The copyright of this thesis vests in the author. No
quotation from it or information derived from it is to be
published without full acknowledgement of the source.
The thesis is to be used for private study or non-
commercial research purposes only.

Published by the University of Cape Town (UCT) in terms
of the non-exclusive license granted to UCT by the author.



Towards an H1 Census of the Local Universe

T.D. Joseph

Department of Astronomy
University of Cape Town

South Africa

A dissertation submitted in partial fulfiliment of the requirements for the degree of M.Sc.
in
the Department of Astronomy, as part of the
National Astrophysics end Space Science Programme
UNIVERSITY OF CAPE TOWN

November 2008



Abstract

In this dissertation the results of the pilot survey for the Nancay Interstellar Baryon Legacy
Extragalactic Survey (NIBLES) are presented. The goal of NIBLES is to quantify the H1
content of galaxies in the Local Universe, i.e. galaxies with recessional velocities in the
range 900kms™! < v € 12000kms™!. The sample consists of both H1 data obtained
using the Nancay radio telescope and optical photometric and spectroscopic data from
the Sloan Digital Sky Survey (SDSS) sixth data release for 1385 galaxies; 600 galaxies
were reliably detected. The H1 data were compared to data from the Northern HIPASS
catalogue (NHICAT). The NIBLES recessional velocities and velocity widths at the 50%
flux level were found to be in good agreement with NHICAT.

Upon examination of the Hi mass-to-light ratios (Mgr/L) of the galaxies, values of
Mpyr/L > 100 Mg /Lg were found, with a maximum of Mgr/L ~ 10° Mg /L. The cause
of these high Myr/L values was investigated and was found to be the result of under-
estimated photometric data for galaxies with Petrosian radii, Ep < 8" and inclination,
i < 50°. When the corrected photometry data are used, no galaxies fainter than M, ~
-13™ and M; ~ —12™ are found. Using the corrected photometry data, the maximum
value of My;/Ly = 10Mg /Lo and Myr/L; = 19Mg/Le.
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Chapter 1
Introduction

Our current understanding is that the Universe consists of 72 % dark energy,
23.8% dark matter and 4.2 % baryons (Spergel et al., 2007). The nature of
both the dark energy and dark matter is still unknown. Although baryons
(i.e. protons and neutrons) make up only 4% of the cosmos, they account
for a sixth of the mass and they are the only component of the Universe that

we can directly observe.

The baryonic matter in the Universe reside in several forms. They are
found as clouds of intragalactic atomic and molecular gas and dust, in con-

densed form as stars and planets and as plasma in galaxy clusters.

The evolution of the Universe and the formation of structures within
it changes the distribution and phase of the baryonic matter. Therefore,
the distribution of the baryonic matter at the current epoch can give us in-
formation about the formation of these structures when compared to their
distributions at previous epochs. The baryonic matter distribution is an im-
portant input parameter for cosmological models of galaxy and large scale

structure formation.

Many astronomical surveys have been carried out to quantify the amount



of baryonic matter in the Universe. This quantity is called the baryon bud-
get and it describes the mass density of baryons, g, in the Universe. This
parameter is usually expressed relative to the Einstein - de Sitter critical den-
sity, pe = 9.21x 10734? gecm™3 (e.g. Prochaska & Tumlinson, 2008), as
= pp/p.. The Einstein - de Sitter model assumes a flat Universe and p, is the
density associated with such a Universe (Einstein & de Sitter, 1932).

Hydrogen is the most abundant element in the Universe; 93% of the
baryons in the Universe are in the form of hydrogen. Neutral hydrogen, or
H1, is the atomic form of hydrogen. It accounts for ~ 33% of the Interstellar
Medium (ISM) (Brinks, 1990). It is also found in structures between galaxies.

The H1 budget estimated by Fukugita et al. (1998) has been revised dra-
matically (Fukugita, 2004). The initial estimate of {2, = (2.1£0.6) x 10~
was based on a sample of galaxies that was not representative of the Local
Universe (Rao & Briggs, 1993). This sample was optically selected and only
included bright spiral galaxies. It was thus biased against optically faint
galaxies that are often rich in Hi. More recent data from a blind H1 survey
by Zwaan et al. (2003) do not have this bias and yield an H1 budget twice
as large as the previous estimate, i.e. = (4.240.7) x 107%. Although
H1 accounts for only ~ 1% of the baryons in the Local Universe (Fukugita,
2004), the study of H1 is a powerful tool for obtaining a more complete view

of the Universe.

For instance, gas rich systems with faint, or no, optical counterparts
which may not have been detected in optical surveys, can be detected in H1.
Extreme late-type dwarf galaxies are an example of such systems. These
galaxies are gas rich, but optically faint. It is therefore easier and more reli-
able to obtain redshifts for these galaxies using H1 rather than optical spectra
(see e.g. Matthews et al., 1995). Low Surface Brightness galaxies (LSBGs)

are another class of objects that are traditionally underrepresented in optical



catalogues as they are often fainter than sky brightness. LSBGs are also rich
in H1 and they are believed to be significant repositories of baryons (in the
form of H1) in the Universe (Impey & Bothun, 1997, and references therein).
It is therefore important to quantify the amount of gas within these systems

using H 1 observations.

The H1 component of a galaxy typically extends further than the optical
components (Broeils & Rhee, 1997). HI emission is a an excellent tracer of
galaxy interactions and mergers as the gas will be disturbed more easily than
the stellar components of the galaxy. It is estimated that 25 % of galaxies
showed signs of current or past interaction events (Sancisi, 1999, and refer-
ences therein). Often, HI is the only galaxy component that shows that an
interaction has taken place. A good example of such an interacting system
is the M81 group of galaxies, shown in Fig.1.1. The large spiral galaxy to
the right of center is M81, with two dwarf galaxies to the left of it. NGC
3077 is to the lower left and M82 is above M81. The left panel is the optical
Palomar Observatory Sky Survey (POSS) image; the right panel is the Na-
tional Radio Astronomy Observatory (NRAO) H1 image. Both images show
the central ~1.5° x 1.9° area of the group. It is clear from the radio image
that the galaxies are interacting strongly while the optical image shows no

sign of interaction within the group.

It has been observed that star formation rates are well correlated with
galactic H1 content (Kennicutt, 1998). H1 data can therefore also be used
to study the star formation processes in galaxies. Data obtained from space
based instruments such as the Galaxy Evolution Explorer (GALEX)! and
the Spitzer Space Telescope? have made significant contributions to our un-
derstanding of star formation in galaxies. GALEX observes galaxies at UV

wavelengths. The data from these observations are used to examine star for-

Yhttp://www.galex.caltech.edu/
2http://www.spitzer.caltech.edu/
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mation rates and starburst activity within galaxies (e.g. Salim et al., 2005).
The Spitzer Space Telescope is an infrared instrument. Infrared data is also
used to study star formation activity within galaxies. Infrared photons are
not absorbed by dust, thus star formation data can be obtained for regions
of galaxies obscured by dust (e.g Pérez-Gonzalez et al., 2005). By combining
data from H1 studies as well as UV and infrared star formation research,
it will be possible to investigate star formation rates and efficiencies within

galaxies as a function of morphological type, gas content, environment and
redshift.

A significant advantage of H1 observations is that the 21 cm photons are
not absorbed by dust. H1 observations can probe into regions of space that
are obscured by dust. For example, the dust in the Galactic plane obscures
20% of the sky at optical wavelengths (Kraan-Korteweg & Lahav, 2000); it
is very difficult to detect objects behind the Galactic plane at these wave-
lengths. This region of the sky became known as the Zone of Avoidance
(ZOA). However, with Radio Astronomy, we are able to study systems be-
hind the ZOA and much progress has been made in mapping the Universe in
this region of the sky (e.g. Kraan-Korteweg et al., 2005).

Figure 1.2 shows all sky images at optical (top panel) and H1 (bottom
panel) wavelengths. Most of the light in the optical image is from nearby
stars. The light from the rest of the Galaxy and from systems behind the
Galactic plane is obscured by the interstellar dust. The dust appears as dark
patches in the image. The H1 image shows no obscuration due to interstellar
dust; the emission across the center of the image is due to the HI in the
Galactic ISM. The galaxies behind the Galactic plane will have H1 emission
that is redshifted compared to the Galactic emission. These systems can be
detected in H1 by observing their redshifted H1 spectral line emission. Only
galaxies with recessional velocities in the range —200kms™ < v < 200kms™!

will be more difficult to detect due the Galactic emission.
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sources with a redshift z >10.

Until the SKA’s completion in 2020, the SKA pathfinders, the Karoo Ar-
ray Telescope (MeerKAT) and the Australian SKA Pathfinder (ASKAP), can
provide further insight into the distribution of H1in the Universe. MeerKAT*
is the South African SKA pathfinder that is currently being constructed in the
Karoo region of South Africa. It will consist of 80 x 12m dishes, covering the
frequency range 500 MHz < v < 2500 MHz. ASKAP? is under construction
in western Australia. This telescope will consist of 30 - 40 x 12m antennas
with a frequency range of T00MHz < v < 1800 MHz. Both these facilities
should be fully operational by 2013. The results obtained from smaller H1
surveys, such as the one I discuss in §1.2, can then be used to determine
what type of science is prioritised for MeerKat, ASKAP and, ultimately, the
SKA,

1.1 H1 surveys, past and present

Blind and targeted H1 surveys provide complementary data. Targeted sur-
veys are able to make deeper, longer observations as integration time will not
be spent searching for galaxies. However, blind surveys systematically cover

a much larger area of the sky.

Optically selected targeted surveys tend to be biased against optically
faint gas rich dwarfs. Five of the six largest targeted H1 surveys (see Fisher
& Tully (1981); Haynes et al. (1999, 1997); Schneider et al. (1990); Mathew-
son et al. (1992)) only included spiral or later type galaxies.

Gas poor systems like elliptical galaxies will most likely not be detected

“http://www.ska.ac.za
Shttp://www.atnf.csiro.au/projects/askap/



by blind surveys. The bandwidth set up of the telescope’s correlator also lim-
its blind surveys in terms of the distance to which they can simultaneously
observe. The sensitivity of blind surveys is usually lower than for target sur-
veys due to shorter integration times. The detection rate for blind surveys is
then distance dependent; systems with low HI mass will be underrepresented

at greater distances.

By using both survey methods, a more accurate view of the H1 in the

Universe can be achieved.

1.1.1 Blind H1 surveys of the Local Universe

Blind H1 surveys do not have a pre-defined sample of galaxies to observe.
They systematically scan the skies for H1 sources. The largest blind H1
surveys prior to 2000 were the Arecibo H1 survey carried out by Spitzak &
Schneider (1998), the H1 Strip Survey (Zwaan et al., 1997) and the Nancay
survey of the Canes Venatici group region (Kraan-Korteweg et al., 1999).
These surveys detected 75, 66 and 33 galaxies respectively. In the last decade
Radio Astronomy has advanced rapidly and more extensive surveys of the

Local Universe are now being carried out.

The most recently completed large survey is called the H1 Parkes All Sky
Survey (HIPASS) (Meyer et al., 2004). This survey used the Parkes 64m
telescope which is fitted with 13 circular feed horns, called the Multi Beam
receiver. The survey detected 4315 galaxies in the southern skies. Of these
galaxies, 26% had no previous optical recessional velocities and 5% had no
clear optical counterpart (Doyle et al., 2005). HIPASS also has a northern
extension, the Northern HIPASS catalogue (NHICAT) (Wong et al., 2006).
A further 1002 galaxies were detected by NHICAT. HIPASS (including NHI-
CAT) observed more than 70% of the sky out to cz = 12700kms™! with an
rms of 13mJy per beam.



The HIPASS ZOA team carried out a blind H1 survey of the ZOA (Kraan-
Korteweg et al., 2005; Donley et al., 2005). This survey covered the en-
tire southern Galactic plane and the northern Galactic plane in the regions
|b] <5°,192°< 1 < 212°and 36°< [ <52°. The survey had a maximum reces-
sional velocity of cz = 12700kms™!
1000 galaxies were detected behind the Milky Way. Fewer than half of the

77 galaxies detected by the northern extension had optical counterparts.

and rms = 6mJy per beam. Close to

The Arecibo Legacy Fast Arecibo L-band Feed Array (ALFALFA) survey
will be the largest blind H 1 survey. The survey will cover 7 000 square degrees
of the sky using the seven-beam L-band feed on the 305 m Arecibo telescope.
Started in 2005, ALFALFA is expected to detect over 25000 extragalactic

H1 sources, with a median recessional velocity, cz = 7800 kms™!

upon its
completion on 3 or 4 years. As of May 2008, 60% of the total observations

have been completed (Haynes, 2008; Giovanelli, 2008).

These surveys have increased the amount of H1 data available, especially
in the Southern hemisphere, where few surveys had been carried out previ-
ously. They have also revealed large scale structure in the Local Universe,
especially behind the Galactic plane. These data can be used to refine struc-

ture formation models.

1.1.2 Targeted HI surveys of the Local Universe

Targeted H1 surveys select galaxies from pre-existing optical catalogues, se-
lected regions on the sky or galaxy groups to observe. The four biggest

surveys detected between 700 and over 2 000 galaxy.

Fisher & Tully (1981) obtained H1 spectra for 1171 galaxies with a max-

1

imum recessional velocity of ~ 3000 kms™'. The observations were carried



out using the 100 m Bonn telescope as well as the 91 m and 43 m telescopes
of the NRAO at Green Bank. This sample was selected to include a high
number of late type galaxies and it is complete for galaxies of type Sc and
later. Redshifts, HI flux and velocity line widths were obtained for each de-

tected galaxy.

The survey carried out by Schneider et al. (1990) yielded 762 detections
out to cz = 12000 km s~!. This sample consisted of dwarfs and LSBGs. The
observations were done with the Arecibo telescope. Forty % of these galaxies
had not been detected in H1 before.

The largest of these surveys was carried out by Theureau et al. (1998).
This survey detected 2112 galaxies out to cz = 12000kms™! using the
Nangay Radio Telescope. The sample consisted of only spiral galaxies. Two
hundred and thirteen galaxies within this sample did not previously have
measured redshifts. The survey also provided measurements of H1 flux and

velocity widths for the detected galaxies.

The survey performed by Haynes et al. (1999) detected 1201 galaxies,
most of them type Sc, at a maximum recessional velocity cz ~ 12000 kms™.
The observations were carried out using 5 telescopes: the Nancay Radio
telescope, the 91 m and 43 m telescopes at the NRAQ, the 100m Effelsberg
telescope and the Arecibo telescope. Eight hundred and eighty one of these
detections had not been detected in H1 before. The survey measured line

widths, systemic velocities and H1 for each galaxy.

A summary of the data for these surveys is presented in Table1.1. The
first column lists the publication in which the survey data was presented,
the second column states the limiting recessional velocity of the survey, the

third column gives the number of detections and the last column shows the

10



Table 1.1: Comparison of large targeted Hi surveys

Survey reference Vimaz Nge:  Morphology
kms—1]
Fisher & Tully (1981) 3000 1171  Mostly late types, only complete for Sc and later types

Schueider et al. (1990) 12000 762 dwarfs and LSBGs
Theureau et al. (1998) 12000 2112  Spirals only
Haynes et al. (1999) 12000 1201  Spirals, mostly Sc

morphological type of the galaxies observed during the survey.

1.2 The Nancay Interstellar Baryon Legacy

Extragalactic Survey

The data for thesis consists of the first 1385 observed galaxies of the ongo-
ing Nancay Interstellar Baryon Legacy Extragalactic Survey (NIBLES). The
goal of NIBLES is to perform a comprehensive survey of the H1 content of a
sample of 4000 optically selected galaxies of all morphological types in the
Local Volume, here defined as 900 < cz < 12000 kms™!, using the Nancay
Radio Telescope (NRT). The NRT is a meridian transit telescope with the
equivalent collecting area of a 94m dish (see §2.1.1). The galaxies were cho-
sen from the Sixth Data Release of the Sloan Digital Sky Survey® (SDSS)
database. The SDSS is an optical imaging and spectroscopic survey that has
observed over 280 million objects (Adelman-McCarthy et al., 2008). Both
NIBLES and the SDSS are discussed in more detail in §2.1.2.

The primary objective of NIBLES is to accurately quantify the amount
of H1 gas associated with galaxies in the Local Universe. These data can

then be used to decrease the uncertainty related to the H1 budget for the

Shttp://www.sdss.org/
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Local Universe. Only 13% of the NIBLES galaxies have published H1 data,
nearly half of which are for bright, spiral galaxies (van Driel, private com-
munication). The NIBLES results will add to the existing pool of H1 data
for galaxies in the Local Universe by providing systemic velocities, velocity

widths and integrated H1 line flux values for all the detected galaxies.

NIBLES will investigate the global properties of galaxies. By combining
the H1 data with the optical and near-infrared data from the SDSS, the gas,
stellar and dynamical masses can be determined. By comparing these pa-
rameters, inferences can be made about the dark matter content of galaxies.
These data can then be used to test cosmological dark matter simulations

and models.

The galactic H1 content as a function of morphology, stellar mass and
stellar density can also be determined. This will provide information on the

star formation rates and efficiencies for different galaxy types.

The gas recycling processes in galaxies can be analysed by comparing
metallicity to the gas content, stellar mass and dynamical mass of the galax-
ies. The results of this analysis can be used to constrain models of galactic

chemical evolution and galaxy formation.

Another input parameter for galaxy evolution models is the H1 Mass
function (HIMF) (e.g. Zwaan et al., 2005). The HIMF is the relationship
between the number density of galaxies and the galaxy H1 mass. The HIMF
can be described by the Schechter function (Schechter, 1976):

)* exp(——2VdMpy7, (1.1)

where the 6(My;) gives the space density of the galaxies and 6* is the nor-
malisation constant. M}, is the HI mass at which the HIMF shows a sharp

change in slope; i.e. the mass at which the HIMF changes from the expo-

12



nential form that describes the high mass region to the power law form that
describes the low mass region. The parameter « is the slope of the HIMF

when My < M}, i.e. o is the slope of the power law.

The HIMF relates the galaxy population of the current epoch to the
population predicted by galaxy evolution models. There is still much discord
over the value of the HIMF low-mass slope, o, however. The slope varies
between -1.2 and -1.5 (see Zwaan et al., 1997; Schneider et al., 1998; Rosen-
berg & Schneider, 2002; Zwaan et al., 2003). The NIBLES data is very well
suited to determining an accurate low-mass slope because roughly 9% of the
NIBLES sample consists of faint, low mass galaxies in the luminosity range
My > -16™.

The Tully-Fisher (TF) relation (Tully & Fisher, 1977) can also be deter-
mined for the NIBLES sample. The TF relation is the correlation between
the maximum rotational velocity of a disk galaxy and its luminosity, pre-
dicted as L o« V. It is frequently used as a galactic distance indicator.
Based on observation, « has been found to be 3 < o < 4, with the slope
increasing with increasing wavelength (e.g. Aaronson et al., 1979; Verheijen,
2001; Masters et al., 2008). Over 70% of the NIBLES galaxies are disk galax-

ies, thus providing a large sample with which to perform this analysis.

The large number of spirals and wide luminosity range of the NIBLES
sample will allow for an exploration of the TF relation as a function of mor-
phological type. This type of study is of interest as there is evidence to
suggest that not all spiral galaxies follow the standard TF relation. A study
by Matthews et al. (1998) suggests that extreme late type spiral galaxies do
not fit the standard TF relation. These systems appear to be underlumi-
nous given their observed rotational velocites and the effect increases with
decreasing luminosity and size of the galaxy. This could be due to an in-

creasing dark matter component for these systems. The NIBLES data will
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allow us to explore these findings with a sample of small faint spiral galaxies

that is nearly twice as large as the one used by Matthews et al. (1998).

The data obtained from NIBLES can also be combined with surveys at
other wavebands to improve the estimate of the overall baryon budget for
the Local Universe. For example, carbon monoxide (CO) surveys give in-
formation not only on the distribution of CO, but on molecular hydrogen
(Hy) as well (see e.g. Young & Scoville, 1991). Such a survey will provide
information about the distribution of molecular gas in the Local Universe.
This data can also be used to study the processes of stellar formation as
H; is the building block of stars. X-ray surveys provide information on the
ionised gas present in the Universe. Warm plasma found in galaxy groups
and clusters emits x-rays via free-free electron emission or inverse Compton
scattering (Sarazin, 1988, and references therein). By observing the X-ray
flux from these sources, one can estimate the amount of ionised material in
the Local Universe. By integrating the data from these surveys, a more com-

plete understanding of baryons in the Local Universe can be achieved.

1.3 Thesis outline

The sample of galaxies studied in this thesis consists of the first 1385 NIBLES
galaxies. The dataset is made up of the 21 cm line spectra for these galaxies

as well as spectroscopic and photometric data from the SDSS for each galaxy.

The primary objective of this project is to determine the global H1 char-
acteristics of a sub-sample of the NIBLES galaxies. These early results will
allow the NIBLES team to decide which of the science goals will be priori-

tised and which require further data inspection.

In order to determine the H1 properties of the sample the H1 Nancay
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data were reduced. Quality checks of this data as well as the photometry
data obtained from the SDSS were performed. Excising unsuitable or spu-
rious data from the sample is necessary to ensure that accurate results are
obtained when the data is analysed. My identification of the pitfalls and
areas of concern within the data allows the NIBLES team to optimise the
survey. With this optimisation the team can assess whether the goals of the

survey can be met and how best to achieve these goals.

Chapter 2 deals with the data acquisition and reduction. The H1 data
quality control checks as well as a comparison to an existing H1 catalogue are
presented in Chapter 3. The optical data quality control checks are discussed
in Chapter 4 where I investigate various possible causes for a surprising trend
in the H1 mass to light ratio for this sample of galaxies. Conclusions and

future prospects are put forward in Chapter 5.

15



Chapter 2

Observations and Data

Reduction

In this chapter I present the data selection criteria and acquisition proce-
dures used for this thesis and describe the data reduction methods that were

applied.

First, a detailed description of the Nancay Radio Telescope, the instru-
ment used to collect the radio data, is given. The instrument is a decimetric
radio telescope that can detect the radiation emitted in frequency bands
around 3330 MHz, 1665MHz and 1420 MHz. For our purposes, the tele-
scope was used to detect radiation emitted by neutral hydrogen in nearby

galaxies (cz < 12000kms™), hence a frequency close to 1420 MHz.

Neutral hydrogen is observed by detecting the so-called “21cm” spectral
line emission; this spectral line is more commonly referred to as H1 emis-
sion. These photons are emitted when the spins of the proton and electron
that make up neutral hydrogen make a transition from being parallel to anti-
parallel. This is known as the hydrogen hyperfine transition. The change in
energy from the spin-parallel configuration to the spin-anti-parallel configu-

ration is 5.88x107%eV. To conserve energy, a photon with a wavelength of
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21.1cm is released, corresponding to a frequency of vg; = 1420.41 MHz (see
e.g. Foot, 2005).

2.1 Data acquisition

2.1.1 The Nancay Radio Telescope

The selected galaxies were observed using the Nancay Radio Telescope (NRT).
It is situated near the town of Nancgay, France. The telescope is a transit
instrument. It consists of two large reflectors made from a metal mesh with

square holes 12.5 mm across and has a surface accuracy of 5 mm rms.

The primary reflector is flat, 200 m long in the East-West direction and
40m in height. It can be rotated about a horizontal axis to point at the de-
sired declination. The second reflector is fixed at a distance of 460 m from the
first. It is spherical, 300m long and 35m high, with a radius of 560m. The
NRT has an effective collecting area equivalent to that of a 94 m parabolic
dish (approximately 7000m?). Figure 2.1 shows a schematic cross section of
the NRT configuration. Incoming radiation is reflected off the flat primary
reflector onto the spherical reflector. The radiation is then focused by the

spherical reflector onto the receivers in the carriage.

The receivers are situated in a carriage between the two mirrors. To
track the radio source as it moves across the sky, the receiver carriage moves
along a curved, 100 m long rail track (see e.g. Monnier Ragaigne et al., 2003).
Sources near the equator can be observed for approximately 1 hour; the maxi-

mum daily integration time increases with increasing declination as 1/cos($).

The half-power beam width (HPBW) in the East-West direction is 3.6’ at
a wavelength of 21 cm. Due to the shape of the telescope, the beam diameter

is much larger in the North-South direction and increases with declination,
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Figure 2.1: Schematic diagram of the NRT showing the flat and spherical reflectors and

the receiver carriage.
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rising from 22 at §=0°to 32 at §=70° (Matthews & van Driel, 2000).

The telescope’s effective collecting area and gain are also influenced by
this declination effect. For § > 20° the collecting area decreases with increas-
ing declination (Fouqué et al., 1990). As the primary reflector is pointed to-
wards higher declinations, the radiation reflected back towards the secondary
decreases. This in turn means that the effective collecting area (or effective
aperture), and thus the aperture efficiency, €,,, decreases as 1/cos(8), where
€qp 18 the ratio of the effective aperture to the physical aperture and 6 is the

angle between the horizon and the direction of the primary reflector .

For example, for a source near the horizon 8 ~0°, the effective aperture
is approximately equal to the physical aperture of the telescope and €4~ 1.
For a source at the zenith, 8 = 45° and €,,= %

The gain, G, is related to e, as follows (Kraus, 1986):

 4n
G = ')FAPGQP (21)
where X is the wavelength in m and A, is the physical aperture of the tele-
scope in m2. The gain therefore decreases with increasing declination due to

its dependence on €qp.

For our purposes, the telescope was used in position switching or total
power mode. Each galaxy was observed for roughly 30 minutes. In this mode,
an observation consisted of successive 40s ON-source and 40s OFF-source
pointings, with OFF-source pointings taken 20’ E of the target galaxy. The
OFF-source pointings are taken so that the sky’s contribution to the signal

can be determined and subtracted from the spectrum (see §2.2.1).
The autocorrelator was split into two cross-polarized receiver banks. Each
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bank used a 50 MHz bandpass with 4 096 channels, centered on 5000kms™*
for sources with cz < 9000kms~! and 10000kms™! for ¢z 2 9000kms™!.
This results in a channel spacing of 2.6 kms™ and a total velocity range of

approximately 10500kms™! for the respective central velocities.

2.1.2 Sample selection
SDSS selection criteria

The target galaxies for this study were selected from the Sloan Digital Sky
Survey (SDSS) sixth data release! (Adelman-McCarthy et al., 2008). SDSS
is a flux-limited optical, spectro-photometric galaxy survey and the largest
project of this kind. The survey aims to map a quarter of the sky; observing
millions of galaxies and quasars. This will provide a detailed three dimen-

sional census of the objects found in the Universe.

The SDSS makes use of a unique set of five broad filter bands called
u,g,7,%, and z. These filters were optimized so that the photometric redshifts
of galaxies could be more easily determined (Bessell, 2005). The limiting
magnitudes for the main galaxy sample are 22™, 22.2™, 22.2™ 21.3™ and
20.5™ in the u,g,7,4, and 2z bands respectively (Adelman-McCarthy et al.,
2007). The sample has a median redshift of z = 0.104 (Strauss et al., 2002).
The project uses a 2.5m telescope situated at Apache Point in New Mexico,
USA.

The SDSS spectroscopic survey has observed over 1.2 million galaxies
(Adelman-McCarthy et al., 2008). The selection criteria for the spectroscopic
sample are based on the r band magnitudes of the galaxies. This large sample
necessitates an automated, reliable target selection algorithm. Moreover, the

algorithm should produce an accurate and robust galaxy selection function:

Thttp://www.sdss.org/dr6/
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it should not create biases against any particular type of galaxy, e.g. low
surface brightness galaxies, and it should be based on meaningful physical
galactic parameters, such as surface brightness. Lastly, the algorithm should

operate in a straightforward way that makes it easy to troubleshoot and test.

Taking these points into consideration, the SDSS team decided to use
a modified form of the Petrosian magnitude definition (Petrosian, 1976) in
the selection algorithm. This system determines the galactic flux within an
aperture that is defined by the ratio of the surface brightness within an annu-
lus centered on that aperture to the surface brightness within the aperture;
called the “Petrosian ratio”, R(#). The size of the aperture is determined
by the shape of the radial surface brightness profile, but not the amplitude
(Strauss et al., 2002). R(0) is given by Strauss et al. (2002) as

om o2 1(6)0'd6 /{n[(1.2560)% — (0.86)?]}
2m fo I(6")0'd0’ | m6?
where 6 is the angular distance from the galaxy centre and I(6) is the az-

R(6) =

(2.2)

imuthally averaged galactic surface brightness profile. The thickness of the
annulus (0.86 - 1.250) was chosen so that R(8) would be insensitive to small
fluctuations in I(#) and noise.

The Petrosian radius, 6p, is then defined by Strauss et al. (2002) as

R(6) = f1, (2.3)

where f1 = 0.2. This value of f; is chosen to make R(6) insensitive to see-
ing fluctuations. It also keeps the difference in apertures for de Vaucouleurs

surface brightness profiles and exponential profiles to a minimum.

Lastly, the Petrosian flux is (Strauss et al., 2002):
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fabp
Fp=2n / 1(6)0'de’ (2.4)
0

where fy = 2 and f»0p is called the Petrosian aperture. The value of f; is low
enough so that the influence of sky noise on Fp is minimal, but high enough

that fofp contains almost all the flux for a typical surface brightness profile.

Instead of elliptical apertures, SDSS uses circular apertures because it is
more complicated to select elliptical apertures for galaxies with light distri-
butions that are not well characterised by concentric ellipses. The surface
brightness profile of disk galaxies within a circular aperture is less inclination-
dependent than the elliptical aperture surface brightness profile. This seems
counterintuitive as one would expect an elliptical aperture to produce a bet-
ter fit to the galaxy shape as inclination increases. However, because the
Petrosian aperture is big enough to contain most of the galactic flux, the
ratio of Petrosian flux to total flux is not dependent on inclination (Strauss
et al., 2002).

The SDSS selection criteria for the spectroscopic sample of galaxies are
as follows (Strauss et al., 2002):

o A galaxy will enter the sample if it has an r band (~ 6300 A) signal
50 above the sky brightness.

e The galaxies must have an r band Petrosian magnitude r < 17.77™ and
a mean surface brightness, uso, within the Petrosian half light radius
(Rso) of puso < 24.5mag/arcsec?, where Rsy is the Petrosian radius

containing half of the galaxy’s total Petrosian flux.

e For the lowest surface brightness galaxies, with 23 < us < 24.5 mag/arcsec?,

an extra selection criterion is implemented to eliminate spurious sources.
Within this surface brightness range substructures within a galaxy are

often identified as galaxies. It has been determined that the nearby
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sky brightness, poeq, for these sources is slightly higher (due to the
parent galaxy) than the average global sky brightness, f1,,. They can
therefore be eliminated if fipca — fsky = 0.05™.

Other galaxies that do not meet the above surface brightness criteria
were included in the sample as well, if they have r band fiber mag-
nitudes, my < 19™ (where my is the flux within the opening of a
spectroscopic fiber with a diameter of 3”), as they will probably still
produce acceptable spectra (i.e. spectra with a signal-to-noise ratio
of S/N > 4 pixel™ (Adelman-McCarthy et al., 2007)). A low surface

1

brightness galaxy with a strong nucleus and cz < 10000kms™ can

enter the sample in this way.

Galaxies are rejected if they have a Petrosian magnitude r < 15™ and
Rsp < 2/ and if my < 14.5™ in the ¢ band or my < 15™ in the r or g¢
bands. This is done to avoid saturating the spectroscopic CCDs and to
reduce crosstalk with neighbouring spectroscopic fibres. This last cri-
terion leads to the rejection of only 0.07% of real mostly nearby bright

sources.

The WNIBLES selection criteria

The 4000 galaxies selected for NIBLES were chosen from 56 000 Local Vol-
ume SDSS galaxies, i.e. galaxies with recessional velocities in the range
900kms™ < ¢z < 12000 kms™!, henceforth called the LV SDSS sample. The
automated photometry system of SDSS does not provide accurate photom-

etry for galaxies of large angular size, so very nearby sources with ¢z <

900kms~! were not selected. Despite this being an H1 survey, all mor-

phological types were included in the sample (van Driel et al., 2007). The

NIBLES selection criteria also require that the galaxies have a good quality
optical SDSS spectrum (S/N > 4 pixel™?).
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The LV SDSS sample includes galaxies with a wide range of z band (9000
A) magnitudes, with -10™ > M, > -24™ (using a Hubble constant of Hy =
70kms™!). The NIBLES sources were chosen in a way that samples this
luminosity range as uniformly as possible. Previously, most of the large,
optically selected H1 surveys included mainly bright spiral galaxies in their
samples (e.g. Theureau et al., 1998; Fisher & Tully, 1981). By sampling
such a large magnitude range, NIBLES will provide a more accurate view of

galaxy properties over a wide range of luminosities.

The NIBLES sources are assigned to M, luminosity bins with a width of
Am = 0.5, The bins with luminosities from -10.5™ > M, > -14.0™ and
M, = -24.0™ each contain between 30 and 161 galaxies. The remaining bins
contain a maximum of 200 sources each (see Fig.2.7 for distribution of this
sample of galaxies). The low number of galaxies in the faint bins reflect the
low numbers of faint galaxies in the LV SDSS sample. Even though the faint
galaxy numbers are low in comparison to bright galaxies, the numbers are
still better than for previous surveys. With these numbers of galaxies per
bin, one is able to carry out robust statistical analyses of the galaxies as
a function of various galaxy properties, such as surface brightness, even for
faint sources. It will later be found that this distribution changes signifi-

cantly due to magnitude estimate errors (see §4).

The nearest galaxies in our sample were observed preferentially as they
would have the highest chance of being detected in H1. The mean distance
for the luminosity range -10.5™ < M, < -19™ is 30 Mpec, with 55 Mpc for
-19.5" > M, > -21™ and 100 Mpc for the remaining brightest sources.

The observations were scheduled by Prof. W. van Driel and Nicole Hallet

of the Nancay Observatory. They were carried out by the Nangay technical
staff. The data were reduced and analysed by myself.
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2.1.3 Calibration

A radio telescope’s receiver output is not in units of radiation flux density.
Rather, the raw output is a measure of the telescope’s system temperature,

Toys in units of K, where T, is given by:

Tsys = dstre 1 T’terr + Trec (25)

where T4, includes contributions from large scale astronomical sources such
as the cosmic microwave background, radio sources within our own galaxy
and solar system, and the target radio source; Ty consists of radio emissions
reflected from the ground into the receiver and atmospheric emissions and

Tec 1s the temperature contribution from various parts of the of the receiver.

It is therefore necessary to remove the extraneous temperature contri-
butions and convert the signal output of the targeted source from units of

temperature to units of flux density.

The contributions from astronomical as well as terrestrial sources are re-
moved by using the position switching method mentioned in §2.1.1. The tem-
perature contribution from the sky obtained during the OFF-source pointing
contains the T term and the T, 4., without the contribution from the tar-

geted radio source.

To remove the receiver temperature, T,.., the terminal resistance of the
receiver is placed in liquid nitrogen or helium so that its noise temperature
is precisely known and kept to a minimum. Then a radio source of known
flux is inserted into the receiver horn and 7., is determined. This procedure

is carried out between observations of the sky.

After subtracting each contribution, the remaining temperature is then
due to the targeted radio source. This temperature, called the brightness
temperature T}, is related to the flux density as follows (Taylor et al., 1999):
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T, = F.S, (2.6)

where T}, is the brightness temperature in K, S is the flux density in Jy and

F. is the temperature to flux density conversion factor given by:

o
¢ 2;{731/293

where v is the observed frequency in Hz, kg is the Boltzmann constant and

(2.7)

2 is the solid angle subtended by the beam on the sky in steradians; it is
approximated as (Taylor et al., 1999):

7%
0 = "apBw
4In2 ’

where 6 is the beam dimension in arcseconds and HPBW is defined to be the

(2.8)

angular size of the main beam at the half power level.

F, is calculated by observing astronomical radio sources with known flux
densities and then measuring the corresponding system temperature which
allows the ratio of temperature to flux density to be calculated. For the NRT,
F.=14KJy ™! at § = 0° at a wavelength of 21 cm and Ty, = 35K.

2.2 Data Reduction

The data reduction was carried out using two software packages created by
the NRT staff, called the NAncay Processing Software (NAPS) and Systéme
Interactif de Réduction (SIR) respectively.

2.2.1 NAPS

The NAPS software package was used to remove as much of the Radio Fre-
quency Interference (RFI) from the raw data as possible. The RFI mitigation
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algorithm is as follows (Monnier Ragaigne et al., 2003):

1. All the OFF-source spectra for an observation were averaged and this
average OFF spectrum, <OFF>, was subtracted from each individual

ON-source spectrum for that observation.

2. For every ON-<QOFF> spectrum, the signals with the 25% highest and
25% lowest peaks were excised and the average rms and mean signal

strength were calculated.

3. In each of these spectra, channels with signal strengths differing by
more than 10 ¢ from the mean rms were flagged. The signal was re-
placed by a linear interpolation between the unaffected channels. There
is the chance that legitimate H1 signals with very high flux density will
be clipped at this stage. However, because this procedure is being car-
ried out on each individual, 40s integration spectrum, the H1 profiles
usually have a flux density that is below this threshold. In the entire
sample < 3% of the spectra had clipped profiles.

4. The cleaned ON spectra were then averaged and subtracted from each

OFF spectrum.

5. Steps 2 and 3 were then repeated for each OFF spectrum and clean
OFF-source spectra were produced. This is done to remove RFI from
the OFF-spectra so that it is not re-introduced into the ON-spectra in
the next step.

6. Lastly, the average of the clean OFF-source spectra was subtracted
from each original, uncleaned ON-source spectrum. This creates the
final, cleaned ON spectra that were used in the rest of the reduction

procedures.

Despite this mitigation procedure, some RFI still remains in the spectra.
The most troublesome RFI was the GPS signal at 1381.1 MHz which often
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Figure 2.2 'U'le T11 specirum of SINSSHIS34T BG-003930.3 showing A strong, GPS signal
Tl horizartal axis i in units ket ! and the verrical axis is noupits of T The GRS
eovers a wide range of velosities 5000 kn 71 aaps = D00 ks ? and eanses severs

—~

rintgiog in Lhe baselive on eithier side of 1,

resulted In a strong sipnad at the equivadent of 2 200kms=". As au exanple,
Fig. 2.2 shows a strong (GPS signal in the spectnun of SDSS002347.66-

band the vertical axis 1=

N03939.3, The homzontal axis is i units of kms™
in units of Jy. In Fig2.3 (as well as 2.4, 2.5 and 2.6) the baseline is not
at the zero Qux level because the baseline normalisation has not vet been
performed: the nonmalisation happens only after the residual baseline has
Been subtracted (see §2.2.2). The GPS covers a broad range of the bageline,
S000kms 1< vpps = 8000 km s, The baseline of the spectrum iz allected

e

by severe ringing on either side of the 11171



Next, the NAPS programme was used to convert the raw data (system
temperature in K) to flux density (in Jy) using the conversion factor, F..
Following these procedures, a spectrum of the data from each receiver bank
was produced by adding all the final cleaned ON-source spectra. The spectra
were then displayed and bad spectra were identified by eye and flagged.

2.2.2 SIR

The SIR package was used to extract H1 parameters such as the recessional
velocity and integrated flux density from the data of likely galaxy candidates.
To start this process the name of the galaxy was entered into the programme
and each spectrum obtained for that galaxy was displayed individually. 1
selected by eye which spectra to use in the analysis. These spectra were then
added together to produce one final spectrum of the galaxy. As an example,
Fig. 2.3 shows the final spectrum of SDSS 032009-061549.1. The horizontal
axis is in units of kms™! and the vertical axis is in units of Jy. This spectrum
contains a double horn profile, typical of an inclined spiral galaxy, with S/N
= 18.7 and strong RFI at 9500kms™" of unknown origin. This RFI was
not removed by the RFI mitigation algorithm because it fell below the 100
1

threshold set for each 40s integration spectrum. The signal at Okms™ is

due to residual Galactic HI emission.

We then selected a section of the spectrum with a typical width, Av =
5000kms™!, centered on the signal. In the case of non-detections, we chose
the region where the signal would have been expected, according to the re-
cessional velocity obtained from the SDSS data. Next, the signal and any
RFI were marked off on the spectrum by clicking on either side of them.
Figure 2.4 shows the truncated spectrum containing the H1 spectral line, but
with the RFI and Galactic emission excised. The red line underneath the
spectral line (just below the velocity axis) indicates that it has been flagged

by the user. This selection indicates to the programme that the spectral line
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Figure 2.3: The spectrum of STES 032000-0615649.1 as 1% is displaved in STR, The
horizontal axts is in unies of ks~ dnd the vertical aois is in unies of Jv. The speciom

contains o wood donble horn prolile of /N — 18,7 I also showd steoup RET &l @ 500 ko=

af nnknown aviging The stenal ot Okms ' i fe o residual Galactic HT eruissio.

should not be removed during baseline subtraction.

The residual baseline subtraction was carried out by fitting a 5 order
polynomial to the data; this is shown in Fig. 2.5, This relatively high order
was 1ged ag the residual baselines have many ripples. The zections that were
marked as the signal and RFT were replaced by linear interpolations so thar
they wonuld not he subtracted. The data were then box-car smoothed to a
resclution of 18 kine? to improve the sienal to noise ratio (Theurean et al.,
19955, The resolution was #eot to 18 kins™! 1o minimise the nncertainty in

the recessional velocity and velocity width valyes.
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Figure 2.4 This tigure shows the soction nfthe spoctnima, wich the signal in -he center
ahd BFI exeised. The red lne indicates where the siznal bos Leen macked off on the

R T

Lastly, we selected the maximum intensity of the signal. Double-horned
profiles are often asymmetric; in these cases the maximum intensity is then
chosen to be the mean peak flux of the two horng. The prosramme then
antomatically determined Hi1 parameters such as integrated hme fux, S,
central velocity, Var and velocity widths, Figure 2.6 shows the spectrum
after the residual haseline subtraction and smoothing. The bottem-most
horizental line is the average baseline, the middle and top lines are the 20%

and 5% levels of the maximum peak Hux These levels are used to calenlate

the velocity widths, Hig and Wi, at the 50% ind 209 levels.
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Figure 2.5: The 5™ order polynomial that has been fitted to the basciine of the spectrum.

2.3 Results

The data that form patt of this thesis were collected boetween February 2007
and March 2008, In total, about 900 hours of telescope tine were used and
1385 palaxies could be observed. Of the 1385 galaxics, 806 were detected
attd 5379 were not, Figure 2.7 shows the histogram of all the zalaxices within

the sample (yellow bars) and the galaxics detected in BT (red bars),

[Migure 2.8 shows an equal-area projection of the sky distribution of the
galaxies observed in this period in equatorial coordinates. The red cireles
represent the 111 detected palaxies and the blue crosses represent Hr non-
detections. The woids at 63° < o <0 110" and 265° < o <2 3097 are due to

the Galactic plane, The three narrow strips i the southern galactic cap are
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Figure 2.6: The amootied speetrum afer buseline smbrraction, The hotooam bnrizanta)
line 14 the average bascling for the sproeiruen. ‘Uhe middle and sop lines indicate the 2050

and 50 levely of the masdmnm peak Hnzx,

part of the SDSS Lesacy survey. The region between 120° < o 5 2407 and

+10F = & = 4207 is nuly sparsely populated because the SDSS survey has

nit completed ohservations of that ares of the sky

For comparison with Fig. 2.5, the equal srea projection of all the galaxies
i the SDISS spectroscopie surviy sample i# shown in Tig. 2.9, The curving,
black solid hne represeuts the Galactic plane. The main survey region, cet-
lered ab o ~ 2007 awd § ~ 30° and the three southern siripes are all part
of the 8055 Levacy survev., Tl e arcas are part of the Sloan Extension
fir Galaclic Understanding and Explorarion (SEGUE). The blue regions |

or special” plate regions) wdicarse sourees thar are part of the main survey,
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but have been chosen for further investigation, such as the study of Galactic
kinematics (Adelman-McCarthy & et al., 2005).

The average rms for the sample was 3.22mJy for 30 minute integration
times. The mass detection limit, i.e. the average minimum HI mass the
survey will detect can be calculated by using the average values of the sample

in the H1 mass equation:

My = 2.36 x 10°D? S, (2.9)

where D is the distance of the galaxy in Mpc (Hy = 70kms™! Mpc™!) and
Sins is the integrated flux of the detection in Jykms™. We assume that a
3o detection of a given velocity width will be detected.

This implies a mass detection limit of 8.3x10® Mg, for F' = 3¢, D= 45 Mpc

and AV = 180kms™!; the distance and velocity width are average values for

the sample.
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Figure 2.8: An equal-area projection of the sky distribulion of Lle observed galaxies in equatorial enordinates obtained from {le Sloan
Drgital Sky Surves Data Release fi. The red circles indicate HT delections, the blue crosses non-detections, The soids at 63" < & < 110°
and 2657 <o 3099 are due to the Galactic plane. The three strips in the soadhern galactic cap are pare of vhe SDXES Lepacy survey,

The comliguons region ol galaxies is centered at abowt o — 130 21 m aud § = 407 .
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Chapter 3

H 1 data results and quality

control

Before we began the detailed analysis of the data obtained from the sub-
sample of the NIBLES survey, we first needed to check the data quality.
The catalogue of derived H1 parameters are given, followed by a comparison
to data from an existing H1 catalogue, The Northern Extension of the H1
Parkes All Sky Survey (Wong et al., 2006).

3.1 Hi1 data for this sample of galaxies

This sample of galaxies consists of 1385 observations with a mean rms of
3.22mJy. Two hundred and forty three galaxies in the sample are optical
“confusion” sources. Optical confusion sources are objects that are listed in
the SDSS database as galaxies, but they are actually substructures within
galaxies . The data for these confused sources were not included in the cat-

alogue of parameters (for a full discussion see §4.1.2).
Eight hundred and six of the observed galaxies were detected, but not all

of these detections are reliable. A reliable detection is one with peak flux,

Speak = 30, where o is the rms for that particular observation. After excis-
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ing confusion sources and detections with Speqr < 30, the total number of

reliable detections is 600.

An extract of the catalogue of H1 parameters is shown in Table3.1. The
parameters listed are: recessional velocity (Vi) in kms™, the rms in mJy,
the velocity widths at the 50% (Wso) and 20% (Wag) peak flux level in kms™?,
the peak flux (Speqr) in mJy, the integrated flux (i) in Jykms™ and the
H1 mass (Mp;) in solar masses. The full catalogue of H1 parameters for this
sample of galaxies can be found in Appendix A. Note that an entry of zero

in the Wy or Wy, columns indicates that the parameter was not recorded.

Speak 18 selected manually by clicking on the point of maximum flux on
the galaxy spectrum in SIR (see §2.2.2) if the line profile is Gaussian. For a
double horned profile, the peak flux is chosen to be average of the two peaks.
Wiso (Wap) is the difference between the velocities that correspond to the 50%
(20%) peak flux level. Vg is the mean velocity of the region of spectrum
chosen for the line flux measurement (see §2.2.2). S;,; is the area under the

line profile. My is derived using Egn. 2.9.

3.1.1 Multiple detections

The NRT has a large beam size in the North-South direction (§ ~ 22’ — 3(/).
This makes it likely that multiple sources are detected during an observa-
tion. During the reduction process, each H1 galaxy spectrum was inspected
for multiple H1 detections in a single spectrum. These spectra were flagged

and separately investigated.

There are two types of multiple detection that can occur within a target

spectrum:
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Table 3.1: Example of the catalogue of H1 parameters for this sample of galaxies

Coordinates (J2000) Vir rms Wso Wao  Speak Sint log Mys
hhmmss degrees km s  [mly] [kms~l] [kmsT! [mly] [Jykms1] [Mo)
00 01 03.6 +14 34 48.6 1679 2.32 32 48 6.96 0.14 7.3
00 02 14.8 +14 29 16.0 5053 2.71 175 201 12.74 1.77 9.4
00 03 15.0 +16 08 44.7 1064 2.18 463 489 26.38 9.98 8.7
00 03 44.3 +16 11 12.7 6265 2.67 232 290 11.21 1.97 9.6
00 06 19.6 +14 19 38.7 5330 2.66 14 7 9.31 0.15 8.3
00 06 29.3 +14 10 56.4 5654 2.53 136 247 10.37 1.11 9.3
00 07 01.6 +14 06 23.6 5320 2.72 205 284 9.79 0.98 9.1
00 08 34.3 -10 56 57.5 8842 2.85 110 135 41.04 4.29 10.2
00 08 48.8 +14 02 01.3 1902 2.56 98 117 24.32 2.05 8.6
00 12 14.7 +15 15 26.7 1861 2.31 53 64 7.85 0.43 7.9
00 13 38.6 +15 40 28.0 1952 3.18 129 144 22.26 0.69 8.1
00 13 44.0 +00 22 18.2 3926 2.71 120 176 9.49 0.75 8.8
00 20 09.3 +14 17 28.7 4713 2.15 171 190 11.83 1.4 9.2
00 21 51.2 -09 29 32.1 6130 2.4 299 309 9.6 1.49 9.5
00 27 49.7 -01 11 59.9 3846 2.77 235 249 29.92 4.98 9.6
00 30 07.3 11 06 49.1 3477 2.65 325 342 21.47 4.68 9.5
00 30 09.0 09 57 11.8 5059 2.85 206 330 10.55 1.56 9.3
00 30 29.8 -08 46 59.8 5236 2.83 260 293 15.28 2.67 9.6
00 33 22.1 01 07 16.7 1976 2.55 144 168 103.02 13.15 9.4
00 34 02.8 09 42 19.2 3706 2.69 449 467 51.38 15.92 10.0
00 34 57.9 09 20 31.9 6709 2.76 339 420 10.49 2.12 9.7
00 36 28.9 10 06 22.1 5777 2.52 307 351 13.1 2.65 9.7
00 37 10.6 09 27 25.1 5172 2.32 147 227 12.3 1.23 9.2
00 39 22.9 -08 49 24.4 5672 2.91 228 277 10.77 1.28 9.3
00 41 33.9 -10 01 17.1 3851 1.6 539 564 9.12 2.08 9.2
00 43 32.4 +14 20 33.2 4387 2.38 205 225 18.56 3.29 9.5
00 43 51.9 400 48 07.0 5358 2.74 228 259 19.29 3.34 9.7
00 44 23.3 +14 17 15.7 4115 2.46 77 104 16.09 0.54 8.7
00 45 51.9 09 19 41.5 6007 2.77 166 219 12.74 1.65 9.5
00 46 08.8 ~10 24 31.0 3919 2.69 148 178 9.15 0.54 8.6
00 47 46.4 -09 50 06.1 5640 3.04 430 0 10.64 2.11 9.5
00 47 47.5 -09 53 58.3 1344 5.07 132 166 99.37 13.06 9.1
00 51 59.6 400 29 12.1 1612 2.79 175 192 82.58 11.59 9.2
00 52 52.8 +01 12 50.4 1754 2.53 94 124 9.61 0.7 8.0
00 53 29.9 —08 46 04.0 5517 2.62 167 224 9.43 1.05 9.2
00 56 42.7 —09 54 49.9 5552 2.75 199 225 80.85 15.32 10.4
00 57 56.6 +00 52 08.9 2263 2.95 91 121 13.28 0.94 8.4
01 00 04.1 -11 04 57.3 5323 2.64 142 224 27.46 3.87 9.7
01 00 45.8 -09 11 08.5 4507 2.78 144 298 36.42 5.82 9.8
01 01 19.5 -09 50 42.9 4495 241 242 260 7.95 1.25 9.1

40



e both the target galaxy and what appears to be an extra galaxy are
detected.

e the detection may not be due to the target galaxy, but a second galaxy.

In this sample of galaxies, only 3 of the spectra contained what appeared
to be an extra detection. Six detections are due to galaxies that are not the
target galaxy. The data from these 9 spectra were not included in the analy-
sis. The profiles with extra detections cannot be used in analysis because the
profiles appear to be overlapping (see Fig. 3.1). It is then not possible to iso-
late the flux due to the target galaxy only. The detections caused by galaxies
other than the target galaxy are not used because the detected galaxy is not
in the NIBLES sample.

The NASA Extragalactic Database! (NED) was searched to try to iden-
tify the possible sources causing the extra detections. A search for galaxies
within a radius of ~ 15’ (the maximum angular separation between galaxies
in the beam if the target is at the center of the beam) was performed. Any
galaxy that fell within this search area with a redshift corresponding to the

extra detection was noted as a possible source of the extra detection.

Next, the SDSS finding chart website? was used to try and identify any
extra galaxies that fell within the NRT beam during observation of the tar-
get galaxy. The finding chart tool displays SDSS colour images of galaxies.
The pixel scale and angular size of these images can be set by the user. For
my purposes, the image dimensions were set equal to the maximum dimen-
sions of the NRT beam, i.e. a x § ~ 4’ x 30/. Using these images, I was then

able to view all galaxies that fell within the NRT beam during an observation.

The extra galaxy that appeared in the SDSS image was then compared

to the NED images of the galaxies that were noted as possible sources of

thttp://nedftp.ipac.caltech.edu/
2http://cas.sdss.org/astrodr6/en/tools/chart/chart.asp
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the extra detection. If the galaxy in the NED image matched the galaxy in

SDSS image, then the galaxy was chosen as the source of the extra detection.

Figure 3.1 shows examples of spectra where multiple signals are present.
The black lines in both spectra indicate the recessional velocity of the target
galaxy. In the left panel the spectrum of SDSS151505.2+421233.9 is pre-
sented. The signal profile looks like the typical double horned profile of an
inclined spiral galaxy, but with two smaller peaks on either side. This un-
usual shape is thought to be due to two overlapping double horned profiles,

one wider than the other, at the same redshift.

The right panel of Fig. 3.1 shows the spectrum of SDSS133011.5—013947.2.
This profile has a triple horned shape. This shape is also most likely due to

overlapping signals of galaxies with similar redshifts.

SDSS151505.2+421233.9

0.06 008 5055133011.5-013947.2
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Figure 3.1: Spectra of galaxies that appear to have two detections per spectrum. The left
panel shows the spectrum of SDSS151505.16+421233.9. The right panel shows the spec-
trum of SDSS133011.49-013947.2. The black lines on both spectra indicate the recessional
velocity of the target galaxies.
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The SDSS finding chart images of SDSS151505.2+421233.9 and
SDSS133011.5—013947.2 are shown in Fig.3.2. SDSS151505.2+421233.9 is
centered in the left and SDSS133011.5—-013947.2 is centered in the right
panel. Each image has the same dimensions as the NRT beam, ax§ = 4'x22'.
The galaxy causing the extra flux in the profile is clearly visible below the

target galaxy in both images.

Table 3.2 lists the galaxies that have multiple signals in their spectra as
well as the most likely candidate galaxy for the source of the second signal.
The first column gives the names of the target NIBLES galaxies, the second
column contains the description of the profile and third column lists the op-
tical recessional velocity of the target galaxy. The fourth column lists the
name of the most likely source of the second detection; the optical recessional
velocity of these galaxies are given in the fifth column. The last column con-

tains the reference code for the velocities.

Table 3.2: Galaxies with multiple detections per spectrum

Target galaxy profile description Vopt Likely 274 galaxy Vop Ref
flams~1] flms™1]
SDSS133006.1-014314.1 triple horned signal 4317 NGC 5184 3991 2
SDS8S133011.5-013947.2 triple horned feature 3937 NGC5183 4290 1
SDSS151505.24+421233.9  four peaks in profile 2499 NGC 5899 2562 3

References: [1] Fisher et al. (1995),[2] Catinella et al. (2005}, [3] de Vaucouleurs et al. {1991)

Figure 3.3 illustrates the second type of multiple detection. The left panel
shows the spectrum of SDSS081753.93+244112.0. There is a strong signal
at v ~ 2000kms™!. The recessional velocity of the target galaxy is v =
1701kms™! (as indicated by the black vertical line), but this signal is not
detected. The right panel shows the spectrum of SDSS140711.34+550006.0.

The black line indicates the recessional velocity of v = 1918kms™!. There
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Figure 3.2: 8DSS ealour imagrs showing eara galaxies in the NRT beam. The image
has the dimensions of the NFE1 beam, 12 = & = 4" = 227, The left panel 1= cenlered on
BDS815315145.4—421233.9; \he righ panel 15 cenfored on STES1E30 1.5-013947.2

is no detected signal rom the targel galaxy, but thete is & strong signal at
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Figure 3.3 The spectrum of SDESOELTAL S0—2441124) (eft panel) shows no deleclion
al Lhe recessional veloeily (o — 1701 kme™!) of the salaay, bul there iz o strong signal at
o 2U00 kms—t SDISSTH0T1.34 | BAMI0G.0 (right pandlt has a recessional soloctty of @ =
| G1alms ' No signal is defected at that velocity, but there is a clear detection al v ~

Ldfiibkme™t, ‘Uhe Llack jine shows Lhe recessional velositey of Lhe Lareet palaxy.

Figured.4 shows SDISS0R17H3.94244112 (left panel) and SDSS140711.34
SR0006 [vight panel) centerad o each image, Bach image has the dimensions
of the NRT hean, The galaxices responszible lor the detections are above and

i the left of the targel galaxies,

The list of palaxies that were nol detected, but which have another galaxy
detection in the spectrum is presented in Table3.3. The table lists the tar-
el SIS galaxy in the fivst eoltmn and the optical recessional velocity of
the target in the second. The name of the mest likely second galaxy is con-
tained in the third column and the optical recessionsl weloeity of this galuxy
18 showm in colnmn fopr. The fifth colimn contains the reference code for

the recessional velority of the second galaxy
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Figure 3.4 R85 colour images showing ectra golaxies in the XRT beam. The fmage
hias the dimensions of 1he ST bewrn, e oo x 8 — 47 5 83 The left peael i eeoered on

SEHES0SLTEL 9+2441 12 the righv panel 5 cenrered on SDES 1407134 RAHIOE

3.2 Comparison of H1 parameters

3.2.1 NHICAT H1 data

ok
The H1 data for the pilor NIBLES survey were compared Lo data from che
Northern H1 Parkes All Sky Survey Catalogue (NHICAT) (Wany ot al., 2006)



Table 3.3: Undetected galaxies with an H1 detection originating from another source

Target galaxy Vopt Other galaxy Vopt Ref
[kms—1] fkms™1]
SDSS081753.9+244112.0 1701 1C 2267 2044 4
SDSS084809.24+-173641.3 6178 IC 2406 4670 5
SDSS122203.9+090205.6 996 NGC 4307A 5836 7
SDSS124342.3+113329.5 1022 NGC 4647 1422 6
SDSS140050.04+493059.8 1522 UGC 08936 1907 8
SDSS140711.3+550006.0 1918 NGC 5486 1390 3

References: [3] de Vaucouleurs et al. (1991}, [4] Falco et al. (1999), [5] Paturel et al. (2003), [6] Binggeli
et al. (1985}, [7] Meyer et al. (2004), [8] Smoker et al. (2000)

in order to verify the consistency and accuracy of the NIBLES data. The
NHICAT data were chosen for comparison with the NIBLES data because

the survey areas overlap and the surveys have a similar redshift range.

NHICAT was a blind H1 survey that detected 1002 galaxies in the dec-
lination range +2°< 6 < +25°30' and one source just below § = 2°. The
observations were taken during the period from 2 000 to 2 002 using the multi-
beam receiver on the 64 m Parkes radio telescope. The integration time was
450sbeam™ resulting in a survey sensitivity of 14 mJybeam™. The survey
velocity range is —1280kms™ < v < 12700kms™!. Galaxies in the range
—300kms™! < v < 300kms~! were omitted to avoid high levels of Galactic

emission.

The declination range for NIBLES is —11°9 < § < +68°42'. There
are no observations in the right ascension ranges 4°11' < o < 7°19 and
17° < a < 20°54’ as these coordinates correspond to the Galactic Plane.
Therefore not all galaxies in the NIBLES sample fall within the NHICAT
survey area. In total, 210 detected galaxies fall within both the NHICAT
and NIBLES survey areas.

47



NHICAT has a positional accuracy of 1.5'. A source in NIBLES was
matched to a source in NHICAT if they were within 1.5 of each other and the
difference between their recessional velocities, AVy; < 100kms™!. Twenty-

five galaxies were matched in this way. The compared parameters are Vg,
the rms, Spear, Sint, Wao and Wi,

The velocity widths for NHICAT were determined using both a maximi-
sation and a minimisation procedure. The minimisation procedure starts at
the velocity corresponding to the peak profile flux and searched outward until
the desired peak flux level is found. The maximisation procedure searches
inward from the edges of the profile until the required flux level is reached.
The NIBLES velocity widths are determined by simply finding the velocities
corresponding to the required flux level. It was found that the NIBLES data
matched the maximised parameter most closely and these velocity widths
are listed in Table3.4. Vg; in NHICAT is measured in several ways. The
parameter that is recommended for use by the NHICAT team (and the one
that is listed in Table 3.4) is called v§{**. This parameter is the mean veloc-
ity at which the profile reaches 50% peak flux when using the maximisation
procedure. Sp.q is the maximum flux density within the profile. S;,; is the
integrated flux density within the area between the manually selected profile
velocity limits and the data box size (see Meyer et al., 2004, §3.2.2).
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Table 3.4: NIBLES and NHICAT data comparison

SDSS name Vur rms Wso Wao  Speak Sint

kms™!]  [mJy] [kms~!] [kms™!]  [mJy] [JykmsT?]
HIPASS name VHI rms Wso Wao  Speak Sint
SDSS001338+154028 1952 3.2 129 144 22.3 0.7
HIPASSJ0013+15 1925 6.4 142 171 30.3 3.3
SDSS013015+144039 2427 5.2 118 147 38.3 3.7
HIPASSJ0130+14 2450 7.8 118 59.9 6.4
SDSS101358+-070126 1210 2.8 211 235 145.3 26.7
HIPASSJ1013+07 1216 52.9 217 241 215.8 37.7
SDSS101414+032759 1213 2.5 422 482 138.4 47.1
HIPASSJ1014+03 1223 9.0 438 505 329.2 118.2
SDSS101747+4-215224 1579 2.9 211 246 40.0 7.4
HIPASSJ1017+21 1570 6.6 191 272 61.3 9.6
SDS8S104207+134449 1306 2.8 304 344 170.3 42.7
HIPASSJ1042+13 1309 62.3 332 359 413.6 91.7
SDS5105539+4-022347 1026 2.5 97 135 21.2 20
HIPASSJ1055+02 1043 7.7 85 377 3.6
SDSS112426+112031 1051 2.3 255 273 102.4 24.9
HIPASSJ1124411 1061 T4 265 288 202.5 42.2
SDSS112824+092427 1733 2.5 402 420 31.8 7.6
HIPASS.J11284-0% 1743 6.9 410 437 72.3 14.0
SDSS113419+4+131919 1194 2.9 66 111 51.1 4.0
HIPASSJ1134+13 1198 6.8 73 98 48.7 34
SDSS1137374-163322 1029 3.1 153 182 57.8 7.8
HIPASSJ1137+16 1029 6.6 142 173 66.1 7.3
SDSS1201104+140613 1492 2.9 199 223 44.2 7.7
HIPASSJ1202+14 1477 6.9 136 214 95.8 13.0
SDSS121127+025534 1272 3.3 95 117 8.7 6.8
HIPASSJ1211402b 1295 45.3 95 114 78.4 6.7
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Table 3.4 continued ...

SDSS name Vur rms Wso Wao  Speak Sint

(kms™!]  [mJy] |kms~! [kms7!] [mJy] [Jykms—]
HIPASS name Vur rms Wso Wao  Speak Sint
SDSS124356--130736 1044 2.3 283 312 120.6 30.2
HIPASSJ1243+13b 1058 112.2 278 314 255.2 51.8
SDS51247454-134546 1612 2.8 183 203 299 4.78
HIPASSJ1247+13 1633 7.8 163 186 479 6.2
SD8S1316524-123253 960 2.9 165 199 61.9 9.9
HIPASSJ1316+12 966 124 173 193 64 10.1
SDSS1320324-052429 950 3.3 72 161 14.2 1.1
HIPASSJ1320+05 962 14.7 86 115 58.9 4.9
SDSS1320384-094710 1122 3.1 139 156 70.7 8.9
HIPASSJ1320+4-09 1134 45.3 150 112.2 15.5
SDSS143039+4-071630 1351 3.0 180 206 78.4 13.1
HIPASSJ1430+07 1354 32.8 183 217 144.1 19.8
SDS8S1433244+042701 1571 2.9 106 132 196.1 19.5
HIPASSJ1433+04 1581 6.8 100 128  438.1 42.5
SDSS5144058+4-021111 1621 2.4 145 166 24.4 3.2
HIPASSJ1440+02 1638 6.0 124 170 30 34
SDSS144257+045327 1633 2.4 307 323 71.5 16.6
HIPASSJ14434+04 1649 8.0 305 330 94.4 21.3
SDSS1545444-203337 2075 2.7 60 84 103.6 6.6
HIPASSJ14544-20 2092 74 70 101 126 9.2
SDSS1608174-073218 1360 2.7 209 228 59.9 11.0
HIPASSJI1608+07 1370 7.7 215 238 96.3 14.8
SDSS225810+141830 2105 3.0 103 129 50.9 5.0
HIPASSJ2258+14 2113 6.6 109 155 74.8 7.6
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Figure 3.5 shows the comparison of the NIBLES and NHICAT rms val-
ues. The high NHICAT rms values are for sources with § > 10 °. These high
high declinations mean that the observations are taken at lower elevations
and this increases the solar interference, which in turn raises the rms of the

observations.
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Figure 3.5: Comparison of NIBLES and NHICAT rms.

The data for Vy; and Wse Table 3.4 are plotted in Fig.3.6. The NIBLES
data for Vg (left panel) and Wi (right panel) are well matched to the
NHICAT data. The black lines on both plots are the lines of equality. The
rms scatter for Vg and Wy, in these plots is 12kms™ and 17kms™! re-
spectively. The NIBLES spectra were boxcar smoothed to a resolution of
18kms™!. The NHICAT team used Hanning smoothing in their reduction

process resulting in a resolution of 26.4kms™*.

Viur and Wsq are in good
agreement given the velocity resolutions of the two surveys and the data

show no systematic variations..

The comparisons of Speqr, and S are plotted in Fig. 3.7. The black lines

in both plots are the lines of equality. There are large disparities between the
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Figure 3.7 Comparisons of 8., (Icft] and S, (right). The purple svinbols represent

the extended sources and the red symbols repressnl the non-extended sources,

data tor both S, (left} and S5, (right). The lape differences in Speqp and
S hetwoen the two datasets 18 due to the extended angular size of some of
the galaxies [represented by the purple svinbols in the piot}. The NIRRT beam

15 ~1' in the East-West direction, Therefore galaxios with £, :in(F4) = 2



will be resolved by the NRT beam, where PA is the position angle of the
galaxy measured eastward of North and Ry is the H1 radius of the galaxy.
Ry is estimated to be ~ 2R, (Broeils & Rhee, 1997), where R, is the op-
tical radius of the galaxy. Since the NIBLES survey only used one pointing of
the NRT to observe a source, some galaxies, particularly nearby spirals, will
be larger than the observing window and will therefore not have a complete
flux measurement. This leads to an underestimation of the flux of the galaxy.
For the 25 galaxies compared in Table 3.4, 8 were extended compared to the
East-West diameter of the NRT beam. The data for Speq and Sin: presented
in Table3.4 are therefore lower limits on the total values. The extended
NIBLES sources will be re-observed using multiple pointings at a later stage.
For NHICAT, extended sources were manually identified and their flux values
were re-determined by summing the flux in each pixel of the moment map
(see Meyer et al., 2004, §3.5). This difference in observational methodologies

will result in different parameter distributions for the two galaxy samples.

Figure 3.8 displays the histograms of the Wy, (top panel), Speqr (middle
panel) and S;,,; (bottom panel) parameters for the NIBLES sample and the
NHICAT sample. In all three plots the darker shading indicates NIBLES
data and the lighter shading corresponds to the NHICAT data.

The distribution of Wi, is skewed towards lower values for the NIBLES
sample because NIBLES detected a higher number of low mass systems, such
as dwarf galaxies. The NHICAT integration time is too short to allow detec-

tion of these low mass objects with narrow profiles.

The histograms of Speq are shown in the middle panel of Fig. 3.8 (in the
discussion that follows, the logarithmic values of Speqr and S are given in
parentheses so that the values can more easily be related to Fig.3.8). The
NIBLES data include many more systems with low peak flux values (Spear <
0.03 (-1.5) Jy) than NHICAT. NIBLES detected more low flux systems be-
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cause the integration time per source is roughly 30 minutes, compared to 7.5
minutes beam™! for the NHICAT sample. The underestimation of the flux
of extended sources leads to a paucity of galaxies with Speer > 0.32 (-0.5) Jy
in the NIBLES sample.

The bottom panels of Fig. 3.8 show the histograms of the integrated flux
densities, Sy, for the NIBLES sample and the NHICAT sample. Again,
the impact of not completely observing extended sources is evident in the
NIBLES data. The NIBLES sample has more galaxies with S;; < 3.16
(0.5) Jykms™! because there are more sources with narrow profiles and low
peak flux values within the sample. The NHICAT data has many more
sources with Sj,s > 31.2 (1.5) Jykms™! due to its larger number of galaxies
with high peak flux values.

Two effects that lead to a difference between NIBLES and NHICAT flux
distributions have been discussed; lower mass galaxies observed by NIBLES
due to its longer integration time and higher mass galaxies that have under-
estimated flux in NIBLES if they are extended sources. In order to quantify
these two effects, the histograms of Wig, Speqar and Sin; for the galaxies listed
in Table 3.4 are shown in the top, middle and bottom panels Fig. 3.9 respec-
tively.

The histogram of Wy, in Fig. 3.9 shows no significant difference between
the NIBLEs and NHICAT data. The Sp.q data shows that NHICAT has
5 more sources than NIBLES with Speqr > 0.20(—0.7) Jy. NIBLES has 4
sources with Spear < 0.03(—0.7) Jy more than NHICAT. The effect of under-
estimating galaxy flux then seems slightly more pronounced than the effect
of longer integration time, but with such a small sample this observation
may not be statistically significant. For the S;,; data, NIBLES has 3 more
sources than NHICAT with S;,; <3.2 (0.5) Jykms™! and NHICAT has 3
more sources than NIBLES with S;,; <31.2 (1.5) Jykms™!. So for the S;.;

%



data, the two effects appear to be evenly matched.
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Chapter 4

Optical data quality control

investigation

Before starting a comprehensive analysis of the data, it is necessary to first
peruse the global properties of the galaxies, such as the H1 mass-to-light
ratios. This preliminary analysis helps to identify any areas of concern or
potential pitfalls in the data.

4.1 Introduction

During the course of the preliminary data analysis, a sharp increase of the
H1 mass-to-light ratios (My;/L) for faint galaxies in the magnitude range
—14™ < M, S —7™ was noticed. This is illustrated in Fig. 4.1 which shows
a plot of My;/L, (in solar units) for the galaxy sample against g band ab-
solute magnitude. The bright galaxies (black crosses) in the range —22™ <
M, < —14™ have 0.01 < Myr/L < 1. Roberts & Haynes (1994) performed
an extensive study of galactic physical parameters and found that Myg;/L
increases for later-type galaxies. The median range for early types (E to Sb)
was 0.03Mg /Ly < Mgr/Lp < 0.21Mg/Lg. For later types (Sbe to S/Im)
the median range is higher, 0.29 < Myg;/Lg < 0.78. The values of My;/L

58



for the hrighter galaxies in our sample can therefore he considered to fall

within o normal tange.

log My, /L, (solar units)

Figure 4.1: The g band HT mass-to-light eatio for the entire sample of galaxies. The
hovizontal axs is the 9 band absolite magoitude; the vertical axis s in salar unics, The
ted asteriskes ropresent faint galaxiesw the magnitude range 1475 M, = -T™ the black
vrosses represent the high surface brightness galaxies. The bloe line vepresents the highest

vitlue, Mer/L g < 220 fls o found by Warren o al. [2006).

Many of the faint palaxies in Fig, 4.1 have extremely high Mg/ L, shown
by the steep upward trend for optically fainter systems with A, = —14™, A
simple interpretation of Fig. 4.1 would unply that there exise optically faint
galaxies with My, /L, = 1000, The lighest values of My;/Ly tound pre-
vionaly are from a sample of 9 extremely pas rich late-tipe palaxies chosen
from the HIPASS Bright Galaxy Catalogue {Koribalski et al., 2004). Values
in that sample are in the range 1.1 M /L, < My /Lp < 228 /L, (Warren
et al., 2006}, The maximum value, My, /L = 22M; /L, 15 represented in

Fiz. 4.1 by the blue dashed line, It 15 the only value in that sample greater
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than 5Mg/Le. A study by van Zee (2001) calculated Mg /Lg for a sam-
ple of over 50 late-type galaxies with magnitudes M > —18™. The range of
Mpyg;/Lp was 0.1 Mg /Ly <Mg;/Lp < 6.9Mg/Le. In that sample, only two
of the galaxies had Mg;/Lg > 5Mg/Lg. Furthermore, the blind H1 survey
carried out by Spitzak & Schneider (1998) found 34 galaxies (out of a sample
of 75 sources) with 1My /Lo < Myr/Lp < 10Mg/Lg; only five sources had
Mpgr/Lp > 5Mg/Le. For ease of comparison, these results are summarised
in Table4.1. The first column gives the publication in which the data was
resented, the second column lists the sample size, the third column gives the
range of My;/Lg and the fourth column details the number of sources in the
sample with My;/Lg > 5Mg/Le.

Table 4.1: Comparison of high My;/Lp results

Reference sample size Mpyy/Lp  Number of source with My;/Lp > 5Mp/Lo
Mo/Lo]

This sample 806 0.01 - 10° 59

Warren et al. (2006) 9 11-22

van Zee (2001) 55 0.1 -6.9

Spitzak & Schneider (1998) 75 0.1 - 10 5

The findings of these studies suggest that systems with Mg;/Lg > 5Mg/Lg
are rare. This would make the extremely high values of Myg/L, seen in
Fig.4.1 rather exceptional. In the rest of this chapter, I investigate various
biases, selection effects and parameter estimates to ascertain the cause of

these large mass-to-light ratios.

4.1.1 A Malmquist-type selection effect

One possible cause for the steep upward trend could be a Malmquist-type
bias in the data. The Malmquist bias (Eddington, 1913; Malmquist, 1936)
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is a selection effect whereby objects with fainter absolute magnitudes are
under-represented at larger distances in samples of galaxies. This results in

a dataset that is skewed towards brighter sources as distance increases.

The NIBLES sample was chosen based on absolute magnitude and roughly
equal numbers of galaxies across the magnitude range. The bias due to an

apparent magnitude cut off should not be present in the data.

The galaxy Luminosity Function (LF) is optical analogue of the H1MF;
i.e. the LF relates the number density of galaxies to the optical lumniosity.
As with the H1 MF, the LF can also be described by a Schechter function
(Schechter, 1976):

PL)AL = " ()° exp(~2)d(L/L), (41)

where the (L) is the space density of the galaxies, ©* is the normalisation
constant, L* is the HI luminosity at which the LF shows a sharp change in
slope and « is the slope of the LF when L <« L*.

The LF indicates that the number of galaxies rises steeply for fainter,
later-type systems as shown in Fig. 4.2 (see also Heyl et al., 1997; Marzke
et al.,, 1994). The top left panel shows the LF for all the galaxies in the
sample. The ”"Type” label in the upper left corner of the remaining panels
indicate the morphologaical type of the galaxies, where Type 1 is the earliest
type and Type 5 is the latest. It is clear from this image that the number
density of galaxies increases for later types. This increase in numbers will
lead to increased scatter in the luminosity data; more outliers from the mean

luminosity will be seen.

The NIBLES H1 sensitivity is rms = 3.22mJy. Only systems with suffi-
cient H1 flux will enter into the sample as a detection. The sensitivity cut-off

introduces a Malmquist-type selection effect within the H1 data; systems
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Fignure 4.2: An exaraple of the Tamainesity Funetion for warious galasy morphological
types. Lhe top left panel shows the LE for all the galasdes inthe sample. The " Type”
label in the upper lell cotuer of Lhe remainitge panels indicace the morphodogaical fype of
the galaxies, where Type 115 the carlicst type and Tvpo & i the latest. fnage: Follos
et an (1994)

with low flux values will not be observed if they are oo far away, This leads
to an increase in the Mg /L with increasing optical faintness because the Hi
flux desection threshold is epnstant seross the oprical luminosity range, but
the luminosiey decrenses, We then expect to see an increase in Mg /L as
luninosity decrenses. The fucrense in Mgy /L, shown in Fig. 4.1 could then

bie due to this effect.

For the five faintest galaxies shown in Fig 4.1, My /T, > 22TM:/Ls. In
pargicnlar, SDESU8B4244+343322 has My /L, = 11580M; /L. which trans-
lates to a luminosity and Ht mass of L, = 3.9 x 10* and Mg; = 1.3x 108 M.,
This galaxy has an Hi 8ow of 925 mlv. A system with this fux would al-
most cortainly have bivn chserved by previous Hi surveys snch as HIPASS,
which has a sensitiviey of 13mv beamn™! (Mover ot al., 2004). However. no

abjects with such extreme values of My, /L, have been detected previously.,



The trend of steeply increasing Mpy;/L, can therefore not be explained by a
Malmquist-type selection effect.

4.1.2 Confusion sources

The SDSS uses an automated system to identify and analyse objects. This
system sometimes incorrectly identifies objects as galaxies when they are
not. These objects are called optical confusion sources. An optical confusion
source is one that is identified by the SDSS photometry software as a galaxy
and listed in the database as such, but is actually a substructure within a

galaxy, such as an optically bright star-forming region.

These misidentified objects may lead to a bright galaxy being classified as
a faint one. For example, Fig. 4.3 shows SDSS 012206.4+005616.6 (left panel
of Fig. 4.3, circled) and SDSS012213.9+005731.4 (middle panel of Fig. 4.3,
circled). The image in the right panel is centered on NGC0493. It is clear
that SDSS 012206.4+-005616.6 is actually a compact, optically bright region
at the south east end of the parent galaxy, while SDSS 012213.94+005731.4 is
a star-forming region at the other end of the parent galaxy. These sources are
listed as separate galaxies in the SDSS database with apparent B band mag-
nitudes of 20.7™ and 19.4™ respectively. These sources are actually bright
regions within NGC 0493, a galaxy with an apparent B band magnitude of

mp = 12.9™.

The large My /L, values could be caused by confusion sources in the
sample. The misidentified source would be a substructure of the parent
galaxy, leading to an incorrect and clearly underestimated magnitude value.
The H1 mass for the source would be one associated with the entire parent
galaxy, since the beam size of NRT is usually large enough that the galaxy
remains unresolved in H1. Thus, when the ratio of these two parameters is

calculated, it yields a value that is unrealistically high.
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For instance, SDSS 142837.8+003311 (henceforth source 2275) is such a
confusion source. It is actually part of the galaxy PGC 051719. Source 2275
has an absolute g band magnitude M, = —11.57" and Mpy; = 2.75x10% M.
This results in an incorrectly derived My;/L, = 41.6 Mgy/Le. The par-
ent galaxy, PGC051719, has an absolute g band magnitude of M p4rent =
—17.31™, the H1 mass is equal to that of source 2275. The parent galaxy has
Mpur/Lgparent = 0.21 Mg /Lo.

In order to excise the confusion sources from the sample, the SDSS colour
image of each galaxy was examined to identify and eliminate obvious con-
fusion sources in the sample. Each galaxy was then also cross-checked with
the NASA Extragalactic Database (NED)! to search for further confusion

sources. These objects were noted and eliminated from the sample.

‘http:/ /nedftp.ipac.caltech.edu/
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Ti eliminate confusion sources, the galaxies with the highest My, /L, val-
ues were investizated; 76 sources with abzolute ¢ band magnitudes —16™=
M, = =7 Twently six of these galaxies were found to be confusion sonrees
[over 200 confusion sources were found theoughout the sample). Fig. 4.4
shows re-plotted Ay, /L, 0 solar unirs against the absolnte ¢ hand magni-
tucle for these 75 sourees. The red orosses are non-eondused souroes; the blhae
circles are confused sourees. Sixteen sonrees (33% of the remaining galasies)
with My /L, = 30Mao/Te are still present. Confusion sources alone can

therefore not aceount for the high H1 mass-to-light ratios.
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Figuree 4.4: The plot of Mgr/L, vs 31, for the 75 faint galaxies with the highest values
of Mer/L, The red drosses are sources with no coalision; Lhe blue circles are conlused

HOLTCES,

4.1.3 Inclination cficcts

The SD558 uses circular Petrosian apertures (see §2.1.2) to carry out pho-

tometry. It was thought that these apertures may lead to a less accurate
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fit to the shape of the galaxies depending on inclination than an elliptical
aperture. This could lead to incorrect magnitude determination. This is es-
pecially true for highly inclined systems as they would deviate significantly
from a circular shape. If circular apertures were to yield an underestimate
of the magnitudes and subsequently a low luminosity value, it could explain
the large values of Mpy;/L, seen in Fig.4.1. Strauss et al. (2002) state that
the use of circular apertures does not influence the photometry for inclined
systems, but it was felt that the inclination should be investigated to verify

this statement.

To examine whether the inclination of the galaxies contributed to the
high Mpy;/L, values, the galaxies were divided into a high inclination group
and a low inclination group. The inclinations were determined using the
isophotal diameters of the galaxies. There were also galaxies for which no
inclination data were determined because the SDSS isophotal diameters were

not reliable.

Figure4.5 shows the faint galaxies with different symbols distinguishing
the different inclination groups. The blue crosses represent galaxies with
inclination ¢ > 50°, the red circles are galaxies with ¢ < 50°and the black
asterisks are galaxies for which no reliable isophotal diameters are available.
The majority of the highly inclined systems have 0.32My /Lo < Muz1/Ly <
6.3My/Le, a normal range. The systems with low inclination tend to be
fainter and have higher values of Mpyr/L,. The galaxies with no inclination
data have the highest value of Mpyy/L,. There appears to be a bias against

low inclination or no inclination galaxies in the magnitude range My > —13™.

A deeper investigation of the photometry was required to rectify the spu-
rious data Mpy;/L and to resolve the apparent bias due to inclination. Indi-
vidual photometry on galaxies over the entire magnitude range was needed.

These results could then be compared to the magnitudes generated by the
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Figure 4.0 My /T, ve My The Wue crosses are galaxics with melinacion § = B0F, the
red] circles are galaxies with melination ¢ < 0% and the black asterisks are galaxics for

which no inelination tlara 15 avatlable,

SDSS algorithm, Vhis investigation and its results are diseussed in the next

section,

4.2 Re-analysis of the photometric data of
faint SDSS galaxies

A snb-sample of 403 galuses was chosen from the sample for photometry
re-analyeis, All the galaxies in the XIBLES sample we assigned to M mag-
nitude hins that are 0.5 wide. I there were less than 20 galacdes inoa bin,
then the entire hin was included in the sub-sample. Therefore, all galaxies
with —24™ < M, = —235 and —13™ < A, < —10 wete lucluded in the
sub-sammnple. Galaxies with —23.3™ < M, = —13™ were chozen randomly

The g band photometty for the sub-sample, as well as the ¢ band photometry
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for the faintest galaxies (—14™ < M, < —10™), were re-calculated. The re-
analysis was done in two filters to check whether the results were consistent
in both filters. This is to ensure that any results obtained applied to the
entire bandpass range. The photometry was re-evaluated using the Source
Extractor (SE) programme (Bertin & Arnouts, 1996).

SE is a programme that carries out automated detection and photometry
on sources in FITS files. It works by first calculating and subtracting the
background radiation from the FITS image. It then detects objects that are
brighter than a specified threshold level and measures their positions and
shapes. Photometry is carried out on these objects. The programme writes
the data (apparent magnitude, position, axes ratio, etc.) for each object to
a catalogue file and creates a “check” image of the FITS file. This “check”
image is used to verify that the correct source has been analysed. The FITS
image files for each galaxy were obtained from the SDSS Data Archive Server
2, For this work, SE used the Petrosian system to determine the magnitudes
of the galaxies. The data obtained from SDSS were compared to the SE

photometric data in order to verify its accuracy.

4.2.1 The g band data comparison

The SDSS and SE apparent magnitudes for the sub-sample are compared
in Fig. 4.6. The red crosses represent the SDSS data with magnitude errors
€mg < 1™, the green circles indicate SDSS data for which €,,, > 1™. The blue
line is the line of equality. A large fraction of the data (82%) falls within
0.5™ of the line of equality, but there are data that deviate significantly from
the line. The plot shows that difference in magnitude increases for fainter
apparent magnitudes and that m, spgs is underestimated. However, not all

faint apparent magnitudes are affected.

2http://das.sdss.org/DR5-cgi-bin/DAS
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Figuri: 4.6: The g band apparent magniondes for all galawies in the sun-sample. The

ror] orosses represent the data for which the magnitude ervor o, <2 1™, the green circles

indicate data with £, = 1™ The blue line 15 the ne of equaiity

It i3 clear that faintness of sources i3 not the only factor that leads to
underestimated magnitudes, Purther inspection of the data revealsd that
tmany ol 1the cutlllers have very small Petrosian radil as given by the D55,
Therelore, the dilferepes in 515 and SIXSS mapnitudes, Ay, a8 a function
ol the 51355 Petrosian radling, fip in arcseconds, i3 plotied in Fig. 4.7, This
plot makes it clear that the SDSS photometry for objects with fp < 8% i3

mostly wrone and heavily underestimated,

Figured.fs shows examples of two zalaxies with 25 < 8 and large Am.
Lach itnage i3 a 2 by 27 colour S13SS image. The green superimposed cirele
indicates the SDSS g band Petrosian aperture for each galaxy. The image on
the left is that of SIISS112438 845350317, For this soiree Bp = 2,97 and
Am, = =1 L.08". The nght panel is an inage of SD55085424. 0243433217
This galaxy has Rp = 297" and Am, = -0 It is clear that hoth these
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Hp,

Pelrosian apertures grossiv underestimare: the size of the palaodes and can

therefore not vield accurale ux measursments.

4.2.2 The i band data comparison

The photomnetry re-amadvsiz was also cartied out in the § band to verify
whether the problem with the photomelry existed not only in the g hand,
bt i other hlters ax well. 10 the magnitude undersstimation is caused by
small Bp < &%, then this trend should be presenl in the ¢ band as well as
in the ¢ band, The ¢ band analysis was restricted to the faint galaxies with
—10™ = M, = —14™. 5E was used to delermine the apparent magnitudes
for thoese sources, As with the g band data, a comparison was done between
the 5DE5 dara and the SE daca,

Figure 4.8 shows this comparison for Lthe faint galaxies. The green cireles

arc the D55 dara points with magnitude errors e,,; = 1™, the red crosses are
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Fipure 1.5: SDSSIL2338 B—R3303L.7 (left panel) and SDYSOREA24 D24+343821.7 (right

parel) with Petrosion apertates superinroesed (green circles),
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Figuare 4% The i hand comparison for galaxics with — 0™ = M. > — 14", The ted
erosses represent dats points with e, < 1%, the preen cireles indicate data wich e, =

1™ a1 Lhe Blue line is the line of aqualivy.

data with £, = 1" and the blue ling is the line of equality. The magnitudes

have large differences; the result i3 similar to what is seen in Fig. 4.6 for the
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Fipure 4. 10; The difference between 81 and 5085 1 band magnitodes as a lunction of

Ry.

Figure 4,10 shows Ay as w tanetion of Be o arcseconds, This plot shows
that the SDSS photometry for the ¢ band differs very much from the results
viven by 5E when BEp < 8%, This confirms the trend seen for the ¢ band, i.e
the large deviations in magnitudes oceur for most galaxies which have Bp <
8" llowever, there are also large differences berween 51 and SDSS § band

magnitudes for some sources with fip > 157 which i3 not seen in the ¢ band.

4.3 The clean data

The analysis in both the g and ¢ bands strongly indicates that the SDES
photometry data is wnderestimating the magnitudes for mostly faint sources
with 5185 Pecrosian tadil < 8. To substantiate this claim. the magnitude

comparisons, as well as Myr/L, va. M, were re-plotted for sourees with
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ftp == 2% anly, Fig. 4.11 shows the magnicude comparisons for these galaxies.
Figured .t is reproduced in the left panel for comparizon. The right panel
s the SDES v=. SE g bhand apparent magnitudes withont sonrees that hive
Rp -2 %" The hlue line is the line of equality. The black dotted lines on
either side denote the 27 Interval. By exasing the small galaaes, the SDSS
and SE data are in mnuch better agreement, Only 14% of che data points are

not within 1o of the line of sgnality, where & = 0.30™,
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Iigure 4.11; The g band apparent magniude comaprizons. The loft panel inclides all
the galaxics in the sub-sample (a5 in Fig. £.6]. The fight penck s the magnitude compitrison
in which gilaxics with Hp < 87 have been excised, The biue line in booh plots is the line

of equalily; the Black dedled lnes denote e 20 inierval.

Figure 1,12 shows the @ band masmtude comparisons, The lelt panel is
the same a3 Fig. 4.9, shown here lor comparizon; the right panel is the plac of
M £psg V8 Iy gp for objects larger than 8%, Apgain, excising the sources with
B =8 oives a better fic to the line of equality, The blue line is the line of
equality; the black dotted lines on eicher sidle mnricate the 2o interval. When

the small sources are removerl, only 11% ol the remaining <ata lie ousside
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Fipure 4.12; Same as Fig 411, but for the ¢ bund, The plot of m, spas vs m; sg for all

fainl palaxies [lefi panel} and sources with Be =8 (righl panell, The oe line in hoth

plots is the line of equality. The dotred black lines denote the 2o interval,

Fignre4.13 shows the munber of galusdes over the entire M. range tor: all
pbeserved palaxies wilhin the sample (yellow bars), detected galasdes (red
bars} and galaxies with g band R, < 8" (dark blue bars). Sinee only about
a third of the galaxies in the huninosity range —24" < M. < — 4™ were
useil in this re-analysis, the number of palaxies with B, < 8" for this range
had Lo be estimated. This estimalion was done by multiplving the number
of sourees with £, < B per bin by the reciprocal of the fraction of sources
thiad wore re-analvesed o that bin, So if & quarter of the sourees inoa bin
were re-analysed, then the estunated number of sources with £, < 8" 1s 4
times the number of sources with £, < 8 found in that bin. This estimated
numbier of palaxies 15 represented by the light bine bars in the histograan,
Note that the confusion sourees are ot included in this histopram, Forly

pereent of the sources with ¢ band Bp < 8 are galaxies in the magnitude
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range —10™ < M, < —14™. The number of sources per subsample plotted
in Fig.4.13 is also summarised in Table4.2. The first column gives the name
of the sub-sample in the histogram and the second column lists the number

of galaxies.

Table 4.2: Summary of data displayed Fig. 4.13

Sub-sample Number of galaxies
QObserved galaxies in sample 1385
Detected galaxies 600
Estimated number of galaxies with Rp < 8" 203
Galaxies with Rp < 8" 98

The sources with R, < 8” and M, > —14™ tend to have irregular shapes
or tenuous borders (as seen in Fig. 4.8). It is difficult to fit accurate Petrosian
apertures to these types of galaxies. The fitting of incorrect apertures will
therefore lead to erroneous magnitude estimates. In order to retain as many
faint galaxies in the sample as possible, the SDSS photometric data should
be replaced with SE photometric data for all sources that have a Petrosian
radius Rp < 8".

As seen in Fig.4.13, not only faint galaxies have small Petrosian radii.
There are many galaxies with M, < —14™ that also have R, < 8”. In the
sample the average distance, D, for galaxies with M, < —17"is D = 59 Mpc.
The sources that have small Rp and magnitudes M, < —17™ are at D >
72 Mpc. This increased distance means that even though these galaxies are
intrinsically bright, they will have small angular sizes on the sky. Thus their
Petrosian apertures are small and this could lead to an underestimation of
their apparent magnitudes. The galaxies that have —17" < M, < —14"
have small Petrosian radii because they are both optically faint and further
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away than the Faintest galasdes in the samnple

|| @served galazies in sample
i ml Cetected gaiaxjes

=4 Estmaled number of galaxies with Ap-<g" —|
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Iigure 4. 13 Hiswogram of all oleerved galaxies within the sample {yellow hare), dotecterd
galaxics (red barsi. catimatled number of galaxics with e < & Jight blue) and galaxies

with Fp = & (dark Tue hars)

4.3.1 The corrected H I mass-to-light ratios

It Las been established thar galasdies with Fp < & hawe nnderestimated
sD5S photometry data, By using SE data for sources with 1 < 87, the
spurivus H1 mass-to-light ratio results should be climiveaeed.  To confirn
this, the My; /L wadues are re-determuined using the SE data for the galasxics

with fip < &%,

The g hand My, /L data are shown in Fig 414 The top pancl shows
My /L, vs. M, for all sonrees in the snb-sample: only SDS% photometry is

used in this plot. The black crosses represent galasdes with Bp > 87 and the
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red asterisks represent galaxies with Rp < 8”. The bottom panel shows the
revised Mpy/L, plot with SE photometry data used for small sources (Rp <
8”); these data are indicated by red asterisks. Black crosses represent sources
with Rp > 8”; SDSS photometry data has been used for these sources (since
the SDSS and SE data are in good agreement for these sources). The range
of My /L, for the revised data is 0.01 My /Lo < Mpr/L, < 10Mg/Le. This
confirms that the very high values of mass-to-light ratios seen in Fig. 4.1 are

due to underestimated SDSS magnitudes.

This finding is also substantiated by the i band data. The Mg;/L; values
are shown in Fig.4.15. The top panel shows Mg;/L; for all the galaxies in
the luminosity range —10™ < M, < —14™ using only SDSS data. The red
asterisks indicate data for sources with Rp < 8”; the black crosses indicate
data for galaxies with Rp > 8”. As with the g band data displayed in the top
panel of Fig. 4.14, many of the Mg/ L, values are exceedingly high; 14 sources
(38%) have Myg;/L; > 30 Mg /L. The bottom panel is My;/L; with the SE
data used for the small sources (Rp < 8”) (red asterisks) and the SDSS data
used for the larger sources (Rp > 8") (black crosses). When the SE data
are used for the objects with Rp < 8", the ratios are much more realistic,
0.13Mgy/Le < Myr/L; < 18.9My /L. This range corresponds to the values
found by previous studies (e.g. Warren et al., 2006; Roberts & Haynes, 1994).

The corrected inclination data

The data in Fig. 4.5 appear to be biased against brighter galaxies with low
inclinations, i. Data from this plot that also fell into the re-analysed sub-
sample were replotted in order to investigate this apparent bias. Figure4.16
shows the plot of My;/L, vs. M, that distinguishes between high (i > 50°),
low (¢ < 50°), and no inclination. The left panel shows My;/L, vs. M,
using just SDSS photometry data. The galaxies with low or no inclination
have the highest values of My/L, and all have R, < 8”. Only 45% of the
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log MHMIL, {solar units)

log MHI."L(J (sohar unils)

[Figure 4.14: The tap panel is M/ Fe vee M for all galasies in the sulesample. The
tor] asterisks indicare ST¥SS data for galaxics with B < 8% and the bladk crosses are the
TS data for sourees with By = 27, The hortom panel shows the HT mass-to-light data
where SE photometry data has been used for sourees with Hp < 8% which dre shown s
rexd ssterisks. The black erosses in the bottom panel are the B053 dala for sourees with

Rp=ial

highly inclinec systems have f2, < 8"

The right penel of Fig. 4.16 shows My, /L, vs. A, using SE data. The
data for svsiems with ¢ = 530° do nod chanpe sienificantly. The data for the
low and no inelination galaxies are significantly changed, These data were in
the ranpe 2M: /Ly < My, /L, = G10 M /L when using the SD55 photom-
ewry data. With the 5E data, the range changed w0 0.2 M /Lo Myr/L, =
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Fieure 4.13: The ¢ band HI mass-to-light ratias. The top panel shows Mdgp/L; usng
S15E datw ouly, Lhe red asterisks represent data for systems with B = 8% and the Black
erosses tepresent daly [or salaxies with fz = 5. The bottom panel shows My ¢/ L; whoen
B dary s nsed for the palaxies wilh Bp = &7 (red asterisks) and STE8 data iz uscd for

larger sourees (black crosses?,

3.0M., /L., There are also no palaxies with M, 2 —13. There is no longer a
bias arainst briphter low inclination syvatems when the SE photometry data

15 used L[or small sources,

The highly inchined systems have a larger average Ep and major axis
diameter than the low inclination systems, The smaller ealacdes are more
ditfienlt to resolve and are more likely to appear round: thus piving the ap-
pearance of being less inclined. As diseussed o §2.1.2, Strauss et al. (2002)
state that inclination docs not adfoct the Stting of Petrosian apertures. How-

ever, the findings of this work imply that small, faint galaxies that appear to
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have low inclination are moee likely Lo have very small Pewrosian radit. Thus

Lheze small, low inclination objects are more likely to have underestimazed

magnitides.
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Fizure 4.16; Ay /L s a funetion of Ay where high and low inelination systers have

boen distinguished. The left panel is Fig A4F; Lo only 858 photometry data has hoon

1
uged in this plov. 'Ube right panel shows 857/ L, wsing only 51 pholometoy dala, In Dok
panels 1he blue crosses Indicate galazies wiln ¢ = BO°, 1he red civeles repressol galaxios
with ¢ < B0® and the black astorisks indicate that the inclination data for shoke galades

voarkd ned be determined.

4.3.2 Underestimated photomoetry data: Implications
for other studics

The SDSS pholomenry data implies the existence of galaxies with —13 =

M, = —3and —13 = M; = —7. Upon re-analysis of the pholomelric data,

no gources [ainler Lhan M, (or M} £ —13 ate [ound, This underestimalion

ol apparent magnilude can have serlous repercussions for studies thal use

51355 photoretry,



For instance, the Tully-Fisher relation measures the luminosity of galax-
ies as a function of their maximum rotational velocity, predicted as L oc V¥
or equivalently, M o VP, where M is the absolute magnitude. This relation
is also used as a galactic distance indicator. If the photometry data used in
this relation are underestimated, then the parameter a will be lower than for
higher magnitude values. This incorrect result will in turn lead to underes-

timation of galactic distances.

A preliminary ¢ band Tully-Fisher (TF) relation was investigated for the
sub-sample of galaxies (Fig.4.17), plotting M, vs. log(Ws). In both plots
the large sources (R, > 8") are represented by black crosses, the small sources
(R, < 8") are represented by red asterisks and the black line is the best fit
line. The parameter 3 was estimated by fitting log(M) = k + Blog(Ws) to
the data.

The left panel shows the relation using just SDSS photometry data. This
plot shows a large amount of scatter caused by outlying data for the small
galaxies. For this data 8 = —6.9 £ 1.0. The right panel shows the relation
using SDSS data for large sources and SE data for small sources. The scatter
is reduced and § = —5.1£0.8. A study of the TF relation using SDSS galax-
ies was carried out by Pizagno et al. (2007). The sample consisted of 234
galaxies with a ¢ band absolute magnitude range of -17™ > M, > -23™ and
inclination, ¢ > 50°. Therefore this sample does not include galaxies that
potentially have incorrect magnitudes; i.e. no low inclination faint galax-
ies. The slope for the g band TF relation for their study was found to be
B = —5.5+ 0.2. The value of 3 obtained when using SE photometry for
small sources is in better agreement with this result than when SDSS data is
used for small sources. This result again demonstrates clearly that SE data

should be used for small sources.

The galaxy Luminosity Function (LF) will also be influenced by incorrect
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Figure 4.17: The Tully-Fisher relation far this sample of galaxies using only 8155
photometyy data (left panel) and wing SE data for small sources [night paneli. 1o hoth
plols Lhe black crogses represent gulasies with £, > 87, lhe red asterisks reprosent galaxies
with fiy = 8" and the Wack line iz the best [t line

magnitudes. By including the spurious fains palass data m the analysis, the
LF will predict more faint systemns thon actually exist in the Usnverse, This
resill will in vurn influence madels of galaxy {formation and evoluiion as these

maodels must then account feor an increased number of {aint galaxies.

The effect of Lhis oversstimation can be geen in the M, distribution for the
sub-zample (I'ig.4.18]. The vellow shading indicates that only 5[¥S pho-
tomelry data has been used to determine Lthe magnitudes, The blue shading
inclicates that SE dada has been used [or the small sources, The SDSS dada
overegtimates the number of galaxies [ainter than M, = —14™ When 5B
photometry iz used, the number objecis fainter than M, = 13% drops {rom
14 10 zero and vhe number of galaxies with —14™ < M, < —13" decreases
from 18 to 13, The number of galaxies in the range —18.5" < M, < — 14"
inereases from 80 to 105 when SE data is used for small sowrces. Thus, using

SDSS photometry for sources with Rp < 8" will lead to an overestimaie of
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o SD5s cata ony
2ok m LE data for small sources

Figure 4.18: The distribution of M, when only SDSS photomeley 15 used {yellow bars)
and when SE daty is used [or small sources (blue bars).

the number of faint galaxies as well as an nnderestimate of the munber of

brighter sources.

It is therefore extremely important to verily the validity of photometrie

data before attempting any analysis.
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Chapter 5

Conclusions and future work

5.1 Conclusions

This dissertation forms part of the pilot survey for the NIBLES H1 survey.
The dataset used in this work consists of H1 spectra and derived H1 pa-
rameters for the first 1385 (out of a total of 4000 NIBLES sources) galaxies
observed. The dataset also includes photometric and spectroscopic data from
the SDSS sixth data release for each galaxy.

The aim of this pilot project is to investigate the quality of the H1 and
optical data for this sample. An understanding of the data and possible bi-
ases and selection effects are being used to optimise the NIBLES survey so

that the aforementioned goals can be achieved.

The H1 data obtained for the sample are presented in §3. The full cata-
logue of H1 parameters is presented in Appendix A. The catalogue consists of
H1 parameters for 600 detections. The parameters listed are the recessional
velocity, the rms,the 50% and 20% peak flux velocity widths, the peak and

integrated flux and the H1 mass.

The H1 parameters were compared to data from NHICAT (Wong et al.,
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2006). The data for the recessional velocity and velocity widths were found
to be in good agreement. However, the flux measurements for a significant
fraction of the compared galaxies were found to be underestimated. Each
galaxy in NIBLES was observed using only one telescope pointing. The
galaxies with H1 radii, Ry;sin (PA) > 2’ are therefore likely to be extended
compared to the E-W diameter of the NRT beam. Eight of the 25 compared

galaxies were found to be extended.

Upon examination of the H1 mass-to-light ratios of the galaxies, values
of Mur/Ly > 100MgLy were seen for galaxies fainter than M, ~ —14™
(see Fig.4.1). Since no previous surveys have ever uncovered systems with
Mpyir/Lg > 22 MgLg, the data were carefully investigated to determine whether
these results were real. The SDSS photometry was re-analysed for 403 galax-
ies. It was found that the SDSS magnitudes were underestimated for galaxies
with Petrosian radii, Rp < 8” and inclination, ¢ < 50° by up to 11™ in the ¢
band and 8™ in the 7 band. This underestimation was found to affect 13% of
the re-analysed galaxies. The new (non-automated) photometry eliminates
all the extreme values of My;/L for the faint sources and yields Mpy;/L data
that are consistent with previous results (Roberts & Haynes, 1994; Spitzak
& Schneider, 1998; van Zee, 2001; Warren et al., 2006). The re-analysis also
indicates that there are no galaxies fainter than M, (or M;) = 13™ in the

sample.

Over 200 optical “confusion” sources were identified and removed from
the dataset. Optical confusion sources are objects that are listed in the SDSS

database as galaxies but that are actually substructures within galaxies.

This discovery of underestimated photometry data for small, faint systems
will have significant effects on the statistical analysis of large sub-samples of
the SDSS galaxies; data from the SDSS database cannot just be used with-
out first checking its reliability. For instance, the incorrect data will yield
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a luminosity function that over-predicts the number of faint galaxies and
under-predicts the number of brighter sources. The Tully-Fisher relation
will also be incorrectly derived if these underestimated data are incorporated
into the analysis, resulting in incorrect distance estimates. Other studies
such as star formation rates and dark matter distribution will be affected
as the underestimated magnitudes imply that the galaxies have much less

stellar mass than they actually do.

5.2 Recommendations

The data verification presented in §3 and §4 have identified ways in which
the data can be optimised or corrected so that the science goals of NIBLES

can be achieved. The recommendations are as follows:

e The SDSS Petrosian magnitudes for galaxies with Rp < 8” and ¢ < 50°
are underestimated. Simply avoiding the galaxies with Rp < 8" will
exclude 42 % of the galaxies in the magnitude range —18.5™ < M, <
-13™ and create a bias against blue dwarf and irregular galaxies with

a median velocity of ~ 2000kms™!.

Five percent of galaxies with
M, < —18.5 ™ will be excluded. Instead, the photometry for each of
these galaxies should be re-determined in order to ensure that reliable
data are used in the analysis. Ideally, the optical data for the entire
NIBLES sample should be re-evaluated to ensure the reliability of the

data.

o Re-estimating the magnitudes of the galaxies after the sample has been
selected does significantly change the magnitude distribution as seen
in Fig.4.18. All objects fainter than SDSS M, > 13™ are moved to
bins in the range ~18™ < M, < -14™. The number of galaxies brighter
than M, < 16.5™ are rather higher than in fainter bins, resulting in an

uneven magnitude distribution. The overall magnitude range is also
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smaller than first thought. In order to select as uniform a magnitude
distribution as possible, the magnitude re-estimation should take place
before the magnitude selection. Galaxies within the NIBLES veloc-
ity range and with optical good spectra should be chosen from the
SDSS database. The magnitudes of these galaxies should then be re-
determined and the absolute magnitude selection should be carried out
using the new magnitude information for each galaxy. Then the mag-
nitude bins can populated correctly since the new optical data will be

known to be reliable.

Optical confusion sources in the sample must be identified and excised.
These objects lead to bright galaxies being classified as faint systems.
These incorrect data influence H1 mass-to-light ratios, the Tully-Fisher
relation and leads to an artificially increased number of faint galaxies
in the sample. These optical confusion sources mainly affect the fainter
galaxies, i.e they are bright objects that have been classified as faint
objects. To find such confused sources, it is useful to look at the SDSS
colour image of each galaxy. It is often quite obvious whether the source
is a real galaxy or just an optically bright region within a galaxy. These
false sources can also be identified by looking at galaxy magnitude as a
function of recessional velocity. If a faint source is seen to have a high

recessional velocity, then it is potentially a confused source.

The NIBLES team would like to avoid extra detections due to multiple
galaxies in the NRT beam. The easiest way to do this would be to only
select galaxies without any neighbours within o ~ 2” and § ~ 11”.
However, this will cause the sample to have a bias against groups and

clusters of galaxies, where the member galaxies are quite close together.
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5.3 Future work

There are several avenues of research that can be pursued almost immedi-
ately with the data presented in this dissertation. A full Tully-Fisher analysis
in all five passbands can be performed. The Tully-Fisher relation is used as
a distance indicator for galaxies. The distances calculated for galaxies in
the different passbands can then be compared to verify that the results are
self consistent. Given the large dataset, the relation can be determined as a
function of morphological type as well as environment. The galaxy distances
obtained from the Tully-Fisher relation are a good first estimate of the galaxy
redshift and can be used to get a rough approximation of the distribution of
galaxies in the Local Universe. These distribution data are needed to com-

pare to cosmological models of galaxy evolution and large scale formation.

The HIMF can be determined for this sample which contains 65 galaxies
with My < 108 Mg; the full NIBLES sample could contain as many as 180
such galaxies. The HIMF constructed by Zwaan et al. (2003) contains only
40 galaxies in this mass range. The NIBLES data are therefore well suited
to the task of determining an accurate value for the much disputed faint
end slope of the HIMF. The H1 budget for the Local Universe can then be
calculated using the parameters obtained from the HIMF.

Using the H1 linewidths, the dynamical mass of the galaxies within the
sample can be calculated. A comparison of this dynamical mass to the stellar
mass (obtained using the optical data) and the H1 mass will allow the study

of the dark matter content of the galaxies.
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Appendix A

Full H1 data catalogue

Six hundred of the observed galaxies were detected with S/N > 30, where o

is the rms for that particular observation.

The full catalogue for these 600 galaxies is shown in Table 3.1. The pa-
rameters listed are: recessional velocity (V7 ) in kms™!, the rms in mJy, the
velocity widths at the 50% (Wso ) and 20% (Wyo ) peak flux level in kms™,
the peak flux (Spear ) in mJy, the integrated flux (Si ) in Jykms~'and the
H1 mass (Mg ) in solar masses. Note that an entry of zero in the Wy or

Wso columns indicates that the parameter was not recorded.

Table A.1: The full HI catalogue

Coordinates (J2000) Vur rms Sint Wso Wao  Spear log Mur
hhmmss degrees [km s~ [mly] [Iykms™!] [kms™!] [kmsTl] [mJy] Mo]
00 01 03.6 +14 34 48.6 1679 2.32 32 48 6.96 0.14 7.3
00 02 14.8 +14 29 16.0 5053 2.711 175 201 12.74 1.77 9.4
00 03 15.0 +16 08 44.7 1064 2.18 463 489 26.38 9.98 8.7
00 03 44.3 +16 11 12.7 6265 2.67 232 290 11.21 1.97 9.6
00 06 19.6 +14 19 38.7 5330 2.66 14 77 9.31 0.15 8.3
00 06 29.3 +14 10 56.4 5654 2.53 136 247 10.37 1.11 9.3
00 07 01.6 +14 06 23.6 5320 2.72 205 284 9.79 0.98 9.1
00 08 34.3 -10 56 57.5 8842 2.85 110 135 41.04 4.29 10.2
00 08 48.8 +14 02 01.3 1902 2.56 98 117 24.32 2.05 8.6
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Table A.1 continued ...

Coordinates (J2000) Vur rms Wiso W2 Speak Sint log Mgy
hhmmss degrees km s~ [mly] [kms™ [kmsvl  [mly] [JykmsTi] Mg]
00 12 14.7 +15 15 26.7 1861 2.31 53 64 7.85 0.43 7.9
00 13 38.6 +15 40 28.0 1952 3.18 129 144 22.26 0.69 8.1
00 13 44.0 +00 22 18.2 3926 2.71 120 176 9.49 0.75 8.8
00 20 09.3 +14 17 28.7 4713 2.15 171 190 11.83 14 9.2
00 21 51.2 09 29 32.1 6130 2.4 299 309 9.6 1.49 9.5
00 27 49.7 -01 11 59.9 3846 2.77 235 249 29.92 4.98 9.6
00 30 07.3 -11 06 49.1 3477 2.65 325 342 21.47 4.68 9.5
00 30 09.0 —09 57 11.8 5059 2.85 206 330 10.55 1.56 9.3
00 30 29.8 —08 46 59.8 5236 2.83 260 293 15.28 2.67 9.6
00 33 22.1 01 07 16.7 1976 2.55 144 168  103.02 13.15 9.4
00 34 02.8 -09 42 19.2 3706 2.69 449 467 51.38 15.92 10.0
00 34 57.9 09 20 31.9 6709 2.76 339 420 10.49 2.12 9.7
00 36 28.9 -10 06 22.1 5777 2.52 307 351 13.1 2.65 9.7
00 37 10.6 09 27 25.1 5172 2.32 147 227 12.3 1.23 8.2
00392290849 24.4 5672 2.91 228 277 10.77 1.28 9.3
00 41 33.9-1001 17.1 3851 1.6 539 564 9.12 2.08 9.2
00 43 32.4 +14 20 33.2 4387 2.38 205 225 18.56 3.29 9.5
00 43 51.9 --00 48 07.0 5358 2.74 228 259 19.29 3.34 9.7
00 44 23.3 +14 17 15.7 4115 2.46 77 104 10.09 0.54 8.7
00 45 51.9 -09 19 41.5 6007 2.77 166 219 12.74 1.65 9.5
00 46 08.8 -10 24 31.0 3919 2.69 148 178 9.15 0.54 8.6
00 47 46.4 —09 50 06.1 5640 3.04 430 0 10.64 2.11 9.5
00 47 47.5 —09 53 58.3 1344 5.07 132 166 99.37 13.06 9.1
00 51 59.6 400 29 12.1 1612 2.79 175 192 82.58 11.59 9.2
00 52 52.8 401 12 50.4 1754 2.53 94 124 9.61 0.7 8.0
00 53 29.9 -08 46 04.0 5517 2.62 167 224 943 1.05 9.2
00 56 42.7 09 54 49.9 5552 2.75 199 225 80.85 15.32 10.4
00 57 56.6 +00 52 08.9 2263 2.95 91 121 13.28 0.94 8.4
01 00 04.1 —11 04 57.3 5323 2.64 142 224 27.46 3.87 9.7
01 00 45.8 -09 11 08.5 4507 2.78 144 298 36.42 5.82 9.8
01 01 19.5 —09 50 42.9 4495 2.41 242 260 7.95 1.25 9.1
01 06 51.0 400 34 13.7 5137 2.37 30 46 9.48 0.19 8.4
01 07 14.2 413 57 184 11165 3.27 238 259 12.43 1.87 10.1
01 09 07.9 401 07 15.7 1146 2.52 122 159 12.85 1.08 7.8
01 10 20.8 -09 34 10.3 6961 2.75 232 304 17.33 3.06 9.9
01 12 08.6 +00 24 36.7 5374 2.41 239 311 12.77 2.35 9.5
01 14 20.4 +00 55 01.9 1099 2.58 85 118 23.99 1.76 8.0
01 15 30.4 400 51 39.5 1747 2.81 169 197 118.58 19.03 9.5
01 17 48.4 08 36 27.1 4009 3.64 130 150 29.48 3.62 9.5
01 19 14.3 -09 35 46.4 1911 3.27 60 146 12.75 0.71 8.1
01 20 06.8 +00 12 19.6 1726 2.62 123 140 17.82 1.69 84
01 22 23.8 400 52 30.7 7942 3.11 508 535 19.9 7.15 10.4
01 26 46.6 +00 38 46.0 1902 2.26 70 116 27.35 2.05 8.6
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Table A.1 continued ...

Coordinates (J2000) Vur ms Wso Wao Speak Sint log Myy
hhmmss degrees kms™1] [mly] {kms~!] [kms™!] [mly] [Jykms™!] Mo)]
01 27 13.1 +13 36 08.3 4435 2.48 108 138 25.54 2.68 9.4
0130 15.4 41440391 2427 5.17 118 147 38.26 3.66 9.0
01 31 36.1 +13 19 52.7 2723 1.75 103 125 9.28 0.81 8.5
01 33 17.7 +13 19 55.2 2731 2.67 205 224 22.43 3.79 9.1
01 34 08.0 -01 01 56.2 4574 2,71 383 427 15.45 3.58 9.6
01 35 51.1 10 00 10.6 5773 2.19 374 401 25.51 8.48 10.2
01 36 00.2 400 39 48.7 5007 2.77 335 373 16.07 3.35 9.6
01 37 08.1 +00 33 53.5 2890 2.02 116 153 10.5 1.07 8.6
01 37 30.8 08 53 07.7 1794 2.98 120 133 13.11 1.21 8.3
01 37 37.1 400 02 24.9 4827 2.02 215 281 8.28 1.37 9.2
01 41 39.7 -09 13 03.9 1813 2.51 57 73 17.07 0.78 8.1
01 44 35.8 -08 15 05.9 3849 1.93 18 115 7.53 0.28 8.3
01 48 36.4-1019 343 1555 2.42 100 160 10.41 0.94 8.0
01 49 104 -10 03 404 1976 3.27 180 202 95.16 16.02 9.5
01 49 10.8 —10 25 35.3 1751 2.94 375 399 43.22 12.05 9.3
01 49 54.3 -09 13 41.7 1905 3.14 43 68 11.3 0.33 7.8
01 50 54.4 -10 22 10.4 1804 3.52 88 229 13.02 0.91 8.2
01 59 34.7 414 00 29.5 4536 2.45 207 233 11.27 1.86 9.3
02 08 58.7 —07 46 00.5 3973 2.71 141 319 32.79 4.41 9.5
02 09 20.8 -10 07 59.1 3753 2.62 200 317 16.24 3.18 9.3
02 17 04.8 401 14 39.1 6301 2.64 163 250 11.09 148 9.5
02 35 32.7 07 09 15.9 1522 2.79 78 99  156.52 12.5 9.2
02 39 29.1 -08 08 01.1 1209 3.23 203 234 45.22 8.52 8.8
02 40 23.9 -08 26 00.7 1362 3.2 100 121 211.2 20.25 9.3
02 40 32.8 08 08 51.6 1338 2.7 47 82 50.49 2.65 8.4
02 44 21.1 400 40 314 2752 3.11 112 143 23.95 2.06 8.9
02 46 25.2 +00 29 55.1 1511 3.92 223 249 81.93 20.87 9.4
02 53 46.7 -07 23 44.0 1359 2.78 48 89 11.4 0.48 7.6
02 57 04.4 07 41 08.3 5115 3.24 300 340 20.41 4.42 9.8
02 59 14.5 +00 33 59.7 2741 3.94 45 0 134 0.53 8.3
03 00 40.2 400 01 13.3 2809 3.32 200 214 27.56 3.89 9.2
03 01 03.3 400 44 36.5 2627 2.94 108 137 50.57 5.45 9.3
030341.2-010424.8 4184 3.3 54 0 12.21 1.53 9.1
03 06 46.8 +00 28 10.3 699 3.11 38 79 14.31 0.58 7.1
03 06 52.4 400 47 40.1 3180 2.68 188 210 49.85 7.92 9.6
03 08 48.3 07 02 26.2 8459 2.35 415 458 14.34 4.03 10.2
03 09 35.2 07 57 26.0 3708 2.16 230 278 23.76 4.58 9.5
03 09 39.1 07 50 46.2 3687 2.93 223 241 29.59 5.34 9.6
03 132420812 446 5035 2.6 398 434 11.18 3.23 9.6
03 13 45.2 400 14 29.1 7666 3.29 614 838 16.45 5.94 10.3
03 13 47.8 400 41 39.7 6273 2.97 282 297 1247 1.56 9.5
03 14 06.7 -07 16 34.3 5123 2.6 214 316 20.8 4.1 9.7
03 17 02.8 06 12 20.4 2069 2.56 102 146 17.15 1.65 8.5
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Table A.1 continued ...

Coordinates (J2000) Vur rms Wso Wao  Speak Sine  log Myg
hhmmss degrees kms=' [mly] [kms '] [kms~!] [mJy] [Jykms™!] Ml
03 17 29.7 08 08 42.8 2023 2.34 131 153 51.69 6.36 9.1
03 17 53.4 07 17 52.1 5156 2.53 272 309 41.75 8.15 10.0
03 17 57.1 +00 10 08.6 6739 4.18 166 205 18.89 1.79 9.6
03 18 02.8 +00 32 20.3 6148 2.27 201 321 7.95 1.59 9.5
03 18 29.1 07 53 30.7 2050 2.29 93 103 9.96 0.67 8.1
03 19 26.1 —06 07 16.0 2230 2.11 196 218 21.73 4.12 9.0
03 20 32.8 06 07 07.6 2327 2.37 81 153 12.56 0.87 8.4
03 22 17.5 07 05 26.4 2686 3.03 157 177 2091 2.91 9.0
03 25 01.7 05 44 44.8 5572 3.33 580 613 27.31 8.25 10.1
03 25 11.6 06 10 51.4 9928 3.25 266 268 13.65 2.43 10.1
03 33 29.5 07 33 084 5072 2.45 212 228 10.29 1.78 9.4
03 36 21.3 06 42 53.1 3064 3.29 127 152 41.45 4.76 9.3
03 37 264 —05 32 10.8 3955 2.42 110 150 9.2 0.73 8.8
03 37 58.9 06 16 14.2 6499 2.94 350 380 20.58 3.93 9.9
03 38 39.2 05 20 504 4050 2.41 286 376 12.05 2.63 9.3
03 40 43.0 06 24 54.5 5157 2.6 271 285 33.28 7.01 10.0
03 42 40.1 06 22 54.5 6222 3.22 311 327  10.95 1.74 9.5
03 50 40.2 -05 33 13.6 4034 2.57 135 182 13.36 1.85 9.2
03 51 33.9 400 28 03.7 4519 2.79 208 231 13.39 1.93 9.3
04 11 06.5 05 42 13.0 2368 2.66 148 182 1543 1.88 8.7
07 23 33.2 +41 26 05.5 8064 2.35 229 295  30.32 6.4 10.3
07 25 55.4 +40 41 58.9 3651 3.1 157 197  16.03 2.05 9.1
07 27 14.0 +42 12 14.3 2982 3 128 139 18.3 1.71 8.9
07 28 54.9 440 12 21.7 3496 3.2 140 153 27.04 3.37 9.3
07 29 16.6 +42 16 46.6 6767 3.19 278 294  14.99 2.3 9.7
07 29 54.3 +37 27 06.3 10346 3.01 342 400 11.74 3.38 10.3
07 35 02.3 +32 49 19.5 4580 4.03 472 488  25.39 7.17 9.9
07 35 35.6 +41 57 48.8 3052 2.99 116 163 12.08 1.02 8.7
07 36 11.4 432 30 54.7 4070 2.65 132 179 21.07 261 9.3
07 37 37.1 +41 56 494 5792 3.18 346 366  24.49 4.93 9.9
07 38 36.5 +37 38 00.6 3843 2.72 275 207  31.17 5.81 9.6
07 39 01.9 +33 54 58.5 3854 2.75 122 143 15.68 1.67 9.1
07 40 16.3 +32 15 30.0 3882 2.66 248 281 15.72 3.14 94
07 40 39.3 +39 13 59.9 3297 2.96 426 453  33.45 10 9.7
07 40 57.9 +39 22 45.2 3174 3.02 132 159 15.4 1.61 8.9
07 43 36.4 +49 40 03.2 5581 3.09 380 403 13.6 2.9 9.7
07 44 37.6 +40 52 59.5 2990 3.3 114 169 20.13 2.12 9.0
07 46 37.7 +44 47 25.8 9161 2.32 117 158 8.12 0.71 9.5
07 50 56.0 423 53 45.2 2100 2.34 241 260 52.42 8.92 9.3
07 51 08.0 +34 03 22.9 4676 2.57 185 205  18.25 2.76 9.5
07 53 45.3 4+39 46 57.3 3847 2.81 102 138 10.96 0.95 8.8
07 54 42.1 +26 38 33.5 4600 1.98 95 126 8.91 0.64 8.8
07 57 10.4 +23 46 47.3 2309 2.52 134 183  12.85 1.6 8.6
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Table A.1 continued ...

Coordinates {J2000) Vur rms Wso Wao  Speak Sint log Mgy
hhmmss degrees km s~  [mJy] [kms™!] [kms™1] [mJy] [PJykms1] Mol
07 58 20.5 +25 08 57.1 4765 2.43 257 280 25.03 4.85 9.7
07 58 43.7 432 44 19.7 2986 3.2 146 162 13.12 1.4 8.8
07 59 57.2 +35 48 51.4 5168 2.82 220 241 10.89 2.05 9.4
08 00 23.9 417 31 21.3 2043 2.46 147 175 17.22 2.07 8.6
08 00 57.9 454 13 55.1 888 3.22 31 58 21.57 0.72 74
08 01 23.1 +15 22 09.3 4549 2.37 124 187 8.06 0.84 8.9
08 05 05.4 425 03 45.2 4945 2.53 284 208 14.67 1.96 9.4
08 07 24.8 +39 11 40.0 3871 2.66 113 153 30.59 3.7 9.4
08 13 57.2 452 38 54.4 5339 3.57 569 589 28.56 9.84 10.2
08 18 08.3 +24 30 06.3 2098 2.61 122 265 28.97 5.16 9.1
08 19 12.8 +20 30 38.6 4911 2.92 392 417 39.71 9.09 10.0
08 20 23.7 +21 07 53.2 5163 2.69 46 62 12.11 0.54 8.9
08 20 29.2 403 29 34.9 2908 2.39 178 199 10.04 0.99 8.6
08 21 24.6 +19 08 52.0 7779 2.28 488 515 14.82 3.62 10.1
08 22 10.7 403 16 04.9 4070 2.74 252 293 33.81 7.58 9.8
08 23 34.8 +03 13 156 2887 1.84 117 144 32.57 3.68 9.2
08 25 44.5 427 52 284 2156 2.49 242 261 12.2 2.27 8.7
08 26 32.9 +23 11 339 5551 2.27 427 486 21.11 6.03 10.0
08 27 42.0 +21 28 44.7 4269 3.13 323 340 43.82 8.62 9.9
08 30 01.7 +17 15 354 2061 2.9 162 178 11.02 145 8.5
08 31 21.6 +07 00 00.1 1223 2.5 128 146 49 5.08 8.9
08 33 30.8 +41 31 318 7536 3.34 226 296 11.02 1.28 9.6
08 33 35.6 +25 08 47.1 2212 2.38 61 79 10.71 0.55 8.1
08 33 36.3 +29 30 07.2 2093 3.26 79 136 55.75 4.84 9.0
08 33 42.6 +27 42 43.4 2233 3.26 165 243 12.71 1.9 8.7
08 35 13.8 +28 45 11.9 2054 2.26 164 245 9.04 1.28 84
08 37 32.7 +28 42 18.7 3441 2.52 379 403 48.38 12.91 9.9
08 40 22.7 +23 32 22.8 3580 2.59 249 266 30.56 5.31 9.5
08 43 27.0 +04 25 59.4 4268 2.8 135 201 13.16 1.34 9.1
08 44 07.6 +30 07 08.9 2083 4.33 351 370 38.1 9.7 9.3
08 44 08.3 +34 43 02.0 4183 3.21 232 254 19.55 3.06 9.4
08 45 37.9 436 56 04.7 3869 3.21 26 48 17.33 0.31 8.4
08 46 12.2 435 41 36.9 3989 2.97 148 185 16.04 2.02 9.2
08 46 34.4 +36 26 20.8 3181 2.89 97 149 9.83 0.76 8.6
08 47 19.6 405 53 52.5 3869 2.94 99 113 10 0.7 8.7
08 47 41.7 +13 25 08.8 2052 2.43 130 157 155.28 19.47 9.6
08 48 03.5 +25 20 01L.5 1937 2.46 60 105 9.35 0.49 8.0
08 54 24.0 +34 33 21.7 2182 3.03 59 81 90.29 5.59 9.1
08 56 40.7 400 22 30.0 2492 2.21 151 175 55.03 7.73 9.4
08 57 20.5 +02 55 16.7 3863 2.54 609 631 16 6.13 9.7
08 58 41.0 +02 11 354 2425 2.16 74 108 17.71 1.22 8.6
09 00 13.1 +31 59 58.3 1937 2.81 54 115 9.95 0.61 8.1
09 00 20.2 4+52 29 39.2 8781 3.41 508 560 13.64 4.51 10.3
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Table A.1 continued ...

Coordinates (J2000) Vyr rms Weo Wao Speak Sine  log Myr
hhmmss degrees kms™'] [mly] [kms!] [kms™!  [mIy] [Jykms}] Mo)
09 05 12.5 +05 52 05.2 3863 2.59 121 136 15.28 1.18 8.9
09 08 51.0 +03 26 54.0 3822 2.68 134 147 11.26 1 8.9
09 09 20.2 +01 36 51.5 1318 2.9 77 99 12.47 0.77 7.8
09 09 33.7 433 07 24.7 1926 3.18 329 360 81.41 23.85 9.6
09 10 32.1 +50 25 59.7 5029 3.32 218 257 17.93 2.9 9.6
09 10 41.8 +07 12 24.1 1478 5.31 116 178 40.36 5.07 8.7
09 12 14.5 +44 57 174 2604 3.62 174 207 139.73 23.02 9.9
09 13 31.4 428 57 06.3 7675 3.13 578 508 11.89 2.83 9.9
09 14 59.7 +29 43 48.8 6188 2.37 322 348 8.53 2.17 9.6
09 16 23.8 +43 11 19.5 2585 3.99 133 216 32.72 4.34 9.2
09 17 05.3 +25 25 44.9 1670 3.43 58 157 12.01 0.82 8.1
09 17 39.9 +52 59 34.5 -2301 4.56 0 0 18.7 0 0.0
09 19 58.0 +37 11 28.5 2244 2.58 365 389 42.31 9.1 9.4
09 20 02.2 401 02 17.8 5219 2.49 300 314 10.21 1.42 9.3
09 20 59.6 +11 03 33.2 1325 2.39 143 159 28.2 2.66 8.4
09 24 27.9 +46 31 44.7 4192 3.04 30 118 9.73 0.22 8.3
09 24 55.1 +26 46 28.8 4024 2.49 570 601 20.42 8.56 9.8
09 28 59.1 +28 45 28.6 1215 2.27 91 120 14,98 1.2 7.9
09 30 10.3 407 54 09.8 2001 2.31 290 325 9.24 1.37 84
09 37 58.0 +25 29 41.2 4000 2.81 299 340 17.11 3.75 9.5
09 38 07.9 +09 31 26.0 3296 2.58 336 364 71.98 15.85 9.9
09 38 36.2 +43 10 36.4 1719 3.06 166 186 17.75 2.59 8.6
09 38 57.1 +4+00 41 33.5 2063 3.08 78 108 36.34 2.92 8.8
09 40 43.2 +03 57 34.9 1320 2.72 110 161 19.58 2.08 8.3
090 43 02.2 405 01 444 1951 2.66 98 110 11.17 0.84 8.2
09 43 12.0 +31 55 43.3 1334 2.91 197 268 24.44 4.73 8.6
09 44 46.2 400 41 18.3 1220 2.68 121 144 54.4 6.03 8.6
09 46 29.1 +30 39 52.7 1449 2.63 100 120 27.09 2.33 84
09 49 41.2 +32 13 15.9 1517 3.15 73 163 16.07 147 8.2
09 50 10.9 428 00 47.7 1435 2.16 70 107 41.9 3.07 8.5
09 50 27.4 412 45 55.7 1421 3.06 215 250 92.72 15.51 9.2
09 50 55.4 428 33 04.0 1480 3.79 208 251 49.27 9.7 9.0
08 54 49.6 409 16 15.9 1490 2.25 202 222 55.13 9.27 9.0
09 55 18.1 404 16 12.0 1810 2.68 259 281 38.86 8.91 9.2
09 57 32.8 +33 37 11.0 1459 2.74 155 192 23.02 2.98 8.5
09 58 53.4 +47 44 12.6 1161 3.57 166 190 86.04 13 8.9
09 59 18.7 +47 36 584 1100 3.48 94 112 18.79 1.8 8.0
10 00 06.2 -+45 31 09.6 1718 2.48 131 150 16.12 1.84 84
10 00 27.1 +03 22 27.7 2038 2.32 365 386 45.24 13.37 9.4
10 00 31.6 403 12 190 2063 2.47 347 374 34.75 8.33 9.2
10 07 11.5 433 01 38.5 1333 2.43 205 232 79.22 15.41 9.1
1009 174 405 24 146 1699 2.89 88 118 14.6 1.04 8.2
10 10 27.9 42757 21.9 4694 2.59 232 252 11.91 2 9.3
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Table A.1 continued ...

Coordinates (J2000) Vur rms Wso Wago Speak Sint  log Myr
hhmmss degrees [kms™1]  [mly] [kms™!] [kms™! [mly] [Jykms} Mo]
1010 39.9 42004 12.6 3776 2.7 424 444 22.41 6.89 9.7
10 13 31.3 +03 22 30.0 1328 5.25 140 158 38.85 4.99 8.6
10 13 58.9 +07 01 264 1210 2.8 211 235 145.32 26.67 9.3
10 14 14.3 03 27 59.4 1213 2.53 422 482  138.39 47.08 9.5
10 14 51.5 403 38 52.5 1022 2.41 52 104 78.57 6.29 8.5
10 16 21.7 +37 46 48.6 1160 3 94 143 64.5 6.08 8.6
10 17 02.3 403 38 45.6 1042 2.34 46 59 9.36 0.29 7.2
10 17 47.9 421 52 24.0 1579 2.9 211 246 40.02 7.35 9.0
10 20 13.9 +06 48 09.4 3725 2.94 58 157 27.93 2.21 9.2
10 20 43.3 465 10 194 3289 4.25 202 223 17.47 1.95 9.0
10 21 47.6 +56 55 49.5 1160 4.75 168 198  157.22 23.03 9.2
10 30 49.7 423 57 54.2 1338 2.74 43 61 9.86 0.15 7.1
10 32 31.9 454 24 03.7 1445 4.11 115 165 34.52 3.42 8.5
10 32 34.8 +65 02 27.9 1662 4.85 237 268  167.32 26.76 9.6
10 34 29.8 +35 15 24.3 1510 3.05 151 227 21.05 2.97 8.5
10 34 42.8 +11 11 504 1370 2.64 323 363 14.26 2.88 8.4
10 34 56.1 +11 29 32.5 1169 2.56 83 96 10.75 0.56 7.6
10 35 48.9 408 28 59.8 1164 2.37 81 131 22.52 1.83 8.1
10 36 16.2 +37 19 28.8 1584 3.11 391 411 35.14 10.73 8.1
10 39 20.5 +00 12 00.8 5451 2.33 125 165 9.55 0.92 9.1
1042 07.5 +13 44 49.1 1306 2.81 304 344 170.29 42.65 9.6
10 42 484 +13 27 354 1208 2.57 84 157 43 4.17 8.5
10 42 52.4 +13 44 27.8 1205 2.34 151 175 7.49 0.78 7.7
10 43 05.5 +13 30 37.3 1255 2.73 67 112 25.55 1.83 8.2
10 45 22.4 455 57 37.3 935 4.28 84 125 96.3 8.26 8.5
10 46 349 +13 45 03.0 3009 292 224 254 58.98 12.25 9.7
10 48 24.8 +34 42 41.0 1626 3.5 77 132 132.65 11.72 9.2
10 51 46.5 432 54 00.1 1499 3.16 341 378 39.5 12.64 9.1
10 53 08.1 +33 54 37.3 1730 2.82 125 180 21.71 2.72 8.6
10 55 39.2 -+02 23 44.7 1026 2.49 97 135 21.17 2.02 8.0
10 56 13.9 +12 00 40.6 984 2.34 48 80 25.74 1.45 7.8
10 57 38.1 +13 58 44.5 1233 2.88 89 113 23.62 2.07 8.2
10 59 09.0 +-61 31 50.4 2112 4.15 89 107 18.26 1.27 8.4
11 00 23.8 +16 41 31.7 947 2.82 165 178 19.06 2.56 8.1
11 01 23.6 +57 40 39.6 2967 4.92 244 289 41.82 7.79 9.5
11 07 03.4 -+12 03 36.1 1551 2.89 243 263 46.24 7.96 9.0
11 09 55.9 410 43 15.0 1588 3.08 147 233 40.96 6.08 8.9
11 10 44.8 404 50 47.2 5734 2.9 421 442 14.09 2.97 9.7
11 10 56.5 +61 20 49.2 1645 3.71 168 187 28.09 3.91 8.7
11 10 56.9 +53 23 15.9 2832 8.13 412 433 54.47 16.53 9.8
11 13 00.2 407 51 42.7 1394 2.9 86 125 19.72 1.4 8.1
11 14 10.9 +48 19 06.6 2123 3.3 328 354 69.3 18.81 9.6
1116 26.3 +04 20 11.4 1105 2.59 144 160 12.17 1.55 8.0
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Table A.1 continued ...

Coordinates (J2000) Vur rms Whso Wao Speak Sint log My
hhmmss degrees [kms™l] [mly] [kms~!] [kms '] [mJy] [Jykms™!] Mo]
11 19 28.1 +09 35 44.2 983 2.37 54 84 26.07 1.87 7.9
11 20 12.4 +67 14 29.6 1306 4.95 154 177 59.9 8.7 8.9
11 20 26.2 403 35 08.2 2584 2.79 298 358 14.79 2.79 9.0
11 20 31.3 457 46 53.0 1964 4.06 241 262 38.98 5 9.0
11 20 31.8 +26 57 48.1 1500 3.08 205 233 78.48 15.06 9.2
112151340324174 1167 2.83 81 115 28.58 2.16 8.2
11 22 17.9 +59 04 28.2 1576 4.5 88 107  170.55 13.71 9.2
1122 23.2 +13 04 40.1 1306 2.67 610 630 14.95 3.36 84
11 22 39.0 +37 45 54.3 1986 3.16 230 253 79.63 14.8 9.5
11 24 26.1 +11 20 31.9 1051 2.26 255 273 102.38 24.9 9.1
11 24 44.5 +15 16 314 1135 2.87 126 172 13.49 1.49 8.0
11 25 26.8 +57 43 16.4 1832 3.57 220 249 28.92 553 3.0
11 25 30.4 +63 26 46.7 3676 4.3 58 75 30.1 1.34 9.0
11 25 53.5 09 59 14.9 1152 2.18 52 93 484 2.79 8.3
11 26 08.3 404 03 44.5 1512 3.02 50 62 11.48 0.42 7.7
11 26 44.3 +59 09 19.5 1202 4.95 106 148 48.51 4.81 8.5
11 27 10.9 408 43 51.7 1039 2.45 47 80 38.47 1.98 8.0
11 27 31.8 +56 52 37.4 1718 4.91 344 400 40.26 11.71 9.2
1128 24.0 +0924 274 1733 2.52 402 420 31.75 7.55 9.0
11 29 06.5 +08 59 18.9 6124 2.62 468 508 12.6 4.38 9.9
1129 59.4 463 13 24.1 1031 5.56 100 138 21.13 1.88 8.0
11 30 17.3 +58 08 02.0 1433 3.16 85 110 58.78 4.8 8.7
11 31 32.1 -02 18 33.0 4672 2.6 101 133 96.2 10.27 10.1
11 32 01.9 +14 36 38.8 1122 2.34 130 148 10.3 1.16 7.9
11 32 02.4 +36 41 52.7 2480 2.9 235 258 36.25 6.18 9.3
11 32 20.3 +53 54 16.0 2792 4.09 193 208 21.15 3.7 9.2
11 32 44.0 +02 28 24.8 1034 2.89 27 59 32.66 0.91 7.7
11 33 45.3 -03 26 13.2 1595 3.03 140 155 79.39 10.78 9.1
11 33 50.1 +14 49 28.2 1141 2.41 60 78 7.47 0.28 7.3
11 34 19.5 +13 19 19.1 1194 2.92 66 111 51.1 3.95 8.4
11 35 18.4 404 57 17.2 1402 2.6 68 106 16.38 1.02 8.0
11 36 26.5 +58 11 28.9 1206 4.32 212 244 56.16 10.63 8.9
11 36 33.4 +36 24 37.2 1556 2.63 258 289 107.83 26.23 9.5
11 36 48.0 +54 17 36.8 1282 4.04 288 311 103.83 19.11 9.2
11 36 58.0 +55 09 434 5655 3.65 64 117 25.55 1.9 9.5
11 37 37.0 +16 33 22.3 1029 3.14 153 182 57.78 7.75 8.6
11 37 51.0 +56 08 31.0 2266 3.91 153 173 38.59 5.35 9.1
1138021 43512129 1609 2.7 175 194 46.22 7.22 9.0
11 38 17.3 400 36 48.1 945 3.19 31 50 18.18 0.52 74
11 38 51.5 +43 09 56.3 1194 3.13 158 190 27.23 4.1 8.5
11 39 01.1 +01 20 11.6 1546 24 93 149 14.16 1.14 8.1
11 39 21.3 458 16 07.3 1142 3.81 107 131 104.01 10.93 8.8
11 39 22.3 56 16 14.3 2364 4.9 296 361 51.94 13.94 9.6
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Table A.1 continued ...

Coordinates (J2000) Vur rms Wso Wao Speak Sint log Mygr
hhmmss degrees [km s~ [mly] kms ! [kms™!  [mJy] [Jykms!] Mp]
11 40 18.5 +09 00 35.5 1831 2.83 240 255 12.45 2.39 8.6
11 41075 432 25 37.2 1817 3.03 80 134 23.03 1.82 8.5
11 42 26.3 +51 35 52.7 976 3.13 179 197 42.26 6.48 8.5
11 43 16.1 ~01 23 40.9 1904 2.43 40 56 8.26 0.18 7.5
1143 27.0 +11 23 54.3 902 2.86 87 107 8.72 0.63 7.4
11 43 31.1 +55 28 44.0 959 3.58 143 163 27.57 3.24 8.2
11 43 34.7 408 56 32.8 5864 2.95 497 510 11.51 2.91 9.7
11 44 04.9 460 07 11.2 2440 5.12 398 462 23.55 4.71 9.1
11 44 10.6 -03 40 07.6 1208 2.12 62 90 18.66 1.18 7.9
11 44 14.8 +55 02 05.9 1423 4.04 126 167 51.31 6.03 8.8
11 44 52.1 457 52 24.6 1275 3.87 43 74 23.61 0.84 7.8
11 45 35.6 -+55 53 12.8 1156 5 169 185 41 5.7 8.6
11 45 45.6 +10 49 28.5 3082 2.68 50 101 8.58 0.34 8.2
11 46 07.8 -+47 29 41.1 893 2.03 336 362 64.84 15.22 8.8
11 47 00.7 400 17 39.1 1428 2.03 142 0 6.09 0.56 7.7
11 47 34.4 455 58 02.0 2337 5.54 280 316 43.77 10.02 9.4
11 47 45.3 +59 53 12.0 1261 4.62 89 216 23.56 2.39 8.3
11 48 03.4 +30 21 33.5 6149 2.47 396 440 27.66 8.35 10.2
11 48 10.6 01 59 20.8 1523 4.06 93 106 25.98 2.13 8.4
11 48 50.4 -02 01 56.0 1723 3.65 221 236  140.89 22.96 9.5
11 50 04.4 26 28 45.2 1769 2.48 206 247 24.83 4.24 8.8
11 50 34.0 400 32 16.2 1747 4.28 187 200 34.24 4.49 8.8
11 50 56.0 +14 35 41.4 1005 1.81 47 88 55.55 3.1 8.2
11 52 39.1 +50 02 16.0 994 4.14 71 114 54.65 3.87 8.3
11 53 14.1 03 24 32.2 1262 2.7 60 144 11.07 0.56 7.6
11 54 12.3 +00 08 11.8 1133 2.52 38 112 12.35 0.55 7.5
11 54 25.0 02 19 10.4 2353 3.22 231 259 46.37 7.05 9.3
11 54 33.7 458 22 01.3 3364 5.96 435 497 29.8 5.64 9.5
11 55 04.9 +01 43 11.3 1298 3.27 128 180 16.02 2.06 8.2
11 55 28.7 +11 58 06.1 6251 2.59 478 505 56.72 15.64 10.5
11 55 54.9 440 55 18.5 1103 3.42 56 96 25.99 1.47 7.9
11 56 10.3 +60 31 21.1 9665 4.88 131 146 32.21 3.25 10.2
11 56 28.1 455 07 30.8 1105 4.82 214 247 85.8 15.41 9.0
11 56 55.4 +57 30 474 1068 3.74 142 176 31.04 4.12 84
11 57 124 -02 41 11.3 1380 3.36 34 57 25.87 0.86 7.9
11 57 35.3 +02 10 04.2 997 1.79 65 0 7.34 0.45 7.3
11 58 34.3 -+53 20 43.7 1110 3.92 111 136 20.38 1.9 8.1
11 59 00.7 +04 40 10.7 1599 2.97 0 0 9.8 0.55 7.8
11 59 09.4 +52 42 27.3 071 7.68 173 190 122.88 19.43 9.0
11 59 10.3 02 35 27.2 1542 3.76 108 130 36.47 3.59 8.6
12 00 474 03 25 12.3 1501 2.67 108 212 27.77 2.57 8.5
12 01 10.5 +14 06 13.5 1492 2.85 199 223 44.18 7.69 8.9
12 01 22.3 +02 11 08.3 966 2.35 34 48 18.33 0.56 7.4
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Table A.1 continued ...

Coordinates (J2000) Var NS Wso Wao Speak Sint  log My;g
hhmmss degrees km s~  [mly] [kms! [kms™!  [mly] [Jykms™}] Me)
12 01 23.7 +13 24 03.6 925 2.68 89 105 35.54 2.92 8.1
12 02 12.2 +62 08 13.9 1214 5.45 222 257 128.62 24.8 9.3
12 02 42.2 401 58 36.5 1964 3.35 298 325 43.22 11.88 9.4
12 03 40.1 +02 38 28.3 1222 1.83 119 145 13.54 1.37 8.0
1204 04.3 +04 48 47.1 2191 2.48 112 0 16.62 1.75 8.6
12 04 12.5 400 48 09.3 2906 2.42 113 0 7.5 0.7 8.5
12 05 19.9 +00 28 48.7 1349 2.42 28 79 15 0.52 7.7
12 05 36.0 +41 17 21.9 1022 3.13 31 64 29.11 0.94 77
12 07 41.3 +39 22 45.9 1055 3.53 39 53 21.18 0.71 7.6
12 07 46.1 +43 07 34.8 908 3.36 247 311 19.15 3.14 8.1
12 08 11.1 402 52 41.8 1319 2.86 205 226 174.46 30.69 9.4
12 08 20.0 402 30 19.9 1972 2.47 80 0 8.65 0.69 8.1
12 08 42.3 +36 48 09.9 1074 2.96 130 154 163.39 20.25 9.1
12 08 47.3 +28 18 17.2 3973 3.3 295 335 11.22 1.9 9.2
12 09 10.0 429 10 36.8 3801 2.72 336 425 56.03 16.41 10.1
1209 49.1 +43 14 04.8 1053 3.11 74 88 33.59 2.34 8.1
12 10 35.7 +11 45 38.9 1290 2.27 191 220 15.66 297 8.4
12 10 54.5 39 45 26.5 1150 4.4 118 150 88 9.08 8.8
12 11 19.9 401 29 32.2 2091 3.17 184 242 34.87 5.15 9.0
12 11 21.8 +38 32 23.5 1072 2.84 45 71 40.33 1.86 8.0
12 11 27.5 402 55 34.6 1272 3.25 95 117 78.65 6.84 8.7
12 12 10.9 402 52 55.7 2077 3.03 39 0 12.42 0.31 7.8
12 12 14.7 400 04 20.2 2321 2.34 75 110 14.51 1.1 8.5
12 12 31.9 +29 09 58.7 3908 3.39 325 407 17.63 3.92 9.5
12 12 32.3 +12 07 25.7 2191 2.55 240 264 50.75 9.28 9.3
12 13 53.6 +13 10 22.2 2436 3.48 333 349 22.62 4.34 9.1
12 15 56.3 +14 25 58.9 1396 2.67 56 261 12.55 0.77 7.9
12 15 58.5 402 02 22.0 6305 2.26 60 116 7.01 (.46 9.0
12 16 00.4 +04 39 03.5 2142 3.09 124 177 32.75 3.83 8.9
12 16 38.7 -01 27 06.6 900 2.63 44 64 23.93 0.9 7.6
12 19 09.9 403 51 23.5 1513 4.11 46 85 46.85 2.42 8.4
12 19 52.6 +27 37 15.6 2300 2.91 155 175 11.06 1.43 8.6
12 20 25.8 +33 14 31.7 1055 2.06 45 100 7.73 .41 7.4
12 20 35.5 30 47 48.7 1109 2.53 42 105 24.29 1.26 7.9
12 20 47.5 +58 05 33.0 3012 3.9 332 350 20.67 5.76 9.4
12 20 54.6 +03 24 09.6 2319 2.35 370 0 9.17 1.84 8.7
12 21 32.8 +14 36 22.2 1116 2.25 338 376 51.75 14.31 8.9
12 21 57.8 +02 20 42.3 1812 1.64 147 17 8.36 0.96 8.2
12 22 42.2 +09 19 56.9 1254 2.93 308 321 24.32 5.21 8.6
12 22 56.6 +02 44 49.0 1815 2.6 112 170 12.22 1.12 8.3
12 23 23.4 +01 48 54.2 1836 2.44 124 141 10 0.9 8.2
12 23 30.0 402 00 29.1 1818 2.47 118 182 12.35 1.32 8.3
12 23 53.9 -03 26 34.5 1988 3.18 377 451 49.29 10.58 9.3
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Table A.1 continued ...

Coordinates (J2000) Vur rms Wso Wao Speak Sint  log Myr
hhmmss degrees km s~} [mJy] [kms™'] [kms~! [mJy] [Jykms™!] Mo]
1224015 +12 12 17.1 2302 2.28 98 123 36.94 3.48 9.0
12 25 50.7 +10 27 32.6 1095 3.61 125 166 39.71 4.42 8.4
12 26 54.6 400 52 39.4 2183 2.63 89 146 10.26 0.85 8.3
12 30 26.8 +04 14 47.6 2429 2.52 304 319 35.28 7.04 9.3
12 32 33.5 409 10 25.1 1161 2.63 74 120 21.57 1.52 8.0
12 34 34.1 463 31 30.2 2707 5.68 254 277 59.64 10.55 9.6
12 37 48.4 405 22 06.6 1056 2.46 216 239 7.38 0.83 7.7
12 39 50.3 +01 40 21.4 1226 2.61 101 114 18.3 1.62 8.1
12 40 08.7 +00 21 04.8 1705 2.68 31 74 18.65 0.8 8.1
12 41 11.6 +01 24 37.0 1680 2.94 125 179 52.89 6.45 9.0
12 41 12.2 411 33 11.9 2232 2.4 218 264 15.41 3.09 8.9
12 42 40.7 413 16 00.8 1100 4.22 50 0 46.42 3.87 8.4
12 43 56.6 +13 07 36.0 1044 2.32 283 312 12064 30.16 9.2
12 44 28.8 +00 28 05.0 1177 3.21 110 132 95.02 9.59 8.8
12 45 32.0 400 32 08.6 1606 3.07 144 171 92.1 11.24 9.2
12 47 45.6 +13 45 46.1 1612 2.82 183 203 28.89 4.78 8.8
12 48 00.1 +04 26 03.3 986 3.06 45 75 92.11 4.58 8.3
12 49 25.7 404 23 33.1 2628 3.47 101 118 38.17 3.17 9.0
12 50 38.9 401 27 52.2 1247 2.78 187 237 20.02 2.71 8.3
12 52 59.1 +14 24 01.9 1051 2.62 84 115 19.39 2.03 8.0
12 53 21.2 401 16 08.7 1126 2.5 282 297 41.25 8.24 8.7
12 54 40.6 +28 56 19.2 2479 2.82 311 357 77.55 20.51 9.8
12 55 12.6 +00 06 59.9 1312 2.81 190 209 107.2 16.21 9.1
12 55 21.9 +58 20 38.7 2482 4.85 352 388 65.48 19.82 9.8
1304 31.8-02 59 16.9 1272 3.12 68 85 44.93 2.95 84
1305 24.9 456 19 21.9 2524 4.39 234 278 33.94 5.53 9.2
13 06 04.4 +55 39 21.9 8108 3.57 124 160 56.76 5.95 10.3
13 09 33.1 +01 40 23.0 5519 3.37 435 493 19.21 5.31 9.9
1311 31.2 436 16 55.6 1124 2.87 114 195 57.11 6.76 8.6
13 14 10.8 439 08 55.4 1134 2.89 119 147 31.79 3.75 8.4
13 16 00.6 +40 58 09.8 1109 2.92 70 92 22.19 1.5 8.0
1316 52.3 +12 32 53.6 960 2.92 165 199 61.9 9.93 8.7
13 18 45.1 +41 56 58.7 1259 3.01 133 160 39.13 5.09 8.6
13 20 32.1 +05 24 29.1 950 3.29 72 161 14.15 1.07 7.7
13 20 38.7 +09 47 10.0 1122 3.09 139 156 70.7 8.89 8.7
13 23 10.5 +43 05 10.5 8059 4.05 259 293 24.3 4.81 10.2
1325139 +43 16 02.1 1214 34 222 260 73.1 13.43 8.0
13 26 36.6 +42 45514 1224 3.57 149 170 40.34 597 8.6
13 27 02.6 +42 46 49.2 1251 3.53 105 125 18.36 1.77 8.1
13 27 24.6 +45 26 18.9 1252 4.36 93 122 34.01 3.22 84
13 29 25.9 +11 00 284 6716 3.75 568 592 54.38 14.26 10.5
13 30 03.6 +62 30 41.6 1749 5.29 255 275 66.65 11.49 9.2
13 32 104 +62 46 03.9 2940 4.75 226 256 19 2.83 9.1
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Table A.1 continued ...

Coordinates {J2 000) Vur rms Wso Wao Speak Sint log Myr
hhmmss degrees fkm s~ [mJy] [kms™!]  fkms™l [mly] [Jykmsl] Me]
13 33 05.3 -01 02 08.8 3676 2.14 279 316 35.29 7.15 9.7
13 33 14.7 +45 50 13.8 1324 3.57 121 136 28.92 2.75 8.4
13 33 31.8 +38 36 19.5 1184 2.24 139 156 34.5 4.49 8.5
13 35 16.2 +44 45 41.1 2604 3.39 182 218 24.41 3.56 9.1
13 35 42.7 +45 55 46.4 1438 3.96 44 68 90.68 4.29 8.6
13 36 01.2 +49 57 39.0 1603 4.48 264 290 22.85 4.69 8.8
13 36 22.9 +39 42 16,5 2418 3.2 91 0 13.44 1.1 8.5
13 38 30.6 408 26 32.3 1020 2.17 119 141 32.38 3.68 8.3
13 39 36.0 +43 03 10.0 3498 3.13 7 137 31.93 2.71 9.2
13 40 15.2 438 52 09.5 3917 3.27 318 332 10.14 1.36 9.0
13 40 29.8 +42 59 33.6 2831 3.08 160 0 17.86 2.33 9.0
13 40 39.9 54 19 58.3 2001 3.74 230 251 74.8 13.58 9.4
13 40 43.3 +39 33 10.5 3333 3.11 147 166 12.44 1.02 8.8
13 45 19.2 +41 42 45.2 2542 3.29 454 476 29.61 9.89 9.5
13 46 18.7 +43 51 04.8 2405 2.8 394 423 125.16 34.14 16.0
13 46 24.7 +46 06 25.3 1507 7.75 304 329 110.83 27.01 9.5
13 47 45.5 438 15 33.2 1409 2.79 154 228 48.83 7.86 8.9
13 48 16.0 +03 57 03.1 1161 2.1 206 225 69.72 11.66 8.9
13 48 56.1 439 59 06.6 2792 2.7 0 0 9.72 0.54 8.3
13 49 44.3 439 59 05.1 2549 4.14 400 432 22.77 6.36 9.3
13 51 31.1 +39 27 17.0 1836 2.46 142 205 11.32 1.38 8.4
1352042 -02 12 23.8 4310 3.76 82 110 103.78 8.5 9.9
13 52 34.9 +38 42 18.7 2401 2.78 165 200 15.57 2.18 8.8
13 52 54.5 01 06 52.6 1368 3.24 211 230 148.07 19.74 9.3
13 53 21.6 +40 21 50.1 2304 3.24 294 317 103.36 20.49 9.7
13 53 38.4 +36 08 02.5 8260 3.87 0 0 16.25 0.67 9.4
13 54 58.4 405 20 01.4 1434 1.91 124 150 28.08 2.88 8.5
13 55 34.3 +59 44 34.1 1593 9.35 139 18 47.69 5.05 8.8
13 55 39.9 +40 27 42.3 2531 4.33 384 408 101.75 22.03 9.8
13 56 09.3 +05 32 33.3 1082 2.27 40 58 10.67 0.37 7.3
13 56 51.0 +37 47 50.0 2952 2.68 294 311 15.81 3.07 9.1
13 57 11.5 +50 26 08.5 1867 3.22 207 255 1417 2.15 8.6
13 57 1.2 +11 58 33.6 6048 2.69 282 296 15.6 2.98 9.7
13 58 37.9 437 25 28.1 3417 2.76 545 640 36.16 16.7 10.0
13 58 37.9 60 47 48.5 1617 4.18 145 159 38.04 4.68 8.8
14 00 20.1 438 54 55.5 5291 3.28 364 382 23.29 4.53 9.8
14 00 45.7 +59 19 41.8 2934 4.54 308 334 32.23 5.53 9.4
14 02 54.1 +49 10 15.6 2048 3.19 274 423 56.46 16.29 9.5
14 03 00.8 +50 00 43.6 1886 3.93 102 134 12.38 1.18 8.3
14 03 12.1 +11 43 11.5 5185 1.84 267 308 6.26 1.07 9.2
14 03 36.7 +39 03 10.1 5707 2.99 198 245 18.12 2.69 9.6
14 06 21.6 +50 43 30.3 1876 3.2 190 228 28.8 44 8.9
14 06 31.9 406 01 46.8 1015 2.91 244 261 18.62 3.58 8.3
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Table A.1 continued ...

Coordinates (J2000) Vi rms Wio Wao  Speak Sint log Myr
hhmmss degrees [km s~ [mly] [kms™! [kms™! [mJy] [Jykms—!] Mo)
14 07 25.0 455 06 11.0 1378 3.43 174 206 67.23 11.31 9.0
14 08 58.1 -02 58 25.6 1615 2.2 79 110 15.18 1.05 8.1
14 10 00.7 +39 11 54.1 1477 3.12 80 120 9.67 0.7 7.9
14 10 03.1 454 13 05.8 1808 3.41 204 221 30.35 5.16 8.9
14 10 12.9 -02 34 32.9 1555 2.14 212 261 111.92 21.05 9.4
14 10 15.2 +48 32 459 2000 4.26 62 0 15.76 0.87 8.2
14 10 35.9 459 21 28.7 3033 4.7 213 255 35.72 5.53 9.4
14 11 49.6 +47 57 58.8 2088 3.92 112 135 19.6 1.77 8.6
14 11 53.4 +38 11 37.8 5996 2.77 479 524 18.28 5.91 10.0
14 13 36.9 +47 24 21.0 2121 2.77 151 180 29.64 4.39 9.0
14 14 54.1 02 08 22.9 1557 2.26 41 119 10.85 0.53 7.8
14 15 34.1 +36 13 35.6 2868 3.36 572 609  49.73 23.96 10.0
14 17 04.2 01 30 20.1 1557 4.03 66 93 40.7 2.51 8.5
14 19 20.2 401 09 54.6 2418 1.91 101 135 9.74 0.77 8.3
14 20 26.5 +35 11 19.6 3579 4.06 113 217 49.94 6.82 9.6
14 20 32.1 +03 58 59.6 1761 3.04 81 108  75.39 6.1 9.0
14 20 40.3 440 18 55.1 1266 3.29 73 125 1744 1.24 8.0
14 20 43.5 404 08 37.1 1773 2.58 61 105 11.87 0.59 8.0
14 20 44.5 408 37 35.8 1293 2.53 84 115 26.01 2.26 8.3
14 20 55.9 +03 14 16.8 1599 2.49 72 144 1046 0.7 7.9
14 22 12.2 -01 53 28.7 1001 2.73 81 135 10.1 0.76 7.6
14 22 23.8 +00 23 15.6 1630 2.66 198 219  115.44 19.88 9.4
14 23 27.1 401 43 34.6 1389 3.18 217 237  115.75 18.37 9.2
14 24 24.3 408 16 34.1 1248 2.98 115 140 39.04 4.37 8.5
14 25 21.0 +39 32 224 1437 2.66 172 200  86.18 12.85 9.1
14 26 35.2 +51 35 07.3 1898 3.72 100 133 19.72 2.01 8.6
14 26 59.8 +08 41 01.0 1359 2.57 145 169 52.17 7.36 8.8
14 27 10.7 +05 08 08.3 1563 2.7 89 114 21.6 1.62 8.3
14 27 28.4 446 08 47.5 2313 3.75 276 297 42.38 8.48 9.4
14 28 18.4 +13 46 48.8 1280 2.22 192 212 81.25 14.76 9.1
14 30 25.5 +35 19 15.7 3105 3.08 344 435 2741 7.26 9.5
14 30 39.3 407 16 30.3 1351 2.96 180 206 78.44 13.11 9.1
14 32 05.6 +57 55 17.1 1897 4.54 387 412 46.31 14.15 9.4
14 32 46.8 449 27 28.4 2108 3.95 448 476 63.99 20.26 9.6
14 33 24.3 +04 27 01.7 1571 2.91 106 132 196.13 19.49 9.4
14 35 39.9 +13 10 11.7 1785 2.55 190 238 63.5 12.02 9.3
14 37 13.6 +43 41 454 3259 2.83 308 325 21.59 4.8 9.4
14 37 30.8 +51 33 42.6 2186 2.71 405 425 40.38 10.88 9.4
14 38 18.1 +03 24 37.1 1585 2.55 165 195 18.62 2.45 8.5
14 39 52.2 +42 44 324 2505 3.34 271 300 46.09 11.11 9.5
14 40 03.5 +34 05 59.5 1498 3.15 89 162 24.26 2.39 8.4
14 40 26.1 433 59 20.8 1479 3.13 189 208 68.23 11.94 9.1
14 40 56.4 400 19 05.5 1725 3.7 379 418 79.55 23.94 9.5
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Table A.1 continued ...

Coordinates (J2000) Vigr  rms Wso Wao  Speak Sint  log Mpur
bhmmss degrees km s~ [mJy] [kms™!] [kms~!] [mJy] [Jykms™?] Me)]
14 40 58.3 +02 11 11.5 1621 2.44 145 166 244 3.19 8.6
14 41 32.0 +44 30 45.9 3221 2.7 216 252 19.71 3.47 9.3
14 42 33.2 428 43 35.2 3693 2.61 233 257 62.69 10.87 9.9
14 42 45.9 00 21 03.9 1697 2.72 126 220 30.36 4.21 8.8
14 42 57.9 404 53 27.7 1633 2.43 307 323 71.52 16.59 9.3
14 44 24.4 401 40 47.1 1559 6.66 325 348 88.58 20.96 9.4
14 46 20.2 404 43 58.7 1514 2.69 47 116 13.99 0.59 7.8
14 46 21.1 +34 22 14.0 1827 2.57 122 174 53.46 6.52 8.9
14 47 44.5 +36 30 16.8 1242 2.65 51 138 17.49 1.13 7.9
14 50 56.6 +35 34 19.5 1205 2.88 85 131 42.91 3.58 8.4
14 51 06.7 02 31 26.9 2089 2.39 67 133 11.71 Q.77 8.2
14 51 14.4 +35 32 32.1 1251 2.71 169 206 43.36 6.84 8.7
14 52 07.9 -02 31 47.0 1945 2.29 182 207 7717 12.3 94
14 53 05.2 403 19 544 1550 2.39 207 219 32.98 5.59 8.8
14 53 42.5 403 34 56.9 1556 2.27 137 170 178.42 24.7 9.5
15 00 004 +01 53 28.7 1368 2.35 316 349 39.25 8.02 8.9
15 00 26.4 +01 37 28.0 1493 2.32 61 142 15.68 1.32 8.2
15 07 07.7 +01 32 39.2 2524 2.66 197 223 64.64 8.87 9.4
15 09 13.2 452 31 42.3 3479 3.61 379 402 33.93 9.2 9.7
15 09 31.6 +54 30 23.3 3052 3.56 102 158 13.88 142 8.8
15 19 25.3 +45 52 48.9 5076 3.36 386 416 26.88 6.92 10.0
15 20 55.4 ~02 34 40.5 1975 3.03 340 367 16.67 3.18 5.8
15 26 41.5 440 33 52.2 2601 3.53 360 389 71.94 23.29 9.9
15 29 45.0 +42 55 07.2 5447 3.15 394 441 16.7 4.69 9.8
15 30 47.3 +23 03 57.9 1971 2.5 92 115 51.78 4.68 9.0
15 35 36.1 +00 22 31.0 2035 2.98 44 76 25.33 1.21 8.4
15 39 02.4 +31 45 35.7 2014 2.8 131 212 23.69 3.01 8.8
15 45 44.5 +20 33 37.4 2075 2.69 60 84 103.56 6.64 9.2
15 59 03.0 +51 18 16.8 3765 3.57 414 425 13.92 3.58 9.4
15 59 12.5 +44 42 59.3 1841 2.85 48 76 49.9 2.55 8.6
15 59 55.5 +06 53 02.6 1549 2.56 27 108 10.24 0.43 7.7
16 01 48.4 406 50 18.4 1748 2.6 90 101 14.04 0.96 8.2
16 05 45.9 +41 20 41.1 1976 3.27 112 168 110.85 13 9.4
16 08 17.3 407 32 18.6 1360 2.7 209 228 59.94 11.04 9.0
16 09 20.7 +08 45 47.7 3016 4.14 74 94 108.71 7.8 9.5
16 11 11.5 +48 20 04.0 2783 3.28 83 132 20.99 1.51 8.8
16 18 30.0 +22 09 47.3 4194 2.43 247 294 20.46 4.07 9.6
16 20 47.4 +47 03 53.9 2074 3.94 135 153 13.59 1.21 8.7
16 25 30.5 +49 50 24.9 5850 3.86 131 147 34.51 3.39 9.8
16 25 50.0 +40 29 19.3 8424 4.41 80 191 22.18 2.2 9.9
16 40 21.4 +28 45 55.9 958 3 89 103 38.4 3.25 8.2
16 40 22.2 428 28 17.5 954 2.51 57 80 16.97 0.94 7.6
16 42 28.9 +34 30 30.3 6478 2.67 290 308 17.09 3.17 9.8
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Table A.1 continued ...

Coordinates (J2000) Vur rms Wso Was  Speak Sine  log Mgy
hhmmss degrees kms™t] [mJy] [kms™! [kms™'] [mly] [JykmsT} Mp]
17 00 14.6 +23 06 22.8 2948 2.13 119 193 28.67 3.44 9.2
20 55 21.6 -01 12 24.1 3764 2,75 271 286 26.29 4.62 9.5
20 55 27.6 01 13 30.8 3735 2.6 286 301 31.77 6.07 9.6
21 01 07.7 400 11 42.6 6972 2.65 409 446 114 2.43 9.8
21 02 03.5 -06 17 48.7 7549 2.07 196 209 12.32 1.75 9.7
21 26 57.8 07 01 17.5 7217 2.32 116 141 31.11 3.09 9.9
21 30 25.9 400 28 27.7 5885 1.78 262 332 12.46 2.79 9.7
22 05 42.2 400 33 40.6 4873 3.38 167 180 10.44 1.01 9.1
22 30 36.8 +00 06 36.9 1596 2.53 58 77 11.13 0.55 7.8
22 31 59.0 09 47 52.4 4542 2.52 187 210 9.58 1.27 9.1
22 41 33.9 400 24 03.0 1743 2.68 156 179 116.04 14.07 9.3
22 43 59.9 -10 07 01.0 968 2.33 30 63 9.32 0.21 7.0
22 44 24.4 400 09 435 4773 2.58 354 419 25.54 7.58 9.9
22 49 44.9 +15 05 21.0 3360 3.84 158 177 26.5 3.51 9.3
22 51 12.3 +12 46 47.1 2543 2.81 91 149 9.55 0.8 8.4
22 53 04.5 +01 08 40.0 4842 242 49 119 16.46 1.17 9.1
22 58 10.1 +14 18 30.5 2105 2.96 103 129 50.91 5 9.0
2259073 +1343 166 2559 2.44 265 290 72.47 14.21 9.7
22 59 504 +13 44 098 2612 2.96 134 173 12.73 1.66 8.7
23 06 14.9 +14 39 274 1518 2.2 94 114 29.92 2.61 8.5
23 14 17.2 ~09 50 10.3 3344 2.8 184 223 19.6 3.16 9.2
23 18 33.6 +13 26 17.8 2566 2.83 149 169 22.07 2.75 9.0
23 19 04.8 -08 29 06.3 2229 2.7 503 527 68.04 20.13 9.7
23 28 12.3 01 03 46.2 2538 2.98 67 95 37.55 2.36 8.9
23 32 24.4 +15 50 52.2 3978 3.5 224 243 35 5.42 9.6
23 36 31.3 +00 29 43.3 2481 2.89 56 122 17.05 1.16 8.5
23 36 46.9 +00 37 24.3 2613 2.95 47 0 9.15 0.22 7.9
23 37 23.9 400 23 30.0 2659 2.82 145 168 57.53 7.35 9.4
23 38 41.2 +15 57 16.6 3813 2.94 233 257 14.41 2.48 9.3
23 40 20.7 +01 14 44.7 1856 3.25 190 216 40.3 7.57 g1
23 42 26.0 +00 15 21.5 6404 2.76 219 282 9.94 141 9.5
23 56 07.1 +00 54 59.4 7112 6.15 177 229 52.28 8.82 10.4
23 59 37.0 +14 48 25.0 1739 2.76 181 223 135.79 23.47 9.5

Note: an entry of zero in either columns 5 or 6 indicates that the parameter was not
recorded.
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