NIR counterparts to the HI sources is described in Sect. 5.5,
including the likelihood of choosing the right counterpart. Figure 5.7 shows the spatial
distribution of the detected galaxies. The small red points show the fields for which no
counterpart was identified. The large blue points indicate the fields in which one or more
possible Hi counterparts were identified. Stellar mass density contours are overlaid for
values of log Nk, <14m) = 3.5,4.0,4.5 and 5.0 (yellow, orange, red and magenta respec-



5.4 Catalogue Statistics 95

tively). An extinction contour is plotted in grey for Ax, = 3™0 Schlegel et al. (1998).
At log Nk, <14m) > 4.5, the detection of galaxies correlates with the extinction level.
The likelihood of a detection is clearly determined by the foreground stellar density and
for a given stellar density decreases at higher extinction. Below the orange contour (i.e.
log Nk, <14m) < 4.0), nearly all galaxies have NIR detections. The amount of non-detections
increases slightly above the orange contour as the stellar density increases. Between the red
and magenta countours (4.5 < log N(x <14m) < 5.0), most galaxies have NIR detections,
except where the extinction level is very high (Ag, > 3m0). However, for very high star
density (log N(x,<14m) > 5.0, magenta contour), almost no counterparts are found. Com-
parison to Fig. 2.9 shows our improved ability to detect the NIR counterparts in regions of

higher star density.

« 580 HIZOA v <6000 km s ! observed
¢ 426 fields with detections
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Figure 5.7: Spatial distribution of detected possible NIR counterparts. The small red points
show the fields for which no counterpart was identified. The large blue points indicate
the fields in which one or more possible HI counterparts were identified. 2MASS PSC
stellar density contours are overplotted with values of log N(g_ <14m) = 3.5,4.0,4.5 and 5.0
plotted in yellow, orange, red and magenta respectively. Very few detections are made at
log N(k,<14m) > 5.0. An extinction contour is plotted in grey for Ax, = 370.

The Schlegel foreground extinction of the detected galaxies ranges between 003 and
4m48 with a mean extinction of (0m34). Figure 5.8 shows the number of galaxies detected as
a function of foreground extinction in the K band, Ak,. The histogram shows only those
galaxies with Ax_ < 1m5. Of the detected galaxies, 0.90% have Ag, > 1™5. The mean
extinction is plotted as a vertical dotted line. The stellar density of the detected galaxies
ranges between 3.42 and 5.32 with a mean stellar density of (4.04). Figure 5.9 shows the

distribution of detected galaxies as a function of the stellar density, log Nk, <14m.

5.4.2 Magnitude and Colour Distribution

This section presents the magnitude and colour distributions of the detected galaxies. Fig-
ure 5.10 shows the distribution of the observed (dotted histogram) and extinction-corrected
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Figure 5.8: Number of galaxies detected as a function of K band extinction. Only galaxy
counts for galaxies with Ax, < 1™5; 0.90% of the detected galaxies have Ax_ > 1™5. The
vertical dotted line shows the mean extinction of (0™34).
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Figure 5.9: Number of galaxies detected as a function of stellar density. The vertical dotted
line shows the mean stellar density of (4™04).



5.4 Catalogue Statistics 97

(solid histogram) K = 20 mag arcsec™? fiducial isophotal magnitudes in J (blue), H
(green) and K (red). The magnitudes are corrected for foreground extinction based on
the DIRBE/IRAS maps, scaled by the factor 0.82 derived in Sect. 5.3. The mean observed
and extinction-corrected magnitudes are listed in Table 5.4; the mean extinction-corrected
magnitudes are 078, 052 and 0™33 brighter than the mean observed magnitudes in J,
H and K, respectively. For comparison the 2MASS completeness limits at high Galactic
latitudes are for the J, H and K bands respectively: 14™7, 13™9 and 13™1 (Jarrett 2000).

Table 5.4: Mean observed and extinction-corrected K, = 20 mag arcsec™? fiducial isophotal
magnitudes

Filter (m)  (m°)
[mag] [mag]

J 14.55 13.77
H 13.60 13.08
K 13.16 12.83

The 5" aperture magnitudes are used to derive the NIR colours of the detected galaxies;
the distribution of the observed colours is plotted in the fop panel of Fig. 5.11 and that of
the extinction-corrected colours in the bottom panel. J — H is plotted in blue, H — K, in
green and J — K, in red. The mean values of each colour are plotted as vertical dotted
lines. It is evident that the distributions of observed colours are skewed towards the red end
as a result of selective extinction. This is due to reddening by extinction. The extinction-
corrected colour distributions are more symmetric and less dispersed. Table 5.5 lists the
mean values of the observed and extinction-corrected colours as well as the dispersion of each
distribution. For comparison, the mean colours of the 2MASS Large Galaxy Atlas (LGA),
(J—H)? = 0m73, (H — K)% = 0m27 and {(J — K)°) = 1™00, are also given (Jarrett
2000, Jarrett et al. 2003). The mean extinction-corrected colours of ((J — H)%) = 0™69,
(H— K)° = 0m26 and ((J — K)°) = 0™95 are consistent with those of the LGA. NIR
colours vary only slightly with morphological type, so there is little dispersion introduced
by different types present in this sample. Jarrett (2000) plot the NIR colour distributions
for the LGA for different morphological types. The dispersion of the extinction-corrected
colours of 0™1 — 0™2 is consistent with the dispersion in their distributions. The consistency
between the mean values and dispersions of the extinction-corrected colours derived here
and for the 2MASS LGA outside the ZoA adds credence to the new extinction correction
derived in Sect. 5.3.

Table 5.5: Mean observed and extinction-corrected colours
Colour (C) oo (C°)  oco  {(C°) (LGA)
[mag| [mag| [mag]

J—H 0.94 0.22 0.69 0.12 0.73
H-K, 043 0.16 0.26 0.12 0.27
J—-K, 137 0.35 095 0.19 1.00
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Figure 5.10: Distribution of K, = 20 mag arcsec™2 fiducial isophotal magnitudes in J
(top, blue), H (middle, green) and K (bottom, red) in 0™5 bins. The dotted histograms
show the observed magnitudes and the filled solid histograms show the extinction-corrected
magnitudes. The vertical dotted lines indicate the mean observed values and the vertical
solid lines show the mean extinction-corrected magnitudes.
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Figure 5.11: Histograms showing the distribution of NIR, colours derived from the 5" aper-
ture magnitudes. The top panel shows the observed colour distributions which are skewed
to the right (redder) due to selective extinction. The bottom panel shows the extinction-
corrected colour distributions which are more symmetric. J — H is shown in blue, H — K in
green and J — K in red. Vertical dotted lines indicate the mean values of each distribution.
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5.5 HiI Counterpart Identification

The NIR catalogue contains all galaxies identified as possible Hi counterparts. Visual in-
spection of the HI1 spectra of the 422 Hi galaxies for which possible NIR counterparts were
identified allowed for the confirmation of the counterpart for 356 (84%) Hi galaxies. Both
the HI spectra and NIR images were used to aid in the counterpart identification. For in-
stance a galaxy with a clear double horn profile was identified as an edge-on NIR galaxy
and one with a Gaussian-shaped profile was identified as a face-on galaxy. Of the 141 fields
with more than one possible identified counterpart, a single counterpart could be confirmed
for 75 fields, while the NIR counterpart for 66 fields remained ambiguous. In the cases of
positive identification of the NIR counterpart, usually only the presence of a strong double
horn profile and clearly inclined galaxy allowed for confirmation of the counterpart.

The offsets between the H1 and IRSF positions for the confirmed counterparts are plotted
in Fig. 5.12. The large circle shows an offset of 4’, which is the pixel size of the Hi data.
98% of the detections lie within 4" and 88% are within 3’. Table 5.6 lists the number of
counterparts found and the number confirmed within 3’ and 4’. The number confirmed
is also given as a percentage of the number found, i.e. 62% of counterparts within 3’ were
confirmed, dropping to 55% within 4’. As a comparison, for the two parts of HIZOA Northern
Extension (NE), Donley et al. (2005) confirm 54 — 60% 2MASS counterparts within 3’ and
52 — 67% within 5. Note that the size of the IRSF field precludes the consideration of all
possible counterparts within 5, but Donley’s 5’ values are reproduced here for completeness.
In fact, in their final counterpart selection, Donley et al. (2005) exclude counterparts offset
by > 4’ as statistically unlikely. Our detection rate is consistent with that of Donley et al.
(2005) bearing in mind that these NIR data are deeper than 2MASS and is better able to
penetrate both the dust and stars of the Milky Way, our counterpart detection rate of 62%
within 3’ is comparable to the NE 2MASS counterpart detection rates. Furthermore, the
NE fields lie at lower extinction and star density than much of the rest of the HIZOA fields.

Table 5.6: Counterpart detection rates

<3 <4
Neounterparts found 320 399
Neounterparts confirmed 198 (62%) 220 (55%)

5.5.1 Reliability

The possibility of a misidentification remains, even more so in high extinction regions, due
to the fact that the real counterpart drops below the detection threshold. However, the
probability of this is difficult to quantify. For the HIZOA Northern Extension, Donley et al.
(2005) investigated the likelihood of identifying the “real” counterpart associated with the
Hi galaxy. They simulated a grid of artificial Hr1 detections across the survey regions and
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Figure 5.12: Positional offsets between HI1 positions and IRSF positions. The large circle
shows an offset of 4, which is the pixel size of the Hi data. 98% of the detections lie within
4’, 88% within 3'.

identified the nearest 2MASS counterpart to each source within 3’ and 5. This allows the
number of spurious counterparts to be determined that are expected for the real detections.
The probability, P, that the detected counterpart is in fact related to the HI galaxy is given
by:

p_ N, counterparts — Nunrelated

) (5.15)
N, counterparts

where

N Nsimulated galaxies with counterpart

lated =
et Nsimulated galaxies

x Ny galaxies- (5.16)

The probabilities varied for the two NE fields as a result of the different foreground extinction
and varying density of galaxies in these two fields. They determined the expected percentage
of real detections to be 79 — 88% within 3’ and 59 — 77% within 5’. Since the positional
uncertainty of the Parkes Hi sources depends on the S/N of the galaxy and the reliability of
the counterparts is field dependent, these numbers provide a representation of the sample.
Actual values for each galaxy should vary slightly, on the order of 10%.

5.6 Stellar and Hi1 Properties

The sample of 356 confirmed counterparts is used here to investigate the relationships be-
tween the stellar properties based on the NIR magnitudes and the gas properties from the
H1 parameters of the galaxies. This information provides insights into galaxy evolution.

Figure 5.13 shows the HI mass, log My, as a function of the observed extinction-
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corrected K band magnitude, K¢ (left panel) and as a function of the absolute extinction-
corrected K band magnitude, Mlo(z (right panel). The absolute magnitude is calculated

based on the HI recession velocity:
Mp" —5log hrs = mi, obs — A, — Ix, — 510g Urec — 15, (5.17)

where A _ is the Galactic extinction correction and I is the inclination-dependent internal
extinction correction, applied as described in Sect. 1.1.1. Galaxies for which no possible NIR
counterparts were identified are indicated with an upper limit to the magnitude which is
calculated from the K band completeness limit of Ky = 15m4 (NWS; Riad 2010) and
corrected for foreground extinction. The apparent magnitude provides information on the
observational sample. The faintest galaxies in the NIR are not recovered and they span a
wide range of HI mass. The absolute magnitude plot sheds lights on the intrinsic properties

of the sample. A correlation between the Hi mass and K band magnitude can be seen.
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Figure 5.13: Left Hi mass as a function of apparent K band magnitude. Right HI mass as
a function of absolute K band magnitude.

It is more useful to examine the HI mass-to-light ratio and the relationship between the

Hi mass and the stellar mass. The K -band luminosity, in solar units, is given by
L. = 10704(Mx,=Mo k) (5.18)

where the Mg o = 3.32 mag (Bell et al. 2003), and the stellar masses are estimated from
the K luminosity using the relation from Bell et al. (2003)*:

*

Lk

= 0.95 + 0.03. (5.19)

s

Figure 5.14 shows the HI mass-to-light ratio as a function of K, absolute magnitude (left

*This is an average value for the local Universe, calculated from the average stellar mass density and
luminosity density.
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Figure 5.14: HI mass as a function of stellar mass.

panel). The two parameters plotted are dependent on each other so the direct relationship
between the HI and stellar masses is also shown (right panel). Both these plots indicate
how the gas and stars in galaxies are related to each other. Warren et al. (2006) proposed
that for a given luminosity, a galaxy’s mass-to-light ratio cannot exceed a certain value. The
theoretical work by Taylor & Webster (2005) supports this suggestion that the mass of a
galaxy determines the minimum amount of stars that can be formed. Kirby et al. (2008a)
have done a similar analysis in the H band for dwarf galaxies. They include also a sample of

galaxies from Virgo, thereby incorporating a variety of morphological types in their sample.
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Chapter 6

Tully-Fisher Analysis

In this chapter the H1 and NIR data of the Hi-detected ZoA galaxies are used to derive
a preliminary peculiar velocity flow field behind the Galactic plane through an analysis
using the near infrared Tully-Fisher (NIR TF) method. This Chapter is divided into four
parts: the first section (6.1) gives a brief overview of the use of the TF relation in peculiar
velocity surveys as well as some of the key results from these studies; Section 6.2 details the
implementation of the TF relation, with reference to the TF observables, the corrections
made to the observed parameters, the derivation of an unbiased TF template relation and
the determination of peculiar velocities; the third section (6.3) describes the selection of
a TF sample and the subsequent peculiar velocity sample selection; and finally Sect. 6.4
presents the peculiar velocity flow field in the ZoA.

6.1 Previous Work

6.1.1 Early Work

Since its inception in the late 1970’s, the TF relation has extensively been used to measure
cosmological parameters as well as distances and peculiar velocities of galaxies. Most of the
early work, such as that by Aaronson, Mould and collaborators (Aaronson et al. 1980b;c,
Mould et al. 1980), was focused on the determination of the Hubble parameter, but also
contributed significantly to the growing understanding of bulk flows in the universe, most
notably the nature of the infall onto the Virgo cluster. Increasing evidence from these TF
surveys and other techniques showed that Virgocentric infall could not be the sole cause
of the peculiar motion of the LG over the uniform Hubble flow (Davis & Peebles 1983,
Sandage & Tammann 1984, Yahil 1985). The development of CCD’s for use in astronomy in
the late 1980’s allowed for greatly improved measurements of magnitudes for larger numbers
of galaxies. Improved magnitudes reduces the errors in the resulting TF distances and large
numbers of galaxies improves the statistical sampling of the peculiar velocity flow fields.
Furthermore, Bothun & Mould (1987) showed a reduction in the intrinsic scatter of the NIR
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TF relation based on I band CCD photometry, the longest wavelength band accessible to
CCD’s. Their I-band sample was also used to investigate bulk motions out to a velocity
of 3000 kms~!, but found no evidence for flows larger than 350 kms~! perpendicular to
the supergalactic plane, i.e. little evidence for large attractors other than the Virgo cluster.
Whereas other independent studies (Shaya 1984, Tammann & Sandage 1985, Lilje et al. 1986)
postulated the existence of another larger attractor towards Hydra-Centaurus supercluster.

It was the application of the D,, —o relation for ellipticals (Dressler et al. 1987) that led to
the discovery of the Great Attractor (GA) by Lynden-Bell et al. (1988). Several independent
large-scale peculiar velocity studies followed with results both challenging and supporting
this claim. Moreover, Scaramella et al. (1989) suggested that much of the cause of the
LG motion may be due to the more distant Shapley Concentration at v ~ 14000 kms™!.
Willick (1990), using the R band TF sample of Aaronson et al. (1986), showed a coherent
motion of the Perseus-Pisces (PP) supercluster towards the GA. Later, the R band TF
sample of Courteau and Faber (Courteau et al. 1993) confirmed the extent of this PP inflow
over a much larger region of the sky. The large area coverage and uniform selection of their
sample allowed for easy comparison of peculiar velocities between different regions of the sky.
Mould, Han and collaborators (Mould et al. 1991, Han 1992, Han & Mould 1992) obtained
I band TF data distributed over much of the sky, but could not distinguish between the two
models they fitted; one with a bulk flow towards the GA region and the other with infall
onto both the GA and PP.

6.1.2 Large TF Samples

Large, uniform samples provide less biased determinations of the peculiar velocity flow
field. The largest single TF dataset at the time was that of Mathewson and collaborators
(Mathewson et al. 1992a, Mathewson & Ford 1994) consisting of I band photometry and
Hi1 and optical linewidths for 1355 galaxies in the southern sky. Samples can be increased by
combining different datasets, however this introduces systematic errors resulting from the use
of different methods of measuring the magnitudes and velocity widths and the application
of different corrections to these measurements. Despite these problems, several large studies
were started in an effort to combine the growing amount of available TF data from different
sources into one homogeneous sample by attempting to account for the differences in the
individual datasets.

Initial work by Burstein produced the Mark I and Mark II peculiar velocity catalogues
which combined D,, — o elliptical data and TF data for spirals. However, some uncertainty
remained in their distance catalogue because of the spatial separation of the ellipticals and
spirals. The availability of newer, larger peculiar velocity samples allowed this to be extended
to the Mark III Catalogue of Galaxy Peculiar Velocities (Willick et al. 1995; 1996; 1997). The
Mark IIT incorporates data from the samples of Han, Mould and collaborators (Han 1992,
Han & Mould 1992, Mould et al. 1991; 1993), Willick (Willick 1991), Courteau and Faber
(Courteau 1992), Mathewson (Mathewson et al. 1992a) and Aaronson (Aaronson et al. 1982).
This catalogue was analysed by Dekel et al. (1999) using the POTENT method resulting in
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a measured bulk flow of over 300 kms~! within 5000 kms™!, towards (I,b) = (314°,30°).
This bulk flow shows a coherent flow of most of the galaxies in the local Universe, including
the PP, towards the GA and the Shapley Concentration.

The second study is the I band sample of Giovanelli and collaborators who chose to
combine some existing data with extensive new observations. Their sample is separated into
~ 2000 field galaxies (the SFI; Giovanelli et al. 1994; 1995, Freudling et al. 1995, da Costa
et al. 1996) and 782 galaxies in 24 clusters (the SCIL; Giovanelli et al. 1997b, Haynes et al.
1999b;a). The cluster sample can be used to derive the TF template relation as well as
study the amplitude of the motions of the clusters (Giovanelli et al. 1997a). Dekel et al.’s
POTENT analysis of the SFI catalogue yielded flows which are consistent with the Mark
IIT catalogue.

The largest peculiar velocity survey at the time was that of the Kinematics of the Local
Universe project (KLUN; Bottinelli et al. 1990; 1992, di Nella et al. 1996, Theureau et al.
1998). The initial KLUN catalogue consisted of 6600 galaxies with B magnitudes and
HI1 redshifts and linewidths. However, a significant fraction of the KLUN data were taken
directly from the literature and the HI spectra have low velocity resolution.

These surveys were useful in revealing the main features of the bulk flows in the Uni-
verse, however some inconsistent results remained, in particular pertaining to the scale of
the largest flows (Dekel et al. 1999). Much larger samples were needed to resolve these
inconsistencies and to investigate the details of the large-scale structure in the local Uni-
verse. The newer generation peculiar velocity surveys include ~ 5000 or more galaxies and
aim to provide the best fidelity data available, by combining existing data with extensive
new observations. The KLUN survey was expanded to include some 20 000 spiral galaxies
with new Hi data from the Nancay radio telescope and with added B and I band data from
DSS1 and DENIS (KLUN-; Theureau et al. 2005). More recently, a further extension of the
KLUN project has been made to include the J, H and K NIR data from 2MASS (Theureau
et al. 2007). The augmented SFI project (SFI++; Masters et al. 2006, Springob et al. 2007)
includes significant amounts of new data and implements more careful determination of TF
parameters. I band TF parameters for 4861 field and cluster galaxies are included in their
sample.

Despite their significant extent, both the SFI++ and the KLUN+ are incomplete across
the Galactic plane. The derivation of peculiar velocity fields from these samples therefore
requires some form of interpolation to be done across this region of the sky (see e.g. Yahil
et al. 1991, Lahav et al. 1994, Kolatt et al. 1995). Furthermore, the effect of the mass
distribution within the ZoA on the local dynamics is still largely unknown, in particular the
nature and extent of the GA.

6.1.3 The 2MASS Tully-Fisher Survey

Giovanelli’s group has begun work on the 2MASS Tully-Fisher survey (2MTF; Masters et al.
2008, Masters 2008) which aims to measure TF distances for all bright inclined spirals in the
2MASS Redshift Survey (2MRS; Huchra et al. 2005). Because the magnitudes for the 2MTF
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are provided from a single catalogue (2MASX), systematic errors as a result of homogenising
data sets are avoided. The 2MTF will also obtain new high-fidelity HI measurements with
even sky coverage and will provide better statistics for the study of the local peculiar velocity
flow field. The use of the NIR TF will result in a reduction of the ZoA and therefore reduce
the impact of the ZoA on peculiar velocity studies. However, since the 2MRS is restricted
to |b| > 5° and |b] > 10° for |I] < 30°, there is still a significant part of the sky that will

remain unsampled in the 2MTF.

The aim of this thesis is to provide TF data for galaxies in the ZoA where the 2MTF
will be undersampled. We use the TF template derived for the 2MTF and derive our TF
data consistently with the 2MTF. This will enable these data to be incorporated into the
2MTF with limited uncertainty introduced by attempting to homogenise the two different
samples. This is important to studies of the dynamics in the Universe and the continuity
across the ZoA. Furthermore, it will be useful later to compare the peculiar velocity flow
field derived here with the fields resulting from statistical interpolation. This will help test
the interpolation methods used.

6.2 The Tully-Fisher Relation

The TF relation is introduced and the advantages of the NIR TF are discussed in Sect. 1.3.4.
Two sets of data contribute to the TF relation; imaging data provides a measurement of the
(distance-dependent) luminosity of the galaxy, and spectral data, in this case Hi1 spectral
data, provides a proxy for the (distance-independent) rotation speed of the galaxy. The
absolute brightness and the rotation speed are related through the TF relation. In order to
use the TF relation to measure galaxy distances a template is required. This TF template is
derived from a sample of galaxies with known distances or a sample of cluster galaxies and
provides the calibrated relation between the absolute magnitude and rotation width. The
absolute brightness of a galaxy with unknown distance can be read off from the TF template
given a measurement of its rotation width. This can be used with the galaxy’s apparent
brightness to determine the distance via the distance modulus.

The specific parameters used result in different determinations of the TF relation and
thus it is important to use parameters and corrections that are consistent with those used
in the derivation of the TF template. For example, the magnitudes used may be isophotal
or total magnitudes and the widths may be the 50% or 20% linewidths or the calculated
Umaz- The TF template used here has been derived by Masters et al. (2008) (described in
Sect. 6.2.2) and was chosen for its current availability and the fact that it covers all three
NIR bands used in our survey, J, H and K,. The raw data used and the corrections made
here are chosen to be consistent as far as possible with the parameters and corrections made
by Masters et al. (2008) in their derivation.
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6.2.1 Tully-Fisher Observables
NIR Imaging Data

The luminosity of the galaxy is provided by NIR imaging. Chapters 4 and 5 described in
detail the derivation of the NIR parameters to be used in the TF relation. The quantities of
interest are the J, H and K, extrapolated total magnitudes, m s, my and my, respectively,
and the ellipticity, e = 1 — b/a, where b/a is the axis ratio. Note that the total magnitudes
are chosen to be consistent with the TF template relations derived by Masters et al. (2008)
that are already available.

The inclination, 4, of the system is derived from the J band ellipticity (e = €;), as it is
assumed that it should best trace the inclination of the disk and be least affected by the
bulge (Masters et al. 2008). The inclination is determined from

1— 2 2
cos? i = (6)72%, (6.1)
1- ds
where qo = 0.2 is the intrinsic axis ratio of the galaxy for all types of galaxies. Normally

a slightly lower value of gg = 0.13 is taken for later type Sb and Sc galaxies, but the lower
value is chosen in order to mitigate the effect of the bulge on the most edge-on galaxies. A
small correction for the effects of seeing on the axis ratio is made following Masters et al.

(2003). The corrected axis ratio, a/b, is given by

(%) - (%)b (1—0.022 + 0.212% — 0.012%) , (6.2)

where z = FWHM (“—/”) - FWHM is the full width half maximum of the seing disc and
o0s

o0 is the radius of the J = 20 mag arcsec ™2

isophote. For small inclined galaxies a minimum
of value of b/a = 0.12 is imposed to prevent overcorrection. The NIR images also provide
an estimate of the Hubble type, T', of the galaxy. An initial visual inspection is made of

each galaxy and it is classified as one of three classes: T < 2,2 <T <4 and T = 5.

Magnitude Corrections

The magnitudes are corrected for extinction due to dust in our galaxy using the DIRBE/IRAS
maps of Schlegel et al. (1998), but reduced by a factor of 0.82 (see Sect. 5.3) that corrects for
the overestimation of the DIRBE values in the ZoA. The extinction in each IRSF/SIRIUS
band is obtained by integrating the extinction law of Cardelli, Clayton, & Mathis (1989)
over each of the J, H and K, bandpasses (Cluver et al. 2008b):

A; = 0863E(B-V),
Ay = 0.570E(B-V), (6.3)
Ag. = 0.368E(B-V).
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Note that the difference between these values and those given in Sect. 1.1.1 is due to the
filters used. A correction for internal extinction is made as prescribed in Sect. 1.1.1 following
the work of Masters et al. (2003).

We apply a small cosmological k correction® as in Masters et al. (2003; 2008) which is
derived from the models of Poggianti (1997). In the three bands the k corrections are

k; = —0.68z,
ky = —0.40z, (6.4)
kg, = —152z,

where z is the redshift determined from the Hi spectra. For our galaxies, the k corrections are
< 0m03, which are insignificant compared to the size of the magnitude errors and extinction
corrections.

Since the TF relation is found to depend slightly on the galaxy type, the magnitudes of
earlier type galaxies are corrected to an Sc type (T' = 5) using the prescription of Masters
et al. (2008):

Ty = 0.23—286(logW —2.5) T <2, (6.5)
Ty = 0.02-131(logW —2.5) : 2<T <4

in the J band,
Ty = 0.21—292(logW — 2.5) <2, (6.6)
Ty = 0.01—126(logW —2.5) : 2<T <4

in the H band, and
Ty = 0.19—3.16(logW — 2.5) <2, (6.7)
Ty = 0.01 —1.46(logW —2.5) 2<T <4

in the K, band.

The corrected magnitude for each galaxy is thus given by:
Meor = Mobs — A—T+k— TJV](W)a (68)

where m.,, is the corrected apparent magnitude, mps is the observed apparent magnitude,
A is the Galactic foreground extinction, [ is the internal extinction and & is the k correction.
T (W) is the linewidth-dependent type correction.

*The redshift implies that light received in a given passband centred on A was actually emitted from
a narrower passband centred on Ao = A/(1 + 2); for broadband photometry the k-correction provides the
transformation between the observed frame and the rest frame, correcting for both the change in the width
of the passband and for the shift in central wavelength (Humason, Mayall, & Sandage 1956, Oke & Sandage
1968). The correction can be expressed as a magnitude difference.
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Hi1 Spectral Data

The 21 cm Hr spectral data are provided by the HIZOA survey and new narrowband obser-
vations. The HIZOA and narrowband data are described in Chapters 2 and 3 respectively.
For the purposes of the TF analysis, the parameters of interest are the systemic velocity, v,
and the velocity width. The linewidth used for the TF analysis is the width measured at
50% of the peak flux, wsg. The raw linewidth has to be corrected for instrumental broaden-
ing, Ag, the effects of turbulent motions, Ay, the inclination of the disk, i, and cosmological
broadening.

The instrumental correction is always a small positive number that depends on the
spectrometer channel separation, Awv, the signal-to-noise of the spectrum, SNR, and the
type of smoothing. We use the correction derived by Springob et al. (2005):

A, = 2A0), (6.9)

where A is a piece-wise defined function of SNR and channel separation:

log(SNR) < 0.6 : A = M(Av);
0.6 < log(SNR) < 1.1: A = X2(Av) + N5(Av)log(SNR); and (6.10)
log(SNR) > 1.1: A = A3(Av).

For Hanning smoothing and channel separations larger than 11 kms™!, the values of ); are
A1(Av) = 0.227, A\y(Av) = —0.1532, A, (Av) = 0.623 and A3(Av) = 0.533.

The correction for turbulent motion accounts for non-circular motion of the Hi gas,
warps, bars and global asymmetries as well as small-scale dispersion particularly around
spiral arms. Springob et al. (2005) give the merits of a simple linear correction as opposed

L is used.

to a correction subtracted in quadrature. A value of A; = 6.5 ks~

Redshift effects cause the profile to be broadened by a factor of 1 + z, where z = v/c
is the redshift calculated from the systemic velocity. Finally the projection of the velocities
onto the line-of-sight causes the observed width to be narrower by a factor of sini, where 4
is the inclination of the disk determined from the J band axis ratio.

The corrected linewidth is given by:

’LU50—AS 1
W=|————-A;{| —. 11
[ 112 t:| — (6.11)

6.2.2 2MTF Template

To use the TF relation to measure distances to galaxies a template is required which provides
the calibrated relation between the absolute magnitude and rotation width. Ideally, the
template sample should be unbiased or fully bias-corrected, the distances should be well
known and not affected by (or properly corrected for) peculiar velocities. Furthermore, the
photometric and spectroscopic data should come from the same source and be analysed
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consistently. Errors in the parameters should be well understood. It is important to note
that a biased template will result in biased peculiar velocity measurements.

Masters et al. (2008) have calculated a global template in the 2MASS J, H and K, bands
for use with the 2MTF. A global or unbiased template is constructed by removing all sample
biases and can readily be used to determine TF distances without applying individual bias
corrections. We provide here a description of the data sample, bias corrections and derivation
of the TF template relations.

TF Sample

The Masters et al. (2008) sample is drawn from the Cornell Hi digital archive (Springob et al.
2005) and the database of optical rotation curves (ORCs; see e.g. Catinella et al. 2005) that
have counterparts in the 2MASS XSC. Of these sources, those that lie within the clusters
with known distances used by Masters et al. (2006) are chosen for the derivation of the
template relation. In the final TF template sample 65% of the galaxies are also found in the
SFI+-+ sample (Masters et al. 2006), which was used to derive the I band TF template. The
ORC linewidths were transformed to the 50% Hi1 linewidth. The photometry is provided by
the 2MASX total magnitudes in the J, H and K bands. The motivation for using the total
magnitudes is that, in theory, they provide the best estimate of the total luminosity, hence
mass, of the system. However, it should be noted that the depth of the 2MASS survey
limits the determination of total magnitudes, particularly for LSB galaxies. The I band
axis ratios, where available, are chosen in preference to the 2MASX J band ratio. In the
cases where the 2MASX axis ratios are used, only galaxies with J band inclinations greater
than 25° are included in the sample. Corrections are made to the rotational widths and
magnitudes as described in the previous section. One important exception is that Masters

et al. (2008) use the Galactic extinction correction given in Sect. 1.1.1:

A; = 0.902E(B-V), (6.12)
Ay = 0576E(B-V),
Ag = 0367TE(B-V),

which are calculated by Schlegel et al. (1998) for the UKIRT J, H and K filters. Note that
they do not use total-to-selective extinction ratios derived for the 2MASS filters. However,
since their template galaxies lie in regions of low extinction the small extinction correc-
tions are very small and the differences introduced by total-to-selective extinction ratios are

smaller.

Bias Corrections

Masters et al. (2008) attempt to derive an unbiased TF template by making reasonable
assumptions about the parent galaxy population to correct for observational biases in the
sample population. For completeness, I briefly describe here how the biases for which they
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correct arise:

1. Incompleteness bias correction. At the faint end of the TF relation bright galaxies
lying above the TF relation are preferentially observed because the fainter galaxies fall
below the detection threshold, while at the bright end all galaxies can be observed.
This effect artificially raises the zero point of the derived TF relation and makes the

slope shallower.

2. Mean distances to cluster. This bias is introduced because the TF relation uses mag-
nitudes or the average of the log of the distance while the physical parameter is the log

of the average distance of a cluster, which is a small fixed difference for each cluster.

3. Cluster size incompleteness. In a given cluster, dimmer galaxies are preferentially
observed in the closer parts of the cluster. This is a small correction that depends on

the size of the cluster and correction 1.

4. Morphological correction. The slope of the TF relation differs according to morpho-
logical type, being shallower for later types. The corrections they prescribe are given

in the previous section, Eqs. 6.5 to 6.7.

5. Cluster peculiar velocity. The magnitudes are corrected for the peculiar velocity of

each cluster so that the data from each cluster lie on the same TF relation.

TF Template Relation

A bivariate fit to the Masters et al. (2008) data after all the corrections have been applied
yields the following TF relations in the J, H and K, bands respectively:

M;—5logh = —20.999 — 9.070(log W — 2.5),
My —5logh = —21.833—9.016(logW — 2.5), (6.13)
Mg, —5logh = —22.030—10.017(log W — 2.5).

Figure 6.1 shows a plot of the absolute magnitude as a function of the corrected linewidths
of their TF calibration data. They observe a slight shallowing of the slope at both the
very high and very low mass ends. Usually the deviation at the low mass end is to make
the slope steeper as observed in the optical (Pierini & Tuffs 1999, Kannappan et al. 2002)
and suggested in the I band (Masters et al. 2006). However, the shallower slope at the
low mass end may be a result of the assumptions of the incompleteness bias correction.
Moreover, distinguishing changes in the TF relation due to morphological type or luminosity
(or HI mass) is difficult. At the high mass end the shallowing of the TF relation has also
been reported in the I and K bands (Masters et al. 2006, Noordermeer & Verheijen 2007).

The scatter in their TF relation is found to depend on rotation width, being greater for
narrower linewidths. They fit the scatter with a linear function and obtain for the observed
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Figure 6.1: Global TF relation in the (a) K, (b) H and (c) J bands taken from Masters
et al. (2008). The solid line shows the bivariate fit to their sample

scatter:

Cobs,; = 0.56—0.66(log W — 2.5),
Cobs. ;= 0.54—0.89(logW — 2.5), (6.14)
€obs, g, = 0.54—0.87(logW —2.5).

Accounting for measurement errors they calculate the intrinsic scatter in the TF relation to
be:

€int,; = 0.39—0.78(logW —2.5),
€int,y = 0.38—1.14(logW —2.5), (6.15)
Cint, ., = 0.35— L17(log W — 2.5).
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6.2.3 Derivation of Peculiar Velocities

This section summarises the corrections made to the observed parameters and provides
the recipe for the determination of distances, d, and peculiar velocities, vpe., from the
TF relation. This is done in each of the J, H and K, bands. The peculiar velocities
are determined in the CMB frame so the heliocentric HI recession velocity, vpe;, is first
transformed to the CMB frame using the model of Fixsen et al. (1996):

Uemb = Uhel + Vapeg [SIN0SIN bgpeq + €OS b 08 bapes €08 (I — lapes)] s (6.16)

where vgpe, = 371.0 kms™!

s lapex = 264214 and bgpe, = 48226 are the velocity and position
(Galactic coordinates) components of the apex vector describing the relative motion of the
Sun with respect to the CMB. The corrected absolute magnitude, M, calculated from the

observed HI recession velocity in the CMB frame, vemp, is given by
M —5logh = Meor — 5log vVemp — 15, (6.17)

i.e.
M —5logh=meps —A—T+k—Ty(W)—>5logvemps — 15. (6.18)

The corrected linewidth W is

wso — A

W:
[ 1+2

1

— At} —_—. (6.19)
sin

If the galaxy has no peculiar velocity, it should lie on the TF relation. This is, however,

not generally true and the peculiar velocity of the galaxy introduces an offset from the TF

relation:
AM =M — M(W), (6.20)

where M (W) is the value of the TF relation for width W. Since M o 5log (vemp) and
MW) x 5log (Vemb — vpec), it can be shown that the peculiar velocity is given by

Upec,emb = Uemb (]- - 100'2AN1) . (621)

From the definition of the peculiar velocity, vpec = Vems — Hod, the distance of the galaxy is
found to be:

Vemb 4 ~10.2AM
d=——-10 . 6.22
H, ( )

Uncertainties

The uncertainties are calculated by standard propagation of the measurement errors. The

error on the absolute magnitude is calculated from Eq. 6.18 as,

2
oy =02 +oitoi+ (5) o2 (6.23)

Mobs Vemb In 10 Vemb?
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where the dominant term is the observational error on mg,s. The uncertainty associated

with the corrected linewidth is calculated from Eq. 6.19 as

1 2 cosi\?
2 _ 2 w 2
ow = (1 + z) s T ( sini) i (6:24)

where the terms due to uncertainties in the As, At and z have been assumed to be small

compared to the observational error in the linewidth and inclination. The error in the

inclination is determined from the ellipticity error using Eq. 6.1 to obtain,

1—e¢ 1 2
2 - 2

2 — . 6.25
7 (1q§cosisini> Te (6:25)

The uncertainty in the offset from the TF relation is the quadrature sum of the uncer-

tainty in the absolute magnitude, oy, and that of the TF magnitude, oy, i.e.
OAM = O + C’Jzu(W)’ (6.26)

where the latter term depends on the error in the corrected linewidth and includes the

intrinsic scatter in the TF relation, €;,,

b 2
The error in the peculiar velocity, o,,., is given by:

02 = (1—10022M)2 52 4 (0.99,,,10°22M 1n10)% 0% ,,. (6.28)

Upee Vemb

Finally, the distance error is

2 2
1 cm
0% = (Foloo-?AM> o2 (0.21}{;’100~2AM ln10> o2 (6.29)

6.3 The Peculiar Velocity Sample within the ZoA

In this section galaxies are selected from the NIR galaxy catalogue to obtain a sample of
galaxies suitable for a TF analysis of the peculiar velocity field in the ZoA. We consider
here only the 356 galaxies with confirmed NIR cross-identifications of the Hi1 source (See
Sect. 5.5 for the discussion on HI counterpart identification).

6.3.1 TF Sample

From the sample of confirmed counterparts we select a TF sample: only galaxies with good
NIR photometry are considered, i.e. those that did not lie near the edge of a field and were
not contaminated by a bright saturated star or by another galaxy. Thirteen galaxies were
excluded based on poor photometry. The least inclined (b/a > 0.72) galaxies are excluded
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as the inclination correction of the width and its associated errors are prohibitively large for
these galaxies; of the 356 galaxies, 80 were excluded as face-on. A further 39 galaxies were
excluded from the sample because the HIZOA w5 parameters were not available at the time
of this writing. Finally, 30 galaxies had very small implied corrected linewidths log W < 1.9;
these were excluded as they lie outside the range of the 2MTF template relation.

The final TF sample consists of 196 galaxies which are listed in Appendix B, Table B.1,
which gives the uncorrected photometric and spectroscopic parameters as well as the absolute

magnitudes from the TF relation. The columns are:

Column 1 Hi catalogue name

Column 2 & 3 Galactic co-ordinates, [ and b

Column 4 HI recession velocity, v

Column 5 Hi1 50% linewidth uncorrected for inclination, wsg
Column 6 J band ellipticity, €

Columns 7-9 observed extrapolated total magnitudes in J, H and K respectively, m,

mp, and mg_, before corrections for extinction

Column 10 50% linewidth corrected for inclination, instrumental, turbulent and cosmo-

logical broadening, wco,

Columns 11-13 absolute magnitudes in J, H and K respectively, computed assuming the
galaxy is at the distance given by its redshift and corrected for extinction

The 66 galaxies for which new narrowband HT1 observations are available are marked with
an asterisk. The absolute magnitudes are plotted as a function of the corrected linewidths
in Fig. 6.2 for the J (top, blue), H (middle, green) and K, (bottom, red) bands. The solid
lines show the 2MTF template relations of Masters et al. (2008) (egs. 6.13) and the dotted
lines show 3x the intrinsic scatter in the 2MTF template relation (eqs. 6.15). Open circles
indicate galaxies for which the implied peculiar velocity is greater than 2000 kms~!. The
figure shows that the majority of galaxies lie within 3e;,; of the TF relation, however it
does reveal a tendency for galaxies to lie above the TF relation, i.e. they are brighter than
expected. While care has been taken in identifying the NIR counterparts, the large errors
on the HI positions increase the difficulty of counterpart identification. The extreme outliers
above the template relation may be a result of the misidentification of the NIR counterpart,
most likely of a foreground galaxy or another NIR-bright galaxy in the field. It is also
possible that a foreground star on or near the nucleus of the galaxy could not be removed,
thereby causing the galaxy to be too bright. Finally, following inspection of the individual
galaxies it was found that some do have disturbed Hi-spectra, making them unsuitable for
TF analysis. However, in their analysis of the SFI++, Springob et al. (2007) also see several
extreme outliers above the I band TF relation at low widths. They suggest that these
galaxies either have significant intrinsic offsets from the TF template or erroneous width or
magnitude data. In the case of the former suggestion, these galaxies will be useful for galaxy

evolution studies.
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Figure 6.2: Tully-Fisher relation or absolute magnitude as a function of rotational width for
galaxies in the ZoA in J (top in blue), H (middle in green) and K (bottom in red). Open
circles indicate galaxies for which the implied peculiar velocity is greater than 2000 kms~!.
The solid lines show the 2MTF template relations of Masters et al. (2008) and the dotted
lines show 3x the intrinsic scatter in the 2MTF template relation, £3¢;,,¢.
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6.3.2 Peculiar Velocity Sample

A further subsample is selected in order to study the peculiar velocity field. Discussed here
are the properties of the peculiar velocity sample, in particular the inclusion of galaxies
with large peculiar velocities and those with narrow linewidths. It is noted that very few
galaxies have real peculiar velocities greater than 1000 kms~! and very few galaxies outside
of clusters have peculiar velocities much greater than 500 kms~! (Springob et al. 2007).
Peculiar velocities are given for all 196 galaxies in the TF sample. These are listed in
Appendix B, Table B.2, which gives the uncorrected photometric and spectroscopic parame-
ters as well as the absolute magnitudes and peculiar velocities derived from the TF relation.

The columns are:

Column 1 Hi catalogue name

Column 2 & 3 Galactic co-ordinates, [ and b

Column 4 HI recession velocity, v

Column 5 Hi1 50% linewidth uncorrected for inclination, wsg

Column 6 J band ellipticity, €

Columns 7-9 observed extrapolated total magnitudes in J, H and K respectively, m,
my, and mg,, before corrections for extinction

Column 10 50% linewidth corrected for inclination, instrumental, turbulent and cosmo-
logical broadening, w,o,

Columns 11-13 absolute magnitudes in J, H and K respectively, computed assuming the
galaxy is at the distance given by its redshift and corrected for extinction

Column 14 the TF distance in velocity units, Hyd

Column 15 peculiar velocity, vpec

The 66 galaxies for which new narrowband HT1 observations are available are marked with
an asterisk. These galaxies have significantly lower peculiar velocity errors because of the
improved rotational widths.

Figure 6.3 shows the peculiar velocities for all 196 galaxies in the TF sample in the
Galactic longitude — Hubble distance plane. Peculiar velocities are plotted on a colour scale
with the greater positive velocities in redder colours and the greater negative velocities in
bluer colours. The various symbols indicate the position of each galaxy with respect to the
Galactic plane: upwards-pointing triangles lie above the plane (0° < b < 5°), downwards-
pointing triangles lie below the plane (—5° < b < 0°). Near the Galactic bulge, in the GB
extension of HIZOA, galaxies farther above the plane (5° < b < 15°) are plotted as open
upwards-pointing triangles and those farther below the plane (—10° < b < —5°) are open
downwards-pointing triangles. Galaxies with narrowband Hi1 observations are plotted with
black circles around the triangle. Note that the lack of galaxies with large positive peculiar
velocities at larger distances is due to the observational limit v,5s = 6000 kms~!.

The distribution of peculiar velocities is shown in Figs. 6.4 to 6.6. In all figures the
unfilled histogram is the distribution of all galaxies in the TF sample; it is clearly strongly
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Figure 6.3: Peculiar velocities for all galaxies in the TF samples plotted in the Galactic longitude — Hubble distance plane. The colour
scale shows the values of the peculiar velocities, with redder colours being more positive velocities and bluer colours being more negative
velocities. The various symbols indicate the position of each galaxy with respect to the Galactic plane: upwards-pointing triangles lie above
the plane (0° < b < 5°), downwards-pointing triangles lie below the plane (—5° < b < 0°). Near the Galactic bulge, in the GB extension of
HIZOA, galaxies farther above the plane (5° < b < 15°) are plotted as open upwards-pointing triangles and those farther below the plane
(—10° < b < —5°) are open downwards-pointing triangles. The points with large black circles around them have narrowband H1 observations.
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offset towards positive peculiar velocities. The measured peculiar velocities have a mean
value of 993 kms~—! (shown by the vertical dotted line) and a dispersion of 1480 kms~!.
This large offset is reflected in the large numbers of galaxies lying above the TF relation
in Fig. 6.2. This large average peculiar velocity is not unreasonable given the bulk flow of
v =615+ 211 kms~! towards (/,b) = (259°,4°) found by Hudson et al. (2004). Moreover,
the fairly broad distribution (~ 1000 kms~!) of peculiar velocities is partly a result of the
intrinsic scatter in the TF relation. For example, at log W = 2.5, the intrinsic scatter in the
TF relation is ~ 0™4. This gives peculiar velocities of the order of 400 — 800 kms~'in the

velocity range 2000 — 4000 kms~?.
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Figure 6.4: Peculiar velocity distribution of all galaxies (unfilled histogram). The mean
value of the distribution, 993 kms~!, is shown with a dotted vertical line and the dispersion
is 1480 kms~!. The filled histogram shows the measured peculiar velocities of the galaxies
within £30° of [ = 325°. The solid vertical line shows the mean value of 1230 kms~'. The
dispersion is similar to the entire distribution: 1480 kms—!.

The question remains whether this mean and dispersion is representative of the whole
sample so an investigation whether the large mean and scatter is a result of poor data or
bias is done. To this end, histograms of the peculiar velocities for galaxies in the GA region
(Fig. 6.4), for those with new narrowband HI observations (Fig. 6.5) as well as for the more
massive (log W > 2.3) HI galaxies (Fig. 6.6) are presented. The latter sample excludes the
galaxies where the scatter around the Masters et al. (2008) template becomes asymmetric
and may be biased.

From Fig. 6.3, there appears to be a region with larger positive peculiar velocities within
~ 30° of the GA centre (290° < I < 350°). The solid histogram in Fig. 6.4 shows these
peculiar velocities; this distribution has a mean 1230 kms~! and dispersion of 1480 kms~!.
The implication is that galaxies in the foreground of the GA have slightly larger peculiar
velocities than the rest of the sample. In Fig. 6.5, the solid histogram shows the distribution

1

of the narrowband peculiar velocities; they have a mean of 797 kms™" and a dispersion of
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Figure 6.5: Peculiar velocity distribution of all galaxies (unfilled histogram). The mean
value of the distribution, 993 kms™!, is shown with a dotted vertical line and the dispersion
is 1480 kms~!. The filled histogram shows the measured peculiar velocities of the galaxies
with narrowband observations. The solid vertical line shows the mean value of 797 kms~!.

The dispersion is similar to the entire distribution: 1490 kms™!.
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Figure 6.6: Peculiar velocity distribution of all galaxies (unfilled histogram). The mean value
of the distribution, 993 kms~!, is shown with a dotted line and the dispersion is 1480 km s ~*.
The filled histogram shows the peculiar velocities of the galaxies with log W > 2.3. The solid

line shows the mean values of 768 kms~'and the dispersion is 1240 kms™!.
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Figure 6.7: Peculiar velocities (bottorn) and errors (top) as a function of observed velocity,
Vemb- The open circles show galaxies at the low mass end of the TF relation (logW < 2.3).
The solid line in the top plot shows an error on the peculiar velocity that is 15% of the
recession velocity; the dotted line shows a 5% error. In the bottom panel it can be seen
that the largest peculiar velocities are those low mass galaxies. No galaxies lie further than
Vobs < 6000 km s™!, the selection cutoff for the NIR observations.

1490 kms~!. Similarly, the sample of galaxies excluding those at the low mass end of the
TF relation have peculiar velocities with a mean value of 768 kms~! and a dispersion of
1240 kms—!, shown in Fig. 6.6. The lower mean and dispersion in the latter case is explained
by the fact that low mass galaxies are clearly biased towards higher peculiar velocities due

to the flattening of the TF relation as described in the previous section (Sect. 6.2.2).

Figure 6.7 shows the peculiar velocities (bottom panel) and errors (top panel) as a function
of the observed CMB velocity. The open circles show galaxies with log W < 2.3 that lie at
the low mass end of the TF relation where uncertainties pertaining to bias corrections
become large and it is thought that the TF relation flattens. Especially at larger distances,
the logW < 2.3 galaxies appear to have larger peculiar velocities than those with wider
linewidths. This is a result of the possible turnover in the TF relation as well as the
increased numbers of outliers (see Sect. 6.3.1). As an indication of the scale of the errors,
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the solid line in the top panel shows an error on the peculiar velocity of 15% of the distance;
the dotted line is 5%. Note, however, that there is no indication that the errors scale with
velocity. The sample of galaxies with < 5% errors have linewidths measured from the new
narrowband HI spectra. The bottom panel indicates that with increasing observed velocity,
it is more likely that we obtain an unusually large positive peculiar velocity. Since the
peculiar velocity scales with the observed CMB velocity (Eq. 6.21), the same offset from
the TF relation, resulting either from photometric errors or the intrinsic scatter in the TF
relation, at a greater distance implies a larger peculiar velocity. The distribution is similar to
that obtained by Masters (2005) of a local field TF sample from the SFI++ (see her Fig. 6.2),

in particular the growing numbers of very large peculiar velocities for v > 4000 kms~?.

6.4 The Local Peculiar Velocity Field in the ZoA

The peculiar velocity sample is used to produce a map of the peculiar velocity flow field in
the ZoA. The map is made by interpolating the peculiar velocity surface across the Galac-
tic longitude — recession velocity plane. This is done using the griddata task in Python’s
matplotlib package, which employs natural neighbor interpolation based on Delaunay tri-
angulation. First, only the higher mass (logW > 2.3 where the scatter about the TF
template is symmetric) galaxies are considered and the peculiar velocities are limited to
|Upee|] < 2000 kms~!. The map is presented in Fig. 6.8 where the peculiar velocities of in-
dividual galaxies are plotted as points and the filled countours show the smoothed peculiar
velocity map. This map includes all galaxies within the Galactic plane, i.e. within |b|] < 5°.
Peculiar velocities are indicated by the colour scale, with redder colours being more posi-
tive velocities and bluer colours being more negative velocities. Note that the interpolation
around the Galactic bulge, 0° < I < 60°, is unreliable due to the underdensity of available
data there. This is a combined effect of the lower detection rate and the exclusion from the
sample of those galaxies with poor photometry due to contamination by foreground stars.
The black star marks the centre of the GA at (I,v) = (320°,4500 kms~1).

Figure 6.9 shows a similar plot, but this time for all the galaxies in the TF sample, i.e.
including the galaxies at the low mass end of the TF relation as well as those with very
large derived peculiar velocities. This plot is provided for completeness and it should be
noted that there is a strong observational bias evident in the map. The selection criterion
of vops = 6000 km s~ means that for a given recession velocity Hod we cannot measure
peculiar velocities larger than v, — Hod. For example, at Hod = 4000 kms~!, the upper

limit to the allowable peculiar velocity is 2000 kms™?!.

The map does, however, indicate
the larger peculiar velocities present in the foreground of the GA at 2000 — 3000 kms~1,
compared to the same distance in the longitude range 210° < [ < 270°.

Inspection of these two figures, but in particular Fig. 6.8 where the details of the flow
field can be seen, shows that around (I,v) ~ (240°,200 kms~!) there is evidence of an
outflow behind Puppis towards the Hydra-Antlia extension. Also infall onto Hydra-Antlia

from behind at v = 4000 km s~ can be seen across the Galactic longitudes 240° < I < 270°.
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Figure 6.9: Smoothed peculiar velocity flow field obtained by interpolating the peculiar velocities across the Galactic longitude — recession
velocity plane. Data from the entire TF sample are plotted for all peculiar velocities. Individual galaxies are plotted as points. The colour
scale shows the values of the peculiar velocities, with redder colours being more positive velocities and bluer colours being more negative
velocities. The centre of the GA is plotted as a large black star at (I,v) = (320°,4500 kms~1) (Kolatt et al. 1995).
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Lynden-Bell et al. (1988) placed the GA at (I,b,v) = (307°,49°,4500 kms~!). Based on
the larger sample including ellipticals and spirals, Kolatt et al. (1995) put it at (I,b,v) =
(320°,0°,4500 kms~1), which is plotted as a large black star in Figs. 6.8 and 6.9. The blue
region behind the GA appears to show evidence for backside infall onto the GA, i.e. the
presence of negative peculiar velocities behind the GA region. This evidence bears further
inspection given its location at the limits of the NIR survey and the observational bias
towards smaller peculiar velocities. Notably, in Fig. 6.9, it can be seen that most of the
large amplitude positive peculiar velocities lie in the foreground of the GA.

The peculiar velocity flow field is also plotted as a vector field in Fig. 6.10. All the
galaxies within 5° of the Galactic plane are plotted in a plane where the positive Y-axis
points to the Galactic centre. Galactic longitude increases counterclockwise. The GA centre
is indicated by the blue star. The tails of the arrows are plotted at the TF distance cz
and the tips are plotted at the observed velocity v,ps, thus the length and direction of the
arrow indicates the peculiar velocity (in kms~!). Negative velocities point towards the
origin, positive velocities, away. The amplitude of the peculiar velocities is restricted to
2000 kms~! and galaxies with logW < 2.3. The filled grey region is not covered by the
HIZOA survey: 60° < [ < 190°. Data for all galaxies in the TF sample are plotted, with
large peculiar velocities, |vpe.| > 2000 km s~!, plotted in grey. A strong flow towards the
GA which is confined to the first quadrant of the plot can be seen.

6.4.1 One Attractor or Two?

One of the questions concerning the Local velocity flow field that remains unresolved is that
of the Great Attractor versus the Shapley Concentration. Which is the dominant attractor
in the Local flow field? Backside infall onto the GA was first suggested by Dressler & Faber
(1990) but was refuted by Mathewson et al. (1992b) based on independent data. Analysis
of the “Streaming Motions of Abell Clusters” sample (SMAC) showed a bulk motion that
was inconsistent with the GA, and marginally supports infall onto Shapley (Hudson et al.
2004). Tonry et al. (2000) find an attractor closer and less massive than the original GA,
(1,b,v) = (289°,19°,3200 4 260 kms~1!), based on their sample of ~ 300 galaxies with
distances from the method of surface brightness fluctuations. The SNIa data of Lucey et al.
(2005) suggests significant flow towards Shapley. Decoupling the GA and Shapley flow
is difficult, and thus constraining the relative contributions of the two structures has been
controversial. The simplest approach is to consider spherically symmetric infall onto discrete
attractors.

The mathematical model for the peculiar velocity at position r generated by a single

attractor at position d, is:

(@2 +2)] "

(r +c2)

>

: (6.30)

Upec.a(r) = | Va7

where d, is the distance to the attractor, r, = d, — r is the vector connecting the point r
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Figure 6.10: Peculiar velocities within 5° of the Galactic plane. The positive Y-axis points
towards the Galactic centre. The tails of the arrows are plotted at the TF distance cz and
the tips are plotted at the observed velocity v,ps, thus the length and direction of the arrow
indicates the peculiar velocity (in kms~!). Thin light grey arrows correspond to galaxies
with log W < 2.3 while the thicker black arrows are galaxies with logW > 2.3. The centre
of the GA is plotted as a large blue star at (I,v) = (320°,4500 kms~!) (Kolatt et al. 1995).
The filled grey region is not covered by the HIZOA survey: 60° <! < 190°.
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and the attractor, ¢, is the core radius and v, is the velocity generated by the attractor at

the origin.

Figure 6.11 shows the peculiar velocity for all galaxies in the TF sample as a function of
the recession velocity Hyd. Galaxies near the GA are plotted in solid points, while others are
plotted in open circles. The shaded region indicates the NIR observational limit at v,ps =
6000 km s~!; this limits our ability to fully determine the flow behind the GA. Also plotted
are three attractor models. The first consists only of the GA (dotted green line). The GA of
Faber & Burstein (1988) with nga = 1.7, rga = 4200 kms™!, cga = 1430 kms~! and it is
normalised to give a peculiar velocity at the LG of 500 kms~!. The second model consists
only of the Shapley Concentration (blue dashed line) with ngc = 1.7, rsc = 14500 kms~!,
csc = 2250 kms~!. The final model is the sum of the GA and SC attractors, where the
relative contribution is 50 4+ 10% (red line and shaded region) (Smith et al. 2000). Note
that amount of backside infall onto the GA in the GA+SC model depends strongly on the
relative contributions of the two structures. The single SC model is inconsistent with the
negative peculiar velocities observed at Hyd > 3000 kms~!. The GA only and GA+SC
models cannot be distinguished from the available data; they depend crucially on the nature
of the peculiar velocities beyond Hod = 4500 kms~! where this survey fails to measure
positive peculiar velocities. However, it is clear that the GA does have a significant role
in the local dynamics. The fact that there are significant negative peculiar velocities does
suggest that, at least for this type of model, the contribution of the GA to the peculiar
velocity of the LG is > 40%. The extension of the NIR survey presented in this thesis
t0 vops = 8000 kms~! will determine more precisely the nature of the peculiar velocities
beyond Hyd = 4500 kms~'. A lower amplitude of positive peculiar velocities beyond this
point will imply a greater influence of the GA compared to the SC.

It is clear that the mass distribution in the Universe is more complex than simple at-
tractor models, in fact infall onto attractors may occur mainly along filaments. Conflicting
determinations of the mass density may result from this non-spherical infall onto these two
structures. Moreover, there is evidence for a filamentary link between the Hydra-Centaurus
and Shapley superclusters (Drinkwater et al. 2004) that may cause significant deviations
from the simple attractor models in this region. In the future, non-parametric modeling
of the local velocity field, such as the POTENT method (Dekel et al. 1990), will allow for
fitting more complicated mass distributions.

6.5 Discussion

In this section, some of the systematic uncertainties that could affect these results are
discussed. Methods of overcoming these uncertainties are suggested.
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Figure 6.11: Peculiar velocities as a function of Hubble distance Hod for all TF sample
galaxies with peculiar velocities |vpe.| < 2000 kms~!(open circles). Data for galaxies within
~ 30° of the GA centre (290° < I < 350°), are plotted in filled circles. The shaded region
indicates the NIR observational limit at v,,s = 6000. Three attractor models are plotted
for comparison: a single GA model (green dotted line), a single Shapley model (blue dashed
line) and a double GA+Shapley model (red shaded region) with 50 & 10% contribution to
the LG peculiar motion.

6.5.1 Extinction

It is well known that the DIRBE/IRAS extinction maps (Schlegel et al. 1998) overestimate
the extinction in the ZoA. In the derivation of the peculiar velocities, a single value of
f = 0.82 was used to correct for this overestimation. However, it was shown in Sect. 5.3.1
that this correction factor varies with Galactic latitude, dropping as low as 0.51 in the range
—3° < b < —1°. This has the effect of dimming the absolute magnitudes and reducing
the derived peculiar velocities. Approximately 15 galaxies in the peculiar velocity sample
lie within this range and their peculiar velocities may as a result be overestimated by ~
200 kms~!. For future flow fields derived in the ZoA, it will be necessary to better constrain
the DIRBE/IRAS overestimation. Larger samples across the ZoA containing NIR colours

will enable this to be done.

6.5.2 Comparison to 2MASS TF Relation

The TF template relation used here is derived from 2MASS total magnitudes. Thus, it is
necessary to ensure that the magnitudes used here are consistent with the 2MASS magni-
tudes.

The extrapolated total magnitudes obtained by 2MASS and the IRSF/SIRIUS pipeline
are compared for the 82 galaxies observed with the IRSF that have counterparts in 2MASX.
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We cannot transform the IRSF/SIRIUS magnitudes to the 2MASS standard due to the
lack of colour terms*. Figure 6.12 shows this comparison. The mean offsets and standard
deviations are listed in Table 6.1. It is noted that low resolution and depth of the 2MASS
survey limits its performance in the ZoA, resulting in poorly determined magnitudes. The
positive offsets indicate that the 2MASS magnitudes are fainter than those determined by
our profile fits. This is due to the improved performance of our images and fitting which
measures the surface brightness profile further out on the disk than 2MASS does. The
offset is much larger for galaxies with large extended low surface brightness disks which are
missed in 2MASS. This is likely substantiated by the fact that we do not see any trend
with magnitude. It has been shown that even outside of the ZoA 2MASS underestimates
the total magnitudes of dwarf and LSB galaxies by 0m5 — 200 (Kirby et al. 2008b, de
Swardt et al. 2010). This is particularly important in a HI selected sample. The offset in
the determination of total magnitudes between 2MASS and the IRSF/SIRIUS may imply
overly large peculiar velocities.

In using the IRSF/SIRIUS magnitudes in the 2MASS TF template relation, it should be
ensured that there are no significant offsets produced by the different methods of determining
the total magnitudes and the depth of the images. The TF relation for the 51 galaxies
in the TF sample that have 2MASS counterparts is derived using both the 2MASS and
IRSF /SIRIUS magnitudes. Figure 6.13 shows the absolute magnitudes plotted as a function
of the corrected linewidths derived from the IRSF /SIRIUS magnitudes and inclinations (left
panels) and derived from the 2MASS data (right panels). As in Fig. 6.2, the J band is
plotted in the top panels (blue), the H band in the middle panels (green) and the K band
in the bottom panels (red). The solid lines show the Masters et al. (2008) 2MTF template
relations (egs. 6.13) and the dotted lines show the intrinsic scatter in the 2MTF template
relation (egs. 6.15). Open circles indicate galaxies for which the implied peculiar velocity
is greater than 2000 kms~!. Note that the extreme outliers at the faint end of the TF
relation appear in both panels. Table 6.2 shows the mean and standard deviation of the
offsets from the 2MTF template relation for the IRSF/SIRIUS and 2MASS TF relations in
J, H and K,. Note that these values include the obvious outliers at the low mass end of
the TF relation. The scatter is the same for both the IRSF/SIRIUS observations and the
2MASS data. The small difference, ~ 073, in the mean offsets is not significant given the
asymmetric distribution of the offsets for both the IRSF/SIRIUS and 2MASS.

The applicability of the total magnitudes in a 2MASS TF template is questionable due
to the large offsets in the photometry between 2MASS and the IRSF/SIRIUS. However,
since the derivation of a template relation using isophotal magnitudes is beyond the scope
of this thesis, we have used the Masters et al. (2008) 2MASS TF template relation that is
already available and note that there may be a systematic offset introduced by the use of

total magnitudes.

*Colours can only be calculated in a common aperture.
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Figure 6.12: Comparison of the extrapolated total magnitudes in J (top), H (middle) and

K, (bottom) between the IRSF and 2MASX. The horizontal coloured strip shows the 1o

dispersion around the mean.

Table 6.1: Comparison of 2MASX and IRSF/SIRIUS total magnitudes

Filter Total magnitude
(Am) o
[mag]  [mag]
J 0.16 0.35
H 0.22 0.33
K 0.20 0.35

Table 6.2: Comparison of 2MASX and IRSF/SIRIUS TF offsets

Filter IRSF/SIRIUS 2MASS
(Am) o (Am) o
jmag] [mag] [mag] _[mag]

J -1.6 1.9 -1.2 1.9

H -14 1.8 -1.1 1.8

K, -1.5 1.9 -1.2 1.9
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Figure 6.13: Comparison between the TF relations from IRSF magnitudes (left) and 2MASS
magnitudes (right) for a subsample of galaxies that have counterparts in the 2MASX. The
top panel is the J band (blue), the middle is H (green) and the bottom is K, (red). The
solid lines show the 2MTF template relations of Masters et al. (2008) and the dotted lines
show the intrinsic scatter in the 2MTF template relation.
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6.5.3 Further Work

The answer to the GA versus SC question remains unresolved. However, the GA has been
shown to have a significant effect on the local peculiar velocity field. The extension of this
survey to observed velocities larger than 6000 kms~!, at least to 8000 kms™!, in particular
in the GA region, will better enable the mapping of the flow field behind the GA.

In addition, full non-parametric modelling of this peculiar flow field with a method such
as POTENT, may help determine the nature of the obviously complex mass distribution in
this region. This dataset can readily be merged with the 2MTF survey when it is completed
and can be used both to complement and improve the sampling in the ZoA of that data, as

well as to compare with the results of interpolation of the ZoA mass density field.



Chapter 7

Conclusions and Future Work

7.1 Summary

The high extinction and stellar density at low Galactic latitude results in optical and near
infrared surveys becoming incomplete close to the Galactic plane and Galactic bulge. The
21 cm line of neutral hydrogen has proven to be the most effective at penetrating the
ZoA. However, it provides little information about the stellar content of the galaxies. Data
from other wavelengths are required for the determination of the stellar properties of these
Hi1 galaxies. It has been shown here that the deep NIR observations are well suited for such
measurements in the ZoA as they are able to penetrate the dust of the Milky Way. Moreover
the NIR traces out the old stellar population of these galaxies providing a good estimate of
the stellar mass of the galaxy. The combination of HI1 survey data and deep NIR follow-up
imaging in the NIR Tully-Fisher relation has allowed for the determination of a preliminary
peculiar velocity flow field within the southern ZoA.

In this thesis we have presented new narrowband HI observations of a sample of HIZOA
galaxies. These observations provide improved measurements of the linewidths for use in TF
analysis of peculiar velocities. The relative errors in the HI linewidths from the narrowband
observations are a factor of ~ 3.4 better than the HIZOA linewidth errors.

Deep NIR follow-up observations of HIZOA galaxies within 6000 kms~—! are presented.
J, H and K images of 580 targets were obtained using the 1.4 m IRSF telescope with the
SIRIUS camera. The combined three-colour NIR fields were visually searched for counter-
parts of the Hi1 galaxies and following the identification of possible counterpart galaxies,
careful subtraction of foreground stars was done. Surface photometry was performed on the
star-subtracted images to produce a photometric catalogue of 567 NIR galaxies. A range of
photometric parameters are determined for each source and used to compile the final NIR
catalogue; these include the ellipticity, position angle, isophotal magnitudes and extrapo-
lated total magnitudes in all three NIR bands. The NIR colours of all the detected galaxies
were used to investigate the extinction in the Galactic plane. The ratio of the true extinction
to the DIRBE/IRAS extinction (Schlegel et al. 1998) was found to be 0.82 across the HIZOA

135



136 Conclusions and Future Work 7

survey region. This value showed no significant variation with Galactic longitude but did
vary with Galactic latitude. The DIRBE/IRAS overestimate of extinction is greater at lower
Galactic latitude and, furthermore, is asymmetric about the Galactic plane. The correction
factor is smaller above the plane than below it. Near IR counterparts were confirmed for
356 Hi galaxies and the Hi and NIR data for these galaxies were used to investigate the
relationship between the stellar and gas components. The Hi mass-to-light ratio has an
upper envelope for any given luminosity.

The Hi1 spectral data and NIR photometry were used to measure the peculiar velocities
for a subsample of inclined galaxies. Using the TF template derived by Masters et al. (2008)
for the 2MTF, we combine the Hi 50% velocity widths and the NIR total extrapolated
magnitudes to obtain peculiar velocities and distances. The raw linewidths are corrected
for inclination determined from the J band ellipticity and the raw magnitudes are corrected
for Galactic and internal extinction. The new narrowband HI data provide significantly
improved linewidths and consequently smaller errors for a subset of peculiar velocities. This
allowed for the determination of a preliminary peculiar velocity flow field constructed directly
for the first time from observations. A strong flow towards the Great Attractor (GA) is
observed. This flow field also shows possible indications of backside infall onto the GA,
showing that the GA does indeed play an important role in the motion of the Local Group.

7.2 Future Prospects

The success of this study demonstrates the feasibility of further TF peculiar velocity studies
in the ZoA. There are several ways in which this project can be expanded.

The extension of this NIR survey to slightly more distant galaxies, v, < 8000 km s~ will
allow the peculiar velocities behind the GA to be mapped in more detail. This will better
constrain the influence of the GA on the motions of galaxies in the Local Universe.

The problems associated with using total magnitudes both for 2MASS and within the
ZoA have been highlighted. Further work can be undertaken to determine a TF template
relation using 2MASS isophotal magnitudes which can, with the introduction of less uncer-
tainty, be used in the ZoA. The continued work on the exploration of extinction within the
ZoA and better constraints on the overestimation by the DIRBE/IRAS maps will reduce
the uncertainties associated with extinction corrections.

We have used this Hi and NIR dataset only to investigate the peculiar velocity field
within the ZoA. It should be combined with other datasets, in particular the 2MASS Tully-
Fisher survey, to map the local peculiar velocity field without having to rely on statistical
interpolation techniques. Our dataset has been specifically chosen so that it can be readily
combined with the 2MTF survey. However, it will also be insightful to compare this peculiar
velocity flow field with that obtained in the ZoA through interpolation techniques.

This work demonstrates the ability of deep NIR imaging to detect HI galaxies in the
ZoA. In particular, galaxies are detected in regions where the existing all-sky 2M ASS survey
fails to detect any galaxies due to prohibitive stellar densities. The complementary dataset
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consisting of the NIR imaging and HI spectra will be useful in a number of applications.
For example, the properties of galaxies in dynamically interesting structures in the ZoA, in
particular the Local Void, can be studied. Some LV galaxies were detected in HIZOA; are
the NIR and HI properties of these galaxies different to those in denser environments?

The dataset can be expanded to include mid infrared (MIR) counterparts. The MIR
information can be used to measure the Spectral Energy Distributions (SEDs) of these
galaxies. Fitting SEDs is a method that can more accurately determine the foreground
extinction. This will be a useful extension of our study of extinction in the Galactic plane.
MIR fluxes provide further information on other parameters such as the star formation rate
which will expand our understanding of the relationships between the neutral gas, old stellar
population and the young stellar population in galaxies. The GLIMPSE and MIPSGAL
surveys by the Spitzer Telescope cover most of the inner Galactic plane (]b] < 1°) and have
some overlap with our survey. In the near future the NASA Wide Field Infrared Explorer
(WISE) will survey the entire sky at 3.4 ym, 4.6 ym, 12.6 um and 22 pum, providing further
MIR data for this analysis.

Additionally, with the advent of more sensitive H1 and NIR instruments, the ability
to extend this work to fainter and less massive galaxies will become possible. This will
significantly increase the sample sizes, in particular within the ZoA but also across the whole
sky. Improved sampling and more even coverage will allow for more accurate determinations
of the cosmic peculiar velocity fields. Four-metre-class NIR telescopes such as VISTA will
provide high resolution imaging overcoming some of the problems of star crowding near the
Galactic bulge. Of particular interest will be the VISTA Hemisphere Survey (VHS), an
ESO public survey which will map the entire Southern sky in J, H and Ks;. While the
depth of the survey may result in it becoming saturated by numerous faint stars at very
low Galactic latitudes, |b| < 2°, it will be able to detect fainter galaxies at higher latitudes.
The new generation of radio telescopes, specifically the two SKA pathfinders, MeerKAT and
ASKAP, will be able to detect fainter H1 galaxies to measure linewidths. In particular, the
Widefield ASKAP L-band Legacy All-Sky Blind surveY (WALLABY; Koribalski & Lépez-
Sanchez 2009) will survey the southern sky (~ 75% of the sky) and will detect galaxies with
HI content as low as 108 M. All-sky surveys with the WSRT/APERTIF will extend this
to include the northern sky. This thesis is a forerunner for larger projects such as these and

clearly shows that such studies will be possible.
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Appendix A

Catalogue and Postage Stamps

This appendix lists a sample of the parameters available in the NIR catalogue for the bright-
est, Kgo9 < 11™, galaxies. The catalogue parameters listed here are chosen for their simi-

larity to the major 2MASX parameters. The columns in Table. A.1 are:

Column 1 Unique identifier [ZOAhhmmss.ssstddmmss.ss]

Column 2 HI catalogue name [Jhhmm=+dd|

Columns 3 & 4 Galactic co-ordinates [deg]

Columns 5 J band ellipticity (e =1 — b/a) and error

Columns 6 J band position angle (East of North) and error [deg]

Column 7 Ky fiducial isophotal radius [arcsec]

Columns 8-10 J, H and K, band K4 fiducial isophotal magnitude and error [mag]
Columns 11-13 J, H and K, band extrapolated total magnitude [mag]

Column 14 Galactic reddening along the line of sight (Schlegel et al. 1998) [mag]
Column 15 Stellar density for stars brighter than 14™ in K

The galaxies are sorted by Koy magnitude, from brightest to faintest. Table A.2 displays
the three-colour postage stamps of the galaxies in Table A.1. The entire cataloge is available

online at http://www.ast.uct.ac.za/ wendy/zoatf/nircat.

139



< ©+ra8ed IXON UO panuiuo))
m ¥8'€ cL'0 €00F¥86 SI'0F896 900FOFVIT CO0F666 COOFEEOT COOF6VIT 999¢ 96L- LT'0 E8I'0- 8I9TYE VIC8VLOL  69°CVPI9C-89€ T067LO0VOZ
m TT%¥  ¥#9°0 9¢°0F01'6 Tc0+896 IT'0FEROT c00FL66 GOOFTVOT COOFLIIT 9908 6F%r Gc0 18¢¥ 0T16°LT¢€ GE-6CSVIL  €7'€09C59-69L7LC6EVIVOZ
A ¢y  ¥6'T CO0F06'6 LOOF¥I'0OT OTOF8T'IT COO0OF¥6'6 COOFOVOL COOFFPIT 9C¥eE 869 060 691'c- £98°CY LO+LT6TIL  TO'606VL0+€89'FTLIGTVOZ
ol 067 60T ¥00FO0L6 LOOFE66 ETO0FE60T ¢00Fc66 <cOOFIEOT COOFEETT L0€e  S9T- 8C'0 9EV'E 298'80€ dBS-LECIL  90'FPIVG8G-T8LCELEETVOZ
Wo €CY €80 GOOFIL6 FOOFLSOT OTO0OFLETT TO0OFO066 <cOOF8I0T cOOFO09TIT 8’99  9°0G- L9°0 896'C- 996°68C C9-€90TL  LT'ET0SC9-€69°GVES0IVOZ
Q| 1€F  LL0 FPIOF8E6 FOOFOTOL 9Z0FLF 0l TOOF686 COOFIE0l COOFEEIT 0998 L69 8Y0 T8¢ ¥r911€ G9-9TVIL  €9'¢0STE9-898°F091VIVOZ
Dm Iy ¥%I'0 120F606 FOOFTOOT LOOFI9L0T COOF¥P86 COOFFIOL <COOF860T 06LE 9L8 990 T90°0T- 698°LGE GE-CT8IL  0L'9E0¥9€-€99°9CCC8IVOZ
T 98T  0L0 9T0F686 6T0F€EL6 OT0FLLOT GO0FE86 COOFSEO0T COOFVOIT 86'€C  L'GT- LE0 ¥#9%'¥-  ¥4E°94¢E PE-QGLTIL  ¥9°LG0CFE-T09°€STELIVOZ
M 89°¢ 8€'0 €T0F €06 €0°0FcO0T S00F8LO0T COOF6L6 COOFLIOT <COOFc60T 8E€EE F'SE 990 ¢ao'l c90'¢¥e  V9c-c9lor  L¥'0¥80SE-9C9°0CCSLOVOZ
m 9T'%¥ 060 €00F996 800F€96 FOOF80T GO0FEL6 <COOFPOOT <c00Fc80T 60€e 06L €90 &Gres- 10g'Lce 8G-LT9TIl  6STP8IBG-6VL0TLIOIVOZ
ﬁOo vLe 99°'0 CO0F 896 SGE0F0€6 LOOFEOTIT COOFVL6 COOFVPE Ol COOFIETT 98 1'0c- 080 6£T0 849"8ET Ce-IvlOlf  9T'CIIECC-10C IVIVLOVOZ
= | 86'¢ ¢9°0 ST0FTc6 LI'OF86 EOOFIT'IT CO0FEL6 GOOFOT0T COOFECIT 1989 SFT 980 00E¢ GT6°7IE  d99-9TVIL  LL'8EGESS-6600TLIVIVOZ
R| 8€F PPE O9TOFET6 9TO0FF86 6E0FS0TT TOFEL6 OOFeh0ol OOFELIT 99%h  ¥'€9- 190 FE86'T-  I¥E'96€ ¥9-6VT1IL  €6°9000¥9-C69°8V6VITIVOZ
Ol vov 620 SO0F6F6 600FEL6 FOOFLLOT TOOFTL6 COOFROOT ZOOFPSOT P86E TIF @90 TCI'G-  C89°GST C9-GI0TIL  0¥'6S1€89-CE0°CICI0IVOZ
9L'€ €8°0 TT'0OF€€6 TOOFIPOL ¥POOFSOTIT TOOFTIL6 GOOF8EOT COOFSU'TT 199 6'1€ G900 9TCF-  TE6'9VC 16€-2¥L0r  6L°6969T€-L00°CSCVLOVOZ
6L°¢ I.°0 800F1TI¥6 G00F€86 TIT0FTS0T COOFIL6 <c0OO0FSOO0T GOOF¥8OT ¥¥'8  G¥G 990 99L'6 eIV Eve 9€-TC9TIlL 67 1€809¢-7C9 TOTCITVOZ
v’y ¥9'0 60°0F 626  T€0FE86 ET'0F8S0T CO0F8I6 <COOF690T COOFE60T 60V L'OL- SE€'0 TOBE-  T19T'8CE 9G-€T9TL  LT'67€C99-969°61ETITVOZ
19'¢ 19°0 €00F¥96 €00F6I°0T 90°0FT90T CO0FL96 GOOFSTOT COOF6LO0T €8LE €69~ 660 8EV'Y 020°¢9¢ 6€-0060  €6°9¢9C6€-0TT €E0060VOZ
09°'¢ €9°0 €0°0F9¥'6 0C0FO0V'6 900F0L0T CO0OF6S96 COOFLOOT COOFER0T 6596 969 LT'0 T8I'ET  L66°09€E 8C-TE9TL  99°90908C-8TT'0VIEITVOZ
9€'y ¢¢'T €00FTI¥e6 €00Fc00T 800F6L0T GO0F696 <cOOFPIOT c¢OO0OFO00IT 68cS L6 690 G9l'¢ €9€FIE d8S-6IVIL  61°09808%-0CL EE6IFIVOZ
9T’y  0T'Z PITOFT06 CI'0F8L6 ECO0FEOTT TO0F8IY6 COOF620T COOFEVTIL LSSy 9.9 FE'0 790G~ 808'6LC 9G-6760  9S'GECENS-898°CS6V60VOZ
€L'e 66'¢c  V0O0F616 LOOF8L6 600F68TT CO0FEE€6 GOOFOT0T COOFSG6'IT 00€F T¥%9 G¥0 1TI¥I'C GCT'¥9¢ CV-8G80[  TELGTETY-96L°8E8380VOZ
¥8'€ ¢I'c €T0FVe8 CIOFIT6 IC0FIV6 CO0FO086 COO0OFCe6 <COOFCOO0T 8EVE 80 &t0 &cl'o 8V¥69C 07-7€80F  T19°99800%-T€S 6EVEROVOZ
¥8'€ ¢L’0 800F.16'8 €00F0L6 650Fc86 CO0FSc6 GOOF8L6 COOFTILOT €6'1€ 6'Lg- 060 66¢°0- 989°CYC VIG8VLOL  ¥E'9VVI92-C06°EV8VLOVOZ
€€V 090 <CI'0FcL8 <TOO0F6E6 E€00FTIE0T COOFF¥I'6 COOF8Y6 COOFCEOT 8T'9F  T'L8- CS'0 8I6'E-  L66°01¢€ G9-0TPIL 9L LSVEG9-T8T 9E0TVIVOZ
vee 19°0 ¢00FL68 €00F8C6 90°0FET0T TOOFOT'6 <cOO0OFSH6 GOOF8COT 8V'I8 8CSG- ¢L'0 COSET  ¥8O1GE 8C-CEITL  GB'0ES08C-8LY TTICEITVOZ
cL'e 9¢'0 Vv1'0+098 €00+¥S6 900F1€01 ¢00F+0T'6 <COO0FV¥P96 <COOF6V 0L SV6E 99~ G&0 66¢°0- 989°Che d9G8VLOL GO SGVVI9T-1L8°EV8VLOVOZ
607  98°0 91'0F9%'8 LGOF09'8 6T0F¥L6 <TOOFS06 COOF9¥'6 <COO0FCEOT 66FE  9C8 GO0 €997 ¢16°91€ GG-TEVIL  ©8'8GLCYS-6C8'8STEVIVOZ
6’y  L6°0 600+998 <COO0FLc6 €00F8T'0T GO0FL88 cOOFI€6 <CO0OFEcOl Loly €¢E G990 0LE°C Yol 01g 8G-T9€I[  CG'SISE89-VES8CISEIVOZ
¥8'¢ 660 TT0FT¥'8 ¥#CO0OFS¥'8 O0G0FI¥V6 CO0FC88 GO0OF9¢'6 <COOF66'6 89FS 98y~ LTO 9£€'¢ LE6°€6C 9G-GYTIL  96°9CECH9-TLE909VTIIVOZ
08°¢ ge'0 €00+998 PVOO+4988 V0O0OF696 C00F698 CO0FL6'8 COOFLY96 998 68 900 6V9'¥ LGCVLG  VIV-6V60L LG T19GL7-909°916V60VOZ
¢y 980 GO0F69'8 900F¥6'8 800F€E86 CO0F698% CGOOFFI'6 <COOFPOOT 08€S 919 190 960'F ¥99°0¢¢ VG-L9VIL 97 T€ECYS-9T8°60LSVIVOZ
L'y 890 cO0+8%8 O0T'0FLE8 C00+896 GO0F098 ¢cO0O0+Fc68 <TOOFILE6E 0609 0L 690 9107V 081°66¢ 8G-CCGIl  99°L99689-06C'8€CCcIVOZ
19°€ ¢L'0 €00F€6'L LOOF90'8 TOOFIE6 CO0OFS6'L COOFGE8 <COOF8I6 LLSYy  88C O0OT'0 00T'F 009°T9¢ 6€-L980F  99°G09T6E-ELV'8CLI80OVOZ
0y 660 cOOFPeL €00F€8L €00F+96'8 GOO0OFovL COOFI6L <€00F988 6096T 691~ LLO €V0'V ¥65°6GE €S-VIGIL  CE1G6SCS-LVITEVISIVOZ
[Sew] [Seuw] [8ew] [Sew] [Sew] [Seu] [Sew] [,] [8ap] [8ap] [8ap]
as A\w-mvm #0%syp o1y 110 u&c@?& 2foziy 2oz 2fo0zy re rs qQ ] swreN 1H uotyeudisa(q
S
M ‘jsojurey oyl 09 wm@gﬂwﬁﬂ 91} WO} w@ﬂﬁﬁ&ﬁ& ommvw \mn_ pajios osmoﬁdﬁmo YIN 2y} ut mwﬁuﬂﬂﬁw wll > omm;vN ﬁm@pﬂmﬁﬂ YT TV °oIqel,



141

++'98vJ IXaN UO ponuljuo))

69°¢  FF0  FOOF8LOL 900FLLOT 60°0F6FTT ZOOFELOT COOFEOTT TOOFSLTT 60°€Z €89 090 66%ET  FOL6YE  6E-8T9TL  96'LPS06E-T0L 808ZITVOZ
96'¢  8T'T 80°0F POl €00F980T 900FITET Z0OOFEZLOT COOF8OTT TOOFEETT T0°GE LT 800 TIEE  GEE'8ET  EG-LTLOL PP E€ELSET-TLT'6ELELOVOZ
Gy €8°0 L0°0FGE0L ETOFPEOT PCOFSTTIL ZOOFILOT COOFEOTT TOOFT6TT G8LT  €LE 0€0 8F9'E  960°8CE  0S-0FSIL  86°0PLFOG-68G 900FSTVOZ
19°¢ OT'T CT'0F600T LOOFFHOT 6TOFESTT 2OOFFY0T ZOOFITIT ZOOFTIOZT €606 9T 0Z'0 FIPE  E8L'E9E  TP-€060r 90 LTS8TTH-9£9 EZE060VOZ
gg'e  8%'0 FOOFETHOL 8OOFELOT POOFLSTL ZOOFGESOT COOFO0TT TOOFSITI 6SE€C ¢'LE FPO FOLPT  €FLTIGE  9G-629TL  FTFPOFIC-F96'67629TVOZ
107 Ly0 OT'OF8TOT 90°0F89°0T OTOF6ETT 200OFBYOT ZOOF960T ZOOF69TT 068 668 S0 868F- 802'88%  £9-T€0TL  ZT0EGVEY-865 LSTE0TVOZ
€0°¢  LF0 €OOFFPOL 9Z0FO000T SOOFESTT ZOOFLGOT COOFO60T TOOFTLTIL €L€E €06~ TLO 6LT'E  €99°96T VSI-OFLOL  €6'8PEEST-L0E GEIFLOVOZ
Py 86'T €00FFPOT POOFETIT FZOFE0TT GO0OFISOT ZOOF62IT ZOOFO09ZT OLTF  ¥'8p- 6L0 LLT'E 29961 8G-GTPIL  68'FESE8S-860'ZSSTFIVOZ
69°¢  LF0 L000F820L ITOFPEOT T¢0FEOTT Z0OFSGOT COOF6L0T TOOFTLTIT LIGE ¢I8 TLO 6LT'E  €99°96T d8T-9FLOL  8L'6VEE8T-8TH SEIFLOVOZ
68°¢ YLT 600F6I°0L TOOFCOLL OLOFETL TOOFTGOl COOFSGUIL TOOFSGTL C8LT  F¥S- 990 T8O0-  L8Y'99T VSP-8980f  €0'FL0SSY-8L6'618580VOZ
CFy  LTT  8T'0OFG8'6  600F9S0T OTOF6ETT ZOOFLY Ol COOF9I80T TOOFISTI ITFE 999~ TFO0 788  TFSEEE  8GTFSIL  €E'€09F8SG-LI0 SOTFSTVOZ
cLe  OFT  900F61°0L LOOFLOOL 60°0F9LTL TOOFOV0L COOFEEOL TOOFI6TL CEET CI- GO0 TBLO-  689°CET  LI-GTLOL  $9°TCTSLI-8SE GPSTLOVOZ
L&F 8T €T0F86'6  FOOFOLOT FLOFISTI ZO0OF 9P 0T TOOF8SOT ZOOFE6TIT 9TGE 9L 8F0 9€LT- OPT'L0E  SO-TEEIr  €1°669TS9-099'8FTEETVOZ
¥9'€ L0  LTOF6V6  O0F6I0T LOOF6STL TOOFEYOL COOFOSOL TOOFILIL G607 €68 L0 TPST  I€8°61T  C0-60L0f  LE'THSTS0-06S¥E60L0VOZ
8%’ 690 LOOF6I'0T COOFIS0T 6T0FTOLIT TOOFEVOL COOFILOT TOOFEYTT 62'9c 00§ 090 6S€F- T84G0C  FO+TETEI0r  €9°ECTEVO+HI8E 9TTEIOVOZ
69 9€0 ETOFI66  TOOFELOT 900FSGHTIL TOOFSEOl COOFISOL TOOFO9TL TI'ST 8TC 9¥0 696F  98C°99C  PePP80L T '8EIPHE-L66 IEFFBOVOZ
6V'F  OT'T CI'0OFE6'6 0T0F886 LOOFGEIT TO0OFIE0l COOFSGOT TOOFELTT TP'SE 0€EF 680 LSTE  8TELEE  6V-T99IL  ST'GOETEV-9LT°9ETS9TVOZ
STY 990 GO0OF90°0L 8O0FCEOT 0T OFESOT TOOFCEOl COOFEIOL TOOFEPTL TEEh LT9- 9¥0 LPSY  TLE'EIE VISTIPIL  €6'€67E9G-98L TETIVIVOZ
§9F €8¢ 90°0FP00T SOOFGOTL 9TO0FI8CT TOOFIELO0L COOFIETIT TOOFUET L6TE L'8L- 960 IT0°0- T60°86C  TY-60TI[  TE'TI6ZEI-06L 0C60TIVOZ
G0Y  LT0 OT'0OFL86 ST0OF686 LZOFIELO0T TOOFOE0T COOFLEOT TOOFFETIL €9CE €9L GE'0 PETOI- 08CT TE-TE8TL  6STHLYTIE-686'GSTESTVOZ
68°¢ 990 FO'0OF800T POOFISOL 600FLLUIT TO0OF620l COOFILOL TOOFEHIT 189€ ¥65- ¥P0 LE6'L  POELEE  TPFO9IL 0T TOEHIV-L6V 6VF09IVOZ
GLe  ETT OT'0OFL86 COOFFI0T OT'OF8STL TOOFCEOl COOFE8OT TOOFE0TT TP99 ¥T&- ¥80 009F- 6F0°8GT  IP-6080f 8¢ 9ETFIF-928 £S6080VOZ
0%  ©9¢ 900F66'6 LOOFFIOT TE0FGOTT TOOFGEOl ZOOFHROT ZOOF60TT 8ETE GF8- LI'0 €80°C- LEO'0OZE €O9-GISIL  LE'60F009-FEL'8FSTSTVOZ
67'¢ 82T FOOFTILOL 8EOFGL6 LOOFELTT TOOFEEOT COOFOLOT TOOFTETL 6LEC ¢ €0 696°0- TPF8IT d0-2690f  09°070TS0-088 T08LIOVOZ
007 ¥L0 TOOFE00T LOOFETOL 1E0FT60T TO0OFEE0l COOFTI90T TOOFSFIT S9FS 067 990 9€0°¢  TOVP8E  PS-LE0IL  CL'0T99PS-960'8TLEOTVOZ
69F €80 €OOFTILOL €OOFSFOT LOOFGETL TOOFOEOT COOFEOT TOOF6STL ST TF  9LT 0L0 880F-  FT6'1T 02-9%8If  00'6STE0E-L66°00LE8TVOZ
LT'¥ €40 8TOFIL'6 OLU'0FET 0l STOFI60T COOFS8LUOL COOFEYOL COOFLEIT €88€ PEl  LE0 999°€  66LTIE  LS-90PIL  9T'CPISLG-00€ LTIOVIVOZ
68°¢ 990 GOOF96'6 TOOFISOT STOFFPLOT TOOFSTOT COOFSGEOT TOOFSETI I8 89  G€0 ¥66'L  TTEL8€  TPF09IL  TYLP6ETP-LLT TFFOITVOZ
VeV 90 €00FG6'6  80°0FGHOL €CO0F8YOT TOOFELOL COOFOLOT TOOFEETL LELP €08 660 8E9'E-  8IRETE  6Y-LPSIL  99'80F065-688 0TLYSIVOZ
68°¢ FLT €O0OFLE6 OTOFCO0T OTOFGSTL TOOFEIOT COOFGEOT TOOFFITT GE8C €GF 080 TY0°0-  FPG99% VIP-8980L TS TI8FSF-98€ 608¢80VOZ
0£y 60T €O0FLE6 STOFEOOL FOOFIFIT TOOFEI0L COOFTISOT TOOF8FIT €8FE  69€ 890 69F'€  §98'80¢ d8G-LECI[ LG TCTY8Y-0S9 VELEETVOZ
gLe 990 TOOFFOOL STOFO086 GCLOFLEOT TOOFEIOT COOFSFOT TOOFGETI 9L€C  F'08- LE'0 TRTO-  8IOGHE HIG-8FLOL LS THPIIG-TEE TO6FLOVOZ
e8¢ 99't ZOOFTOOL 800F8YOT 0ZO0FO0ET ZOOFEZIOL EZOOFF60T TOOF6EZI 629 6T9- 620 9E€0  I81°99Z dSP-8980T  66°0€9TSF-9L9'8E8980VOZ
PIF 140 €00F66'6 GOOFEEOT COOFFTL ZOOFOTOT COOF8EOT TOOF6VTI G&ht 20T 670 8I6F  809°GEE  T9-GFPSIL  €6'TE6$09-828 9ZSFITVOZ
80% €T'0 6Z°0FO0T'6 €EI'0F686 8ZOFFIOT Z0OFG00T ZOOFSEOT TOOFSOTI &6'GC F'9L- 960 8SL'6- 66869  PEFE8IL  ST'FCOTHE-6EE ECFERIVOZ
€TF  $E€0  €00F 686  800FLOOT FOOFFETL ZOOFFOOT COOFTIFOL TOOFTHTIL ¥& TP  T6S- €80 €669~  LI6TEE  COFPPOTL  €6'LE6TSSGTES TEFFITVOZ
[Sew] [Seuw] [Sew] [Sew] [Seuw] [Seu] [Sew] [,] [8ap] [8ap] [8ap]
as (a-aga 1Ty el i 240zt s 5y °lozit gy >loziap oloziy  re 0> q ! oureN 1H uopeuSIsag

penunuod — 1V 9IqeL



Catalogue and Postage Stamps A

142

8T'F ¥6'0 POOFI8OT 9T'0F T80T ¥I'0OFO8TT GOOFO0TI cOOF8ETIT <c0O0F0cCT 098I 6°¢Y- ¥o'0 T1E€6°€ £€06°60¢ 8G-¥VEIL  8G 60ETI8G-6LC 9ETVEIVOZ
vy V€T FOOF9L0T 800FCHIT LTOFOLCT CO0OF8E0T COOFELIT COOFITET €961 6°¢T- 020 TZS0 [44 414 09-GTTIL  9S'T09€09-6L9°E€TSCTITVOZ
LTV €L°0 90°0F6L0T 800F60°TT COO0F65CT COO0FL6OT GOOF¥ETIT cCOOFPECl 800c 6F%r TL0 699°€ 09L°¢1¢ LG-90¥TIL  TO'0TGSLS-C6T0T90VIVOZ
€8¢ 80°¢ 90°0F8VOT ETO0FEEO0T LYOFSP'CT CO0FL60T COOF6CTT €00FPSET T€€C €68 CV0 T6E0 06€°29¢ CY-S¥80r  LT'S¥8ICY-CC9 1CST8OVOZ
8E'TV 86°0 O0T'0F090T SOO0OFLI'IT 600FT&¢l CO0FS6°0T GOOFOVIT <COOFOVClT 618 969~ 990 8¥E'€-  G8LCCE d6S6ESIL TO'8EVEES-CCG TE6ESTVOZ
Te'v c0'c  VO'0OFE€L0T FOOFPETIT 90°0F TL€T 200+ S6°0T <CO0OFP9TT COOFLLCT GLLT  00g- 120 6106~ 620°9%€ VEV-LILIL  9L°L990EV-T89°LCLILIVOZ
eI’y ¢6'0 6T°0FTc0T 8I'0FGE'0T FI'0FS0CT CO0FSE6°0T GOOFST'IT <CO0OF9€TT LSG€c €66  LT0 ¥6L'E §66°50€ 8G-FIETIL  9T°'CT9989-¥0L'60STETVOZ
vy L9l 8T°0F9¢0l G&O0F 1401 G€0+€SIT C¢O0FP¥601 c00FO0LTT COO0F LGl 0€1C 166~ €1°0 Lgl'g 814 VIE 8G-0cvIl  10°9¥9089-0V6'¢cv0cV1IvVOZ
G99’y 66'c  ST0F V00T TI'OFCVIT 8GOFI6TIT COO0OFE60T GOOFISTIT COOFPEET 6€8T ¥ 97y 8I'0 8ET'T LL0°60¢€ T19-CVETIL  CY'VGI0T9-E€VS 6CCTVETIVOZ
6v'y 09’1 600+0901 600F0¢1IT VI'0OFLeEl GO0FE€6°0L cOO0FCS Il c0O0OFV9el vele €ce- 080 €¥Vee 9¢0°61¢ 99-C¢SVIL  60°00L¥99-69€795CSVIVOZ
L6°€ G¥'0  LO0F99°0T SCOFET0T TE€0FO00TIT COO0OFE60T GOOFECTT <COOF00CT €960 9le- 190 90L'¢9 €8L°C1¢E GG-TOVIL  86°'6CLY99-0CE 9STOVIVOZ
6L°¢ LT CO0F9801 160FV¥LO0T 800F+¢cEel GO0+c601 cOO0OF9VIT C00Fcscel 61%¢  L99- L9°0 0Cv'6 0s1°¢e €0-0081L  TT'¢S00V0-T18°1€0081VOZ
¥9'¥ 09  60°0F09°0T 8T'0OFL6OT 6C0F80ET TOOFTI60T <COOF6STIT COOFCVeET ¥L9¢ 8€EP- €¥V'0 ¥Te€e-  09L°97¢€ IV-61LILC  €0°PESTIV-8LOEV6ILIVOZ
197V 0€°T  L000F9¥°01 0€0+FT190T OT'0OF9%¢l c00F980T COOF9Y'I1T COOF69Cl 198  9€9 190 €8c'c- 99L8I¢ 09-20G1L  LOLVES09-CLY GVLOSTIVOZ
197 LT GUTOFEYO0T PO0OFGOTT LZOFEVIT COO0FI980T GOOFEGEIT cOOFPEcl 690c 664 €60 0LECc- 696°1c€E 69-06GTI  99°9€9T69-CVL LV6CSTIVOZ
o'y 68T Sc0+966 00°0+F080T GG OFVLIT c¢00FS80T COOF8YIT COOFO0Vel ©g0c 0€L S0 ¥i9'1 e 00¢ 19-6G¢1f  1€°90L0T9-80L°8¥6CCIVOZ
[4antd g6'0 GO'0F690T 60°0FcLOT 600FITET COOFI8OT CGOOFTIETI <COOFGEcl 099c T8  ¥E€0 ¥66'c- 08%'86C G9-80CTI[  L6'1€6C99-09C 1C80CIVOZ
Wy €LT  GOOFTLO0T LOOFETTIT STOF8LIT COO0OF 180T COO0OF66TT COOFTecl 81T'9¢ €66~ 1¥0 009'¢ 199°¢ce VS-€1GIlL TV LCSPVS-189°0VEISIVOZ
86°¢ G6'0 €0°0F09°0T LOOF 080T 600FFLIT COOFLLOT COOFET'TT COOF86IT €0°€EE 999~ €90 €99°L Sv6°6€€ 07-9191L 99 €TE00V-T0L 9T9TITVOZ
£€9°¢ 99°0  ¥IT0F0c0T 6T°0FTE0T OT0OFLGTIT C00F9L0T GOOFL0TT COOFO06TT 06'¢e 80~ 690 019F- 86L97¢C GE-0VL0r  ©6°'15V0566-018'850VL0VOZ
68°¢ 9€'0 9T0F €86 90°0F€9°0T OTOFGETIT COOFGLOT COOFGOTT <COOF6LTIT 199 ©99- 910 89¢'¢Q 126°70€ LG-GOETL  9L'CTEELG-LI6'CTI0ETVOZ
66’y L¢0 POOFLEOT COOFEOTIT ¥OOFE6'TT GOO0OFEL 0T COOFPIIT ¢00Fc0el 9696 ¥'19- 9L°0 &GgO'v-  8LL°9¢E LG-9091f  GV'0S9€€LS-07S7L5909TVOZ
88'¢ 8%'0 €0°0F T90T OT'0FclLOT ET'0FO091IT COO0OFVLOT CGOOFET'TIT COOFI6TIT €96C 1°06 €€0 T1&¥V'€ CE0'08C dCS-€101L  TL'CILICS-TLI SPETOTVOZ
§9'Y L¢¢ SO0F 6V 0T 600F€ELO0T 920F86'TT GOOFEL0T COOFIT'IT C00F69CT LS0E 9'C 70 TLAT'T L9L°61¢ LG-TOSTIL  68'616CLS-668'9GT0STVOZ
[Sew] [Seuw] [8ew| [Sew] [Seuw] [Seu] [8ew] [,] [8ap] [8ap] [8ap]
as A-a)a 108 yp o1y ro1p 2f0zds g afoci gy 2oz 240z, re rs Q ] owreN 1H uo13eusIsa(y

penunuoy — Ty d[qeL



143

Table A.2: NIR postage stamps
ZOA151434.147-525921.52  ZOAO085728.473-391605.66 ~ ZOA122238.290-583657.66  ZOA145709.815-542331.46
531"

526" 526" 471"

7Z0OA094916.505-475511.27  ZOA114606.371-562326.95 ZOA135138.534-583515.22 ZOA143158.829-552758.82
245"

ZOA074843.871-261445.62 Z0OA163211.878-280530.82 Z0OA141036.181-653457.76 ZOA074843.902-261446.34
217" 532" 339"/

ZOA083439.531-400855.61  ZOA085838.795-423157.31  ZOA094952.868-563235.55  ZOA141933.720-580850.19
454" 327" 531" 373"
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7Z0OA163140.118-280606.66  ZOA090033.110-392626.93 ZOA161319.695-562349.17 ZOA162101.624-360831.49
367" 342" 241" 408"

ZOA074252.007-315959.79  ZOA101212.032-623159.40 ZOA114948.692-640006.93 ZOA141710.099-553238.77
440" 434"

427"

454"

ZOA074141.201-223112.25  ZOA161710.749-581844.59  ZOA075220.625-250840.47 ZOA175453.601-342057.64
531" 424" 426" 131"

ZOA182226.663-354035.70 ZOA141604.868-651502.53 ZOA105345.693-625013.17  ZOA133732.784-585414.06
531" 331"

412" 408"’
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ZOA191724.683+074909.02 ZOA143927.759-552503.43 ZOA074901.358-261442.69 Z0OA164421.521-552937.33

351" 531"

202"’ 217"

70OA182423.339-341054.15  ZOA154526.828-605931.93  ZOA085828.676-451630.99  ZOA074901.332-261442.57
410"

232" 234"

ZOA133724.550-585221.57  ZOA085809.386-454812.51  ZOA154710.889-590408.56  ZOA160441.177-413947.62
443" 351" 295" 247"

-. .."

ZOA140627.300-575142.26  ZOA182700.997-203159.00 ZOA103718.096-545610.12  ZOA065802.880-052040.60
390" 401" 420" 294"

310"
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ZOA151548.734-600409.37 ZOA080953.826-414136.58 ZOA160449.497-414301.20 ZOA183155.989-314742.59
542"

252" 298"

Z0OA120920.790-622912.31  ZOA141232.785-563433.93  ZOA165136.176-492305.15  ZOA084421.997-344138.52
215" 252" 120" 324"

ZOA062226.284+043123.63 ZOA070934.590-052541.37  ZOA133148.660-651639.13  ZOA072545.358-175252.65
463" 525" 218" 326"

ZOA154205.067-584503.33  ZOA085813.978-455054.03  ZOA074625.418-183249.78  ZOA141552.098-585534.39
223" 458" 544" 531"
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ZOA074625.307-183248.33  ZOA103157.298-634230.12  ZOA162949.964-264644.24  ZOA090323.536-411817.06
221"

525" 207" 398"

ZOA154006.589-504740.98  ZOA072729.171-235733.44 ~ ZOA162808.701-290547.96  ZOA150125.899-572319.39
255" 383" 482" 261"

ZOA101345.674-521712.71  ZOA160627.540-573350.42  ZOA130612.957-573322.76  ZOA074058.810-320421.92
319" 360" 225" 395"

ZOA161616.704-400313.56 ~ ZOA151340.684-544527.41  ZOA120821.250-652931.97 ZOA122948.708-610705.31
151"

233"

194"

278"
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ZOA152947.742-591535.65  ZOA150742.472-605347.07  ZOA171943.078-411834.03  ZOA180031.811-040052.11
173" 182" 172"

Z0OA140156.320-554729.98  ZOA145256.359-564700.09
256"

ZOA142042.940-580645.01
233"

ZOA131509.704-585612.15  ZOA171727.684-430657.76  ZOA153931.522-593438.04 ZOA084521.622-421845.17
220"’ 226" 262"’ 513"

Z0OA140610.192-575210.01 Z0OA112513.679-603601.55  ZOA134436.279-581309.28
306" 188"/ 235"



Appendix B

Tully-Fisher Sample

This appendix gives the full tables refered to in Chapter 6. These tables are also available
online at http://www.ast.uct.ac.za/ wendy/zoatf/.
Table B.1 gives the uncorrected photometric and spectroscopic parameters as well as the

absolute magnitudes from the TF relation for all confirmed counterparts. The columns are:

Column 1 HI catalogue name

Column 2 & 3 Galactic co-ordinates, [ and b

Column 4 HI recession velocity, v

Column 5 Hi1 50% linewidth uncorrected for inclination, wsg

Column 6 J band elliptitcity, €

Columns 7-9 observed extrapolated total magnitudes in J, H and K respectively, m,
my, and mg,, before corrections for extinction

Column 10 50% linewidth corrected for inclination, instrumental, turbulent and cosmo-
logical broadening, wco,

Columns 11-13 absolute magnitudes in J, H and K respectively, computed assuming the

galaxy is at the distance given by its redshift and corrected for extinction
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Table B.2 gives the uncorrected photometric and spectroscopic parameters as well as the
absolute magnitudes from the TF relation and peculiar velocities for the peculiar velocity

sample in Chapter 6. The columns are:

Column 1 Hi catalogue name

Column 2 & 3 Galactic co-ordinates, [ and b

Column 4 HI recession velocity, v

Column 5 Hi1 50% linewidth uncorrected for inclination, wsg

Column 6 J band ellipticity, €

Columns 7-9 observed extrapolated total magnitudes in J, H and K respectively, m,
my, and mg_, before corrections for extinction

Column 10 50% linewidth corrected for inclination, instrumental, turbulent and cosmo-
logical broadening, we

Columns 11-13 absolute magnitudes in J, H and K respectively, computed assuming the
galaxy is at the distance given by its redshift and corrected for extinction

Column 14 the TF distance in velocity units, Hyd

Column 15 peculiar velocity, vpec
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