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1
Introduction

Hydrogen is the lightest and most abundant element in the Universe. It constitutes about
92% by number of atoms, and about 75% by mass of all of the directly observable matter
in the Universe. In its neutral state (H I), it can emit a photon with a wavelength of 21-
cm, or a frequency of 1420.405752 MHz. This radiation is produced during a hyperfine
transition of neutral hydrogen from the triplet to the singlet state. This transition is
highly forbidden with an extremely low probability of about 2.9×10−15 s−1. This implies
a lifetime of about 10 million years (in vacuum) for a single atom of neutral hydrogen to
undergo this transition. Due to collisions with other hydrogen atoms and interaction with
the cosmic microwave background, the lifetime of neutral hydrogen can be significantly
shortened.

The existence of the 21-cm hyperfine line of neutral hydrogen was predicted by van de
Hulst in 1944. The radiation produced by this transition was observed for the first time
in 1951 by Ewen and Purcell, closely followed by Muller and Oort and Christiansen and
Hindman. After 1952, 21-cm emission was used to make the first H I maps of the Galaxy,
which revealed the spiral structure of the Milky Way. The first detection of extragalactic
H I emission followed in 1953 by Kerr and Hindman. Since then, tens of thousands of
galaxies have been detected in H I, either in pointed observations (on targets selected
from optical catalogues) or in blind surveys.

A new, sensitive survey carried out in the 21-cm H I line with the Westerbork Syn-
thesis Radio Telescope (WSRT) is the core of this thesis. Here we present a retrospective
view on how the ideas about the evolution of the observable Universe developed based
on large surveys as well as a retrospective view of how one arrived at the present con-
cordance cosmological model for the Universe. These two developments are presented
separately, but one should keep in mind that they are linked and it is usually their in-
terplay which leads to advances in the understanding of the Universe. This can also lead
to discrepancies, one of which was the main motivation for the project presented in this
thesis. We describe this in detail and identify the main goals of this project and present
an outline of the science presented in the thesis.
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1.1 The Universe as seen by observers
Today we are accustomed to the idea that the Milky Way is only one of billions of galaxies
in the Universe, and that our own Galaxy does not have a particularly special role in it,
except that we happen to live in a Solar system that is part of it. This picture was not
imaginable to most of the human population before the 20th century.

It had been realised that “nebulae” - objects of a diffuse or fuzzy appearance on the
night sky are a separate class of objects, even before the existence of the first telescope.
During the eighteenth century, Kant, Lambert, Swedenborg and Wright used a philo-
sophical argument to describe these “nebulae” as “island Universes” similar to the Milky
Way, but which were too distant to be resolved into stars (after Longair 1998).

The cataloguing of “nebulous” objects began by Charles Messier and 109 of those
objects were catalogued between 1771 and 1784. Some of these objects are the first ex-
tragalactic objects detected. William Herschel and Caroline Herschel started a systematic
cataloguing of the “nebulae”. Their work was continued by John Herschell, resulting in
a catalogue published in 1864 containing 5079 objects. An expanded version of this
catalogue was published in 1888 by John Dreyer, containing about 15000 entries [New
General Catalogue (NGC) of Nebulae and Clusters of Stars, with two Index Catalogues
(IC)].

Having catalogues of “nebulae” did not solve the question of their nature, nor the
issue of whether they were objects within our Galaxy or more distant systems. This
question was not solved until 1925, when Edwin Hubble observed Cepheids in the An-
dromeda Nebula. A tight correlation between the periods of oscillation and luminosities
of Cepheids (discovered by Henrietta Leavitt in 1912) enabled Edwin Hubble to place the
nebulae at extragalactic distances. One year later, he published a survey of extragalactic
systems and their properties, and from the number counts he concluded that galaxies are
uniformly distributed in space. In 1929, Edwin Hubble showed that extragalactic nebulae
are moving away from our own Galaxy, and their recession velocities are proportional to
their distances (Hubble law). One realised that the Universe is expanding.

But with the next extragalactic surveys it did not stay uniform for much longer. Ed-
ward Fath’s survey of the Kapteyn selected area showed inhomogeneities, which were
used by Bok (1934) and Mowbray (1938) in a statistical analysis to demonstrate that the
galaxy distribution was not uniform. The Virgo cluster was recognised as a dominant
structure in the Shapley/Ames catalogue of galaxies. The first map of the sky which
clearly revealed clustering and superclustering of galaxies all over the sky was a product
of the Lick survey of galaxies, carried out by Shane and Wirtanen (1967) using large
field plates. Around 1960 it became unquestionable that structure in the Universe is hi-
erarchically organised through galaxies (which can form pairs and small groups), clusters
and superclusters.

Thanks to developments in technology, surveys got the capability to add one more
dimension to the data: in addition to mapping the projection of the objects on the sky
it became possible to measure also the velocity of objects (and the deviation from the
Hubble flow). Starting with the Center for Astrophysics surveys (CfA, Huchra et al.
1983), via the Stromlo-Automated Plate Machine (APM) redshift survey (Loveday et al.
1996), the Point Source Catalog z (PSCz) survey (Saunders et al. 2000), the European
Southern Observatory (ESO) Slice Project (Vettolani et al. 1998) and the Las Campanas
Redshift Survey (Shectman et al. 1996) amongst others, redshift surveys provided a
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complex three dimensional picture of the Universe, termed “cosmic web”. In such a
picture, galaxies are arranged in groups and superclusters, distributed as sheets and
filaments surrounding the empty regions known as voids. Two recent redshift surveys,
the Two-Degree Field Galaxy Redshift Survey (2dfGRS, Colless et al. 2001) and the
Sloan Digital Sky Survey (SDSS, York et al. 2000) provide redshifts for a few hundred
thousand galaxies and will map about a quarter of the sky (SDSS is still ongoing). There
are other surveys which cover smaller areas, but they are designed to detect galaxies at
higher redshifts and trace the cosmic evolution of galaxies (e.g. the Great Observatories
Origins Deep Survey, GOODS, Giavalisco et al. 2004; zCOSMOS, Lilly & The Zcosmos
Team. 2005). The distribution of galaxies detected in the selected regions covered by the
CfA, SDSS and 2dFGRS are presented at the top and left plots in Figure 1.1.

It is obvious that the build-up of the observational census of the Universe is mostly
based on optical light, emitted by stars. Only one of those surveys mentioned - PSCz - was
carried out in the infrared. Another survey, the Two-Micron All-Sky Survey (2MASS)
has scanned the whole sky in three different near-infrared bands, detecting more than 1.5
million galaxies presented in the Extended Source Catalogue (Jarrett 2004). In the X-
rays, the ROSAT-ESO Flux-Limited X-ray survey have been carried out only for clusters
of galaxies (Borgani & Guzzo 2001). The Galaxy Evolution Explorer (GALEX) is the
first extragalactic all-sky UV survey (Martin et al. 2005; Morrissey et al. 2005), which is
currently carried out. At radio wavelengths, surveys have been carried out at different
frequencies (a series of Cambridge surveys, Greenbank surveys) detecting the mostly non-
thermal emission from all kinds of objects, including galaxies. At low radio frequencies,
sources are distributed randomly over the sky (Trimble & Aschwanden 2001). Higher
frequency surveys (e.g. the Faint Images of the Radio Sky at Twenty cm survey, FIRST,
Becker et al. 1995) are more sensitive to faint galaxies. These sources are clustered in
a way similar to the radio-quiet galaxies of the same Hubble types (Cress et al. 1996).
The H I surveys are much shallower, reflecting the current level of sensitivity in the 21-
cm wavelength of the radio telescopes. The number of objects revealed by blind H I
surveys is less than 10000 until now. An overview of blind 21-cm surveys is given in
Subsection 1.3.1.

1.2 The Universe as seen by theorists
Throughout history, a broad spectrum of cosmological models has been proposed, re-
flecting the variety of different cultures and times when they were created. It was not
until the beginning of the 20st century when these models clearly migrated from the
framework of imagination and philosophy to the realm of science.

In 1915 Albert Einstein formulated his final version of the General Theory of Relativ-
ity, according to which the geometry of the Universe is determined by its mass (gravity)
and energy content. Solving the Einstein equations for an isotropic and homogeneous
Universe is equivalent to the construction of cosmological models. Independently, the
solutions of the Einstein equations have been published by Aleksander Friedman (1922,
1924) and Georges Lemaître (1927). The development of the theory of general relativity
and its solutions provided the framework in which Hubble’s discovery of the expanding
Universe could be understood.

The following major step in our understanding of the Universe was by George Gamow,
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who realised in the late 1940s that in the early stages the Universe was radiation domi-
nated and very hot. The discovery of the background radiation by Penzias and Wilson
(Penzias & Wilson 1965) left no doubt about the hot singular origin of the Universe
some finite time in the past (termed Big Bang) and the homogeneity and isotropy of the
Universe in the past.

How is all the structure seen in the evolved Universe - stars, galaxies, clusters of
galaxies - related to the smooth plasma which our Universe used to be. A variety of
models have been proposed, linked to the various observational discoveries to explain the
emergence of the structure which we see today.

What we today accept as a standard cosmological model (ΛCDM) is linked to the two
additional propositions from the early 1980s. The first was that the dark matter, which
is believed to dominate the gravitational forces, consists of a new weakly interacting
particle, which still has not been detected. These particles need to have small random
velocities at early times, and therefore they became “cold dark matter” (CDM) particles.
The second idea was “cosmic inflation” (Guth 1981), the proposal that the Universe
grew exponentially for some time (perhaps 10−35 s) after the Big Bang. This growth
was driven by the vacuum energy density of a scalar field, and this vacuum energy was
transformed into more conventional forms of matter and energy at the end of the inflatory
period.

In the standard paradigm, all the structure has its origins in the earliest moments
of the Universe. The hot plasma which emerged from the Big Bang was smooth and
homogeneous, but it contained small fluctuations, which were amplified by gravitational
instabilities. From the peaks in the density field via hierarchical collapse and merging,
clumps of dissipationless dark matter are formed (dark haloes). Gas associated with such
dark haloes cools and condenses within the haloes, eventually forming the galaxies.

A missing link between the early and evolved Universe has been provided by numerical
simulations of the growth of cosmic structures, based on the physics behind the standard
model. The most direct method is to use cosmological simulations which include both
dark and baryonic matter and the necessary physical processes (e.g. Katz et al. 1999;
Pearce et al. 1999; Berlind et al. 2003). This is computationally very expensive, and
the most popular approach is to create simulations with dark matter only. The latter
are often utilised with semi-analytic modelling (e.g. White & Frenk 1991; Somerville &
Primack 1999; Cole et al. 2000) specifying when, where and how galaxies form and evolve
inside of dark matter haloes (Kravtsov 2006).

The similarity between the “cosmic web” of the real structure observed and that of the
virtual objects is striking (see Figure 1.1). The high complexity of current simulations
allows a quantitative comparison between the observations and simulations using the
correlation and luminosity functions, and nowadays even the dependence of these function
on luminosity, colour or other galaxy properties (e.g. Benson et al. 2000; Springel et al.
2005; Croton et al. 2006). While on a larger scale, quantitative agreement between the
simulations and the observations is (generally) remarkable, the challenge for a revision
of the ΛCDM model is on galaxy scales. The simulations predict survival of a large
number of dark matter substructures inside of dark matter haloes (more about this in the
following section), and a universal cusped dark matter halo density profile (e.g. Springel
et al. 2006). These two predictions seem to be in disagreement with the observations.

When comparing the observations and simulations, it should be kept in mind that
simulations mostly deal with dark matter, while we have managed so far to detect matter
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Figure 1.1: Comparison between the observational and modelled wedge diagrams. The large
wedge plot at the top shows an SDSS subregion, on top of which a smaller wedge plot from the
CfA galaxy redshift survey is presented. At the left a subregion of the 2dFGRS is presented.
Wedges presented at the right and at the bottom are results of the Millennium simulations
(Springel et al. 2006). Reprinted by permission from Macmillan Publishers Ltd: Nature (Springel
et al. 2006, 440, 1137-1144), copyright 2006.

of baryonic nature. The gaseous astrophysics in between includes not only physics, but
a lot of assumptions, where some of the processes are represented only by parameters
and proportionalities. The remark that “some set of cosmological parameters, initial
conditions and models for star formations evolves on such a way to fit the data” does
not imply that this was the case in reality (Jones et al. 2005).
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1.3 This thesis

1.3.1 Scientific motivation

Using the Local Group as a cosmological probe, a discrepancy between the theory and
the optical observations arises, the so called “missing satellites problem”: the number
of observed satellites known in the optical is an order of magnitude smaller than the
number of small systems predicted by CDM models (Kauffmann et al. 1993; Klypin
et al. 1999; Moore et al. 1999), illustrated in Figure 1.2. Closely related to this problem
is a discrepancy between the slopes derived at the faint end of the observed optical
luminosity functions (e.g. Blanton et al. 2003) and the H I mass functions (e.g. Zwaan
et al. 2005b) on one hand, and the slope of the halo mass functions calculated from large
N-body CDM simulations (e.g. Jenkins et al. 2001) or from an analytical framework such
as the Press-Schechter formalism (Press & Schechter 1974), on the other hand. The
faint end slopes from the observed distributions are much flatter when compared to the
corresponding slopes of the theoretically constructed functions.

The absence of a more numerous low-mass galaxy population cannot be straightfor-
wardly understood and points out a lack of our understanding of those systems. The
models proposed to solve this discrepancy can be separated into two categories. One type
of models is based on the suppression of the formation of small haloes or their destruc-
tion, which can be achieved by modifying the properties of the dark matter. These type
of models include allowing a finite dark matter particles self–interaction cross–section
(Spergel & Steinhardt 2000), reducing the small–scale power (e.g. Avila-Reese et al.
2001; Eke et al. 2001; Bode et al. 2001) or changing the shape of the primordial power-
spectrum (Kamionkowski & Liddle 2000; Zentner & Bullock 2002). The second set of
models proposes to suppress the star formation in low-mass haloes. Several plausible
baryonic physical processes may cause the depletion of the gas from the haloes and small
haloes will remain dark. Such processes may be photo-evaporation (see e.g. Quinn et al.
1996 and Barkana & Loeb 1999 and/or feedback from supernovae or galactic winds (see
e.g. Larson 1974 and Efstathiou 2000). Another possibility to suppress star formation
in small haloes is based on stability criteria. During the process of galaxy formation the
angular momentum of gas which settles into the disk will be conserved and a number of
haloes with small masses may never form stars, or form them in small numbers. Accord-
ing to one of those models, all galaxies with dark matter halo masses below 1010 M� will
never form stars (e.g. Verde et al. 2002). Still, baryons will remain inside these small
haloes. Recently, Read et al. (2006) argued that there is a sharp transition of the bary-
onic content in the smallest haloes. Over the halo mass range 3 - 10 × 107 M� at z ∼ 10
the amount of stellar mass drops two orders of magnitude in these systems. Haloes below
the limiting mass of ∼ 2 × 107 M� will be almost devoid of gas and stars. Connecting
these results to the present redshift (using a combination of arguments based on linear
theory and the various literature results), Read et al. (2006) predict the existence of
many galaxies with surface brightness about an order or two orders of magnitude fainter
than galaxies already detected.

Optical surveys are generally less sensitive to low luminosity and low surface bright-
ness (LSB) galaxies, which could be under-represented in such surveys (Disney 1976;
Disney & Phillipps 1987). LSB galaxies are generally found to be rich in neutral gas (de
Blok et al. 1996; Schombert et al. 2001). Also, galaxies with a small amount of stars
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Figure 1.2: Properties of satellite dark matter systems within 200 h−1 kpc from the host
halo. The continuous line corresponds to the average cumulative velocity distribution function
of simulated satellites from a sample of host haloes in the ΛCDM framework. Open circles
correspond to the average velocity distribution function in the CDM simulations. Solid triangles
represent the average velocity distribution function of satellites around the Milky Way and
Andromeda. The model predicts about 5 times more satellites with circular velocities Vcirc <
10-30 km s−1. This figure is from Klypin et al. (1999, bottom panel in their Figure 4).

compared to their H I mass are typically discovered via H I surveys. Blind H I surveys
provide an excellent probe to detect galaxies with a small amount of stars and even a
population of completely dark galaxies - under the limitations of the H I surveys that
these types of objects contain H I. If one assumes that H I makes up a few percent of the
total mass of a galaxy, dark galaxies would contain H I in the range 107 - 108 M� or less.

Blind H I surveys

In the last three decades several blind H I surveys have been carried out. The first blind
survey in the 21-cm emission line was carried out by Shostak (1977) in driftscan mode.
Krumm & Brosch (1984) surveyed about 7% of the Perseus-Pisces void and about 19%
of the Hercules void. After that, Kerr & Henning (1987) (also Henning 1992) conducted
a blind H I survey by observing a series of pointings on lines of constant declination. The
number of detected objects in these surveys was very small: 1 (not clearly extragalactic),
0 and 37 respectively. Since then, blind H I surveys have yielded a sufficient number of
detections to describe the results in a statistical manner. The main parameters of the
major blind H I surveys are summarised in Table 1.1.

The main conclusion which can be drawn from the (blind) H I surveys carried out up to
date is that there is no essential difference between the populations of objects detected in
H I emission line surveys and the population of galaxies detected at optical or at infrared
wavelengths, except that H I detected galaxies are more gas rich and preferentially of



14 Chapter 1: Introduction

Survey
A

rea
B

eam
size

Velocity
range

δv
D

etections
m

in
M

H
I

a
Telescope

R
ef

(deg
2)

(arcm
in)

(km
s −

1
)

(km
s −

1
)

(num
ber)

(10
6×

M
� )

A
H

ISS
65

3.3
-700

–
7400

16
65

1.9
305m

A
recibo

1
A

D
B

S
430

3.3
-650

–
7980

34
265

9.9
305m

A
recibo

2
W

SRT
W

FS
1800

49
-1000

–
6500

17
155

49
W

SRT
3

N
ançay

C
Vn

800
4
×

20
-350

–
2350

10
33

20
N

ançay
4

H
Ĳ

A
SS

1115
12

-1000
–

4500
18

222
36

76m
JodrellB

ank
5

7500
–

10000
(in

progress)
H

IPA
SS

21346
15.5

300
–

12700
18

4315
36

64m
Parkes

6
A

LFA
A

LFA
7000

3.5
-2000

–
18000

11
(16000)

4.4
305m

A
recibo

7
(in

progress)

a
M

inim
um

detectable
m

asses
m

in
M

H
I are

calculated
at

10
M

pc,for
5σ

detections
w

ith
velocity

w
idth

30
km

s −
1.

T
able

1.1:
Param

eters
of

m
ajor

blind
H

I
surveys.

T
he

references
cited

are
as

follow
s:

1Sorar
(1994);

Zw
aan

et
al.

(1997),
2R

osenberg
&

Schneider
(2000),

3B
raun

et
al.

(2003),
4K

raan-K
ortew

eg
et

al.
(1999)

5Lang
et

al.
(2003)

6M
eyer

et
al.

(2004)
7

http://egg.astro.cornell.edu/alfalfa/science.php
.



1.3: This thesis 15

the late morphological types (Zwaan et al. 2005b). A new population of isolated, self-
gravitating H I clouds or dark galaxies has not been revealed, neither a large population of
galaxies with low optical surface brightness, which would have gone undetected in optical
surveys (e.g. Zwaan et al. 2005b). The distribution of H I selected objects follows the
large-scale structures defined by optically selected galaxies (Koribalski et al. 2004; Zwaan
et al. 2005a), but these objects tend to populate regions of lower density (Ryan-Weber
2006). However, to be able to get a more definitive answer to the question whether an
additional number of gas-rich low-luminosity and LSB galaxies and/or a population of
gas-rich dark galaxies, missed in the optical surveys exists, it is necessary for H I surveys
to reach lower H I mass limits.

Even though the minimum H I masses which can be detected in the blind H I surveys
are a few times ∼ 106 M� (see Table 1.1), only a few galaxies have been detected with
such small H I masses. All H I objects detected at extragalactic distances have masses
above 107 M�, while the fraction of galaxies with masses below 108 M� is small, and
all have optical counterparts (Briggs 2004). On the other hand, there is a population of
high-velocity clouds (HVCs, e.g. Wakker & van Woerden 1991; Braun & Burton 2000;
de Heĳ et al. 2002) discovered only in the 21-cm line (no optical counterparts have yet
been found). These objects are distributed all over the sky, either as extended complexes
or in the form of compact, isolated clouds (CHVCs). The nature of the (C)HVCs is
a matter of debate, despite nearly four decades of study. The main reason for this is
the difficulty in estimating distances to the (C)HVCs. There is little doubt that the
most extended complexes are produced by interactions between the Milky Way and
companions, as a result of either tidal disruption or ram pressure stripping, or both (e.g.
Putman et al. 1998, 2003; Putman & Gibson 1999). The rest of the extended HVCs may
have similar origin or they can be explained as the products of Galactic fountains (Shapiro
& Field 1976; Bregman 1980, 1996). The origin of CHVCs is more uncertain. One of
the hypotheses that has received recent attention is that the CHVCs are of primordial
origin, residing at typical distances of up to 1 Mpc from the Milky Way (Oort 1966, 1970;
Verschuur 1969; Kerr & Sullivan 1969). Blitz et al. (1999) proposed a dynamical model
in which the CHVCs can be explained as the gaseous counterparts of the primordial
low-mass haloes predicted by ΛCDM structure formation scenarios. This appeared as
a very attractive way to resolve the discrepancy in the number of low-mass systems
discussed above. Recent observations (Zwaan 2000; Pisano et al. 2004; Westmeier et al.
2005) and simulations (Sternberg et al. 2002; Kravtsov et al. 2004) do not confirm the
existence of a circumgalactic population of CHVCs. The latests results by Westmeier
et al. (2005) suggest an upper limit of about 60 kpc for the distance of CHVCs from their
host galaxies. This distance would lead to a limiting H I mass for CHVCs of 6× 104 M�.

The existing H I surveys are incomplete in the range of H I masses which would cor-
respond to the majority of galaxies predicted to exist with little or no stars. The gap
inbetween the observed H I masses of HVCs and those of galaxies with the smallest H I
masses reflects the technical limitations of existing radio telescopes. To be able to pro-
vide a definitive answer to the nature of the H I sources - whether they can be (almost)
without stars and in which numbers they exist - a deeper blind H I survey is needed.
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The H I mass function

The H I mass function (H IMF) is the statistical equivalent of the luminosity function. The
first derivation of the H IMF was based on optically selected galaxies with available H I
observations. Linking the amount of H I to the measured luminosities per morphological
type, Briggs & Rao (1993) computed the H IMF over the H I mass range of 107 to 1010

M�. This estimate did not reveal any sharp up-turn in the faint-end of the H IMF, which
would have indicated the existence of a new population of gas-rich objects. Moreover,
the H IMF derived in the environment of the Virgo cluster was even shallower.

The first derivation of the H IMF from a purely H I selected sample of galaxies was
based on the AHISS survey (Sorar 1994; Zwaan et al. 1997). When fitted by the Schechter
function, the H IMF derived from the AHISS is characterised with a faint-end slope of
-1.2. The ADBS survey is characterised with a slope of -1.52 at the faint-end (Rosenberg
& Schneider 2002) and the largest blind H I survey up to date, HIPASS is characterised
by an H IMF with a slope of -1.37 (Zwaan et al. 2005b). The slope of the H IMF obtained
from a blind H I survey carried out in the region of the Canes Venatici (CVn) groups of
galaxies by Kraan-Korteweg et al. (1999) is -1.2.

The discrepancy at the faint-end of the H IMF is poorly understood, and a variety
of reasons have been discussed to pin-down this discrepancy. Low number statistics in
all surveys, except the HIPASS, used to derive the H IMF, and especially a very small
number of objects with H I masses below 108 M�, may be responsible for this. For
example, the number of objects with low H I masses detected in AHISS, ADBS and
HIPASS is small: 1 with MHI < 108 h−2

70 M�, 7 detections with MHI < 108 h−2
75 M� and

41 satisfying MHI < 108 h−2
70 M� in the three surveys, respectively. Objects with low H I

masses (say less than 108 M�) are detectable only to distances of a few tens of Mpc in
the blind H I surveys. The distance estimates using the Hubble flow for the sources in the
nearby Universe may be significantly affected by peculiar velocities. Discrepancies may
be caused by the different techniques applied in the surveys, like the search process used
to reveal the H I emission or the definition of sensitivity and completeness of the surveys,
amongst others. The discrepancy may also be caused by the properties of the galaxies
detected (e.g. by their morphological type, Zwaan et al. 2003; Springob et al. 2005) or
they may reflect environmental dependencies ( Springob et al. 2005; Zwaan et al. 2005b).

1.3.2 A new H I survey
Motivated by the science described above, a new blind H I survey was designed in such a
way to be able to detect a number of objects with H I masses below 108 M�, significant
enough to distinguish between the range of slopes obtained from the previous blind H I
surveys. The survey was carried out with the WSRT, making it one of the few extra-
galactic blind H I surveys carried out using a synthesis telescope. The volume covered
by the survey includes the nearby CVn groups of galaxies, known to be resided by a
population of dwarf (Binggeli et al. 1990) and H I rich galaxies (Kraan-Korteweg et al.
1999).

1.3.3 Thesis outline
The character of this thesis reflects the amount of data collected for this project. Ob-
servations for the blind survey were carried out for 60 nights, split in three runs over
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three years. Additional 10 nights of observations with the WSRT, as part of a follow-up
programme, and 4 nights of imaging with the Wide Field Camera on the Isaac Newton
Telescope of good photometric quality, were conducted. All these data have been reduced
and analysed, and the results are presented in this thesis. In addition, we obtained SDSS
imaging data and analysed them. Even though the motivation for the project is based on
a (crude) comparison between observational and theoretical results, the establishment of
a proper link between the two types of results is not a part of the thesis.

For this thesis, three major goals have been set:

• to make an inventory of objects with H I masses in the range of about 106 to 108 M�

• to construct the H IMF

• to compare the properties of the smallest H I mass objects to the properties of the
more H I massive objects; to compare properties of the objects with the smallest
H I profile widths to the objects with larger profile widths.

After this introductory chapter (Chapter 1), a new blind H I survey is presented in
Chapter 2. Topics covered in Chapter 2 include the description of the observations and
data reduction, justification of the data-search process and the presentation of detections
revealed in the survey and their properties. The H IMF estimate from the survey is
presented in Chapter 3. We address the various uncertainties which may affect the
estimated slope of the H IMF and present a detailed comparison with the H IMF estimates
from the previous surveys. The H I follow-up observations of the subsample of detections
selected from the survey, and the results are presented in Chapter 4. The optical data,
observations, reduction and analysis constitute the first part of Chapter 5. In the second
part of Chapter 5 we present the various relations which follow from the comparison
of the H I and optical data. In Chapter 6 we present the final summary of the work
presented in this thesis and provide a few ideas for future work.
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2
A blind H I survey in the Canes

Venatici region

We have carried out a blind H I survey using the Westerbork Synthesis Radio Telescope
to make an inventory of objects with small H I masses (between 106 and 108 M�)
and to constrain the low-mass end of the H I mass function. The survey has been
conducted in the region of the nearby Canes Venatici groups of galaxies. It covers an
area on the sky of about 86 square degrees and a range in velocity from about -450
to about 1330 km s−1. We find 70 sources in the survey by applying an automated
searching algorithm. Four of the detections have not been catalogued previously, but
they can be assigned an optical counterpart, based on visual inspection of the second
generation Digital Sky Survey images. Only one of the H I detections is without
an optical counterpart. This object is detected in the vicinity of NGC4822 and it
has been already detected in previous H I studies. Nineteen of the objects have been
detected for the first time in the 21-cm emission line in this survey. The various single-
and bi-variate distributions of the H I properties of the detections confirm our ability
to detect objects with a small amount of H I. A fraction of 86% of the detections have
profile widths less the 130 km s−1 and they can be classified as dwarf galaxies. The
H I fluxes measured implicate that this survey goes about 10 times deeper than any
previous blind H I survey.
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2.1 Introduction
Hydrogen is the most abundant element in the Universe. In its neutral state (H I),
hydrogen emits photons with a wavelength of 21-cm. This emission was first detected
in 1951 in our own galaxy (Ewen & Purcell 1951; Muller & Oort 1951; Christiansen
& Hindman 1952). The first extragalactic H I was detected two years later (Kerr &
Hindman 1953). Since then, many thousands of extragalactic objects were seen in the
21-cm line using radio telescopes. Due to the very low probability of the transition
responsible for 21-cm radiation in hydrogen atoms, and the limited sensitivity of modern
radio telescopes, most of our knowledge about the Universe is based on information from
starlight (hindered by dust). The H I observations are limited to provide knowledge about
the nearby Universe.

The first H I observations were targeted on galaxies selected from optical catalogues.
In 1977, Shostak (1977) carried out the first blind H I survey. The result of this survey
was a single detection of (probably) Galactic origin. During the last three decades, a
number of blind H I surveys was carried out, increasing the number of objects detected
purely on the basis of their H I emission to about 6000. However, the current picture
of the H I content in the nearby Universe based on the blind H I surveys did not change
much qualitatively compared to the results of the H I observations of optically selected
galaxies. The population of H I detected galaxies is essentialy the same as a population
of optically detected galaxies, weighted towards late-type galaxies (e.g. Zwaan et al.
2005b). The spatial distribution of H I detected objects follows the distribution outlined
by optically selected galaxies (Zwaan et al. 2005a), with a clustering signal slightly lower
than the clustering signal obtained from the optical samples of galaxies (Ryan-Weber
2006).

When comparing the optical and H I properties of galaxies, the H I mass-to-light ratio
increases for less luminous galaxies (e.g. Warren et al. 2006). The lowest luminosity
galaxies appear to have failed to convert most of the gas into stars, what would explain
their high H I mass-to-light ratios. This suggests the possibility of the existence of dark
galaxies, systems which did not undergo any star formation process (e.g. Trentham et al.
2001). If the dark galaxies contain H I, their existence could be revealed via blind H I
surveys. The hypothesis of the existence of dark (H I-rich) galaxies provides at least a
partial solution to the “missing satellite problem” of the standard cosmological model,
based on the cold dark matter (CDM) paradigm (e.g. Klypin et al. 1999). The essence
of this problem is that a number of small dark matter haloes predicted by the models
is much larger (at least by a factor of ten) than the number of dwarf galaxies optically
observed.

In the currently favoured CDM cosmological models, structure evolves from small,
primordial, Gaussian fluctuations by gravitational instability. Dark matter haloes grow in
a hierarchical manner through multiple merging and accretion of smaller systems (White
& Rees 1978). In this framework, galaxies form by cooling of baryons captured inside of
the dark matter haloes. Various physical processes - reionisation or UV radiation from
astronomical objects, supernovae explosions or supernovae winds (see recent discussion
on these processes in Read et al. 2006), may prevent cooling of the gas and formation of
stars, such that haloes could stay dark. In most of such models gas will be removed from
haloes. On the other hand, supression of star formation in small galaxies can be caused
also by conserving the angular momentum during the formation of the disk (e.g. Verde
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et al. 2002). In this case the baryonic content inside of haloes would not be changed.
(See more details on the “missing satellite problem” in Chapter 1.)

So far, blind H I surveys have failed to detect a new population of dark galaxies.
There are no (or at least very few) isolated H I clouds without traces of star formation
(e.g. Zwaan et al. 2005b). Still, the existing H I surveys are complete only in the range of
H I masses which correspond to spiral galaxies, but only a handfull of detections with H I
masses below 108 M� have been detected in the blind H I surveys. On the other hand,
a population of high velocity clouds (HVCs) have been discovered (e.g. Wakker & van
Woerden 1991; Braun & Burton 2000; de Heĳ et al. 2002). None of the HVC objects has
an identified optical counterpart . And their nature - whether they are of Galactic or
extragalactic origin is still unknown, except for the largest ones. Their unknown distances
imply difficulty to measure the H I masses of the HVCs. For the class of compact, isolated
HVCs (CHVCs), an upper limit of their H I mass of a few times 104 M� is suggested
(Westmeier et al. 2005).

The gap between the observed H I masses of the HVCs and those of galaxies with the
smallest H I masses is due to the limited sensitivity of existing radio telescopes. To get a
final answer to the question whether a significant population of gas-rich low-luminosity,
low surface brightness (LSB) or even dark galaxies exists, it is necessary to reach lower
H I masses than in the previous H I surveys.

We carried out a new blind H I survey, designed to be extremely sensitive to objects
with H I masses below 108 M� (down to H I masses of about 106 M�). The inventory
of these objects will allow us to derive the number density of the low H I–mass objects
and to constrain the slope of the faint end of the H I mass function of about a decade
lower than any previous study. We leave estimating the H I masses of the detections and
constructing the H I mass function for a later chapter. Here, we present the survey and
the detections. This chapter is organised as follows. In Section 2.2 the observational setup
and the data reduction process are presented. In Section 2.3 we describe the method used
to search for the signal and the H I parametrisation. We present the uncertainties of the
measured parameters and the completeness of the survey in Section 2.4 and we discuss
the various H I properties of the observed detections in Section 2.5. The final summary
is presented in Section 2.6. At the end, in Section 2.7 we provide an atlas of the figures
emphasising the various properties of the detections. Throughout the paper we use the
J2000 system.

2.2 Description of the survey
Due to technical limitations of the current H I telescopes, the volumes probed by H I
surveys are much smaller than volumes probed by optical and infrared surveys. Blind
surveys are sensitive to objects with small H I masses only up to distances of a few Mpc
(see Table 1.1 in Chapter 1). Therefore, to be able to make an inventory of objects with
small H I masses in a reasonable amount of telescope time, only a nearby volume which
contains small galaxies can be targeted for the observations.

2.2.1 The selected volume
We have selected the nearby region of the Canes Venatici (CVn) groups of galaxies to
carry out a blind H I survey. The CVn groups of galaxies are concentrated in a small
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area in the constellation of the same name [11h30m < α < 13h40m and 250 < δ < 550]
(Karachentsev et al. 2003b), known to host a population of small galaxies. Together with
the Local Group (LG) and the loose group in Sculptor, the CVn galaxies extend along
the line of sight up to a distance corresponding to cz ≈ 1200 km s−1. The study of the
velocity flow in the nearby volume of the CVn groups by Karachentsev et al. (2003b)
reveals that galaxies in this region closely obey a Hubble flow. The prospect of using the
Hubble flow to estimate distances to the objects even for such small recession velocities
makes the CVn region an excellent target for the H I observations.

Two concentrations can be distinguished in the CVn groups (Tully & Fisher 1987).
The redshift distribution of galaxies shows a peak at VLG = 200 − 350 km s−1, which
corresponds to the galaxies in the CVnI cloud. Another peak is seen in the range of
VLG = 500 − 650 km s−1 and may correspond to a more distant cloud CVnII aligned
along the Supergalactic equator. The better studied CVnI cloud is populated mostly by
late-type galaxies of low luminosity, in contrast to the groups in the CVnI neighbourhood:
the M81, Centaurus and Sculptor groups. The apparent overdensity of the number of
galaxies seen in the CVn direction exceeds δN/N ∼ 7 (Karachentsev et al. 2003b).

2.2.2 WSRT observations
During 2001, 2002 and 2004 observations comprising a total of approximately 60 × 12
hr have been performed for this survey using the Westerbork Synthesis Radio Telescope
(WSRT). The WSRT is an aperture synthesis interferometer with 14 antennas arranged
in a linear array on a 2.7 km East-West (E-W) line. Ten of the telescopes are fixed,
while 4 antennas are movable on 2 rail tracks. The antennas are equatorially mounted
25 m dishes. In a single 12 hr time slot, 24 fields were observed in mosaic mode. These
fields are on a E-W line and are separated by 15 arcmin in right ascension. On different
days similar strips of constant declination were observed. The separation in declination
between strips is 15 arcmin. Given that the FWHM of the WSRT primary beam is 34
arcmin, we obtained a nearly uniform sensitivity over the whole observed area with the
15 arcmin sampling used. Each of the 24 fields in one strip of constant declination was
observed for 100 sec before moving to the next pointing, which gives 18 different uv scans
per field per 12 hr period. Using the interlaced sampling on different days (the pointings
observed first during two consecutive nights of observations are shifted by 15 arcmin in
declination) the uv coverage improved to 36 uv scans per observed pointing. The effective
integration time per pointing was 80.1 min (taking the slew time into account).

The first 9 × 12 hr, performed in 2001, were observations with one 10 MHz wide band
with 128 channels covering the velocity range of approximately -450 to 1450 km s−1. The
rest of the observations were carried out in two bands. Then we used one band of 20
MHz width with 512 channels covering the velocity range from -750 to about 3250 km
s−1. The second band used was 20 MHz wide with 512 channels covering roughly the
interval from 3000 to 7000 km s−1. Only data with approximately −730 < cz < 1330
km s−1 were used in the further data reduction and analysis process.

All the pointings for the survey were located within the area on the sky with limits
12h19m55.2s ≤ α ≤ 12h47m2.4s for δ = 31033

′
00

′′ and 12h16m42.9s ≤ α ≤ 12h50m3.0s

for δ = 46018
′
00

′′ . Due to a human error in the observational setup, two of the first
four pointings with the smallest right ascension have not been observed for strips with
declination between 38048

′
00

′′ and 42048
′
00

′′ . Therefore the observed area on the sky
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Figure 2.1: Surface distribution of galaxies in the CVn region. Every point in the plot
corresponds to one detection in the CfA redshift survey catalogue (Huchra et al. 1999). From
these, galaxies with the recession velocities VLG ≤ 2000 km s−1 are presented with squares.
Detections for which redshift measurement has not been provided are indicated by crosses. The
area covered by the WSRT CVn survey has been marked with the combination of a continuous
and a dotted line. The dotted line corresponds to the range in declinations for which two
pointings per strip of constant declination have not been observed.

is ≈ 86 deg2 (instead of the originally planned 90 deg2). Figure 2.1 shows the projected
distribution of galaxies in the CVn region (region limits taken from Karachentsev et al.
2003b, are given above). Detections are taken from the CfA redshift survey catalogue
(Huchra et al. 1999). The area covered by the WSRT CVn survey is presented with the
continuous and dotted line inside of the total CVn region. The dotted line corresponds
to the range in declination for which two pointings per individual strip have not been
observed.

2.2.3 Data reduction
In total 1372 (useful) pointings were observed for this survey. Scripts were developed to
automate the processing for this large number of pointings. The scripts were based on
MIRIAD programmes (Sault et al. 1995) and programmes written by two of us (T.A.O.
and K.K.). The data reduction process applied is described below.

The uv data of each pointing were cross-calibrated and Hanning smoothed. The few
first and last channels in the observed band were excluded because of their higher noise.
The data were visually inspected and obviously bad data were flagged. To be able to



24 chapter 2: A blind H I survey in the Canes Venatici region

see the H I emission in the observed data, the continuum had to be subtracted. The
continuum uv data were created to first approximation by fitting a polynomial of second
order to all available channels for each pointing, excluding the obvious line emission.
After summing the continuum emission observed over the whole band into one plane, the
data were Fourier transformed into (α, δ) continuum images using standard MIRIAD
programs. The final continuum image was created in an iterative process of cleaning
and self-calibration of the continuum data. The line uv data were obtained by copying
the calibration coefficients and subtracting the modelled continuum emission from the
observed data in the uv domain.

The line uv data were processed into (α, δ, V ) line datacubes using the MIRIAD
program INVERT. The mosaicing mode of the observations produced data sampled very
sparse in the u − v plane. In order to suppress large, shallow wings of the synthesised
beam, a special weighting was applied to the uv points. This weighting corresponds to
natural weighting multiplied by radius in the u − v plane. The data were smoothed
spatially by multiplying the uv data with a Gaussian corresponding to a FWHM of 30
arcsec. From the first 9 × 12 hr of observations, 216 line datacubes each consisting of 115
channels (e.g. [α, δ] images) were obtained. The rest of the data were processed into 1156
line datacubes with 125 channels. Additional continuum subtraction was applied to all
pointings by fitting the continuum with a polynomial of first order to the line datacubes
excluding line emission, and subsequently subtracting it from them. The velocity spacing
in the line datacubes produced is ∼ 16.5 km s−1 and the velocity resolution after Hanning
smoothing is ∼ 33 km s−1. The size of the image in each of the channels is 512 × 512
pixels2, with a pixel size of 8 arcsec2. The typical spatial resolution of the datacubes
produced is ∼ 30 × 60 arcsec2.

A known problem for detecting radio emission is man-made and natural interference.
No good automated method exists for removing interference from the data, especially
not from data observed in mosaicing method. In these kind of observations, marking the
data as bad outside an interval of data values observed for an individual source will not
necessarily remove the data affected by interference. The scatter seen in the data can
be caused both by the interference and by the observed source itself, because the u − v
properties of a source can significantly change between the two consequent observations in
the mosaic mode of that specific pointing. Therefore, all 1372 line datacubes were visually
inspected. Datacubes are composed of 36 different XX, Y Y scans and if interference
occurred it was easily recognisable in the image domain, where the interference appeared
as a strong narrow stripe. An example of the appearance of interference in the datacubes
is presented in the three upper panels in Figure 2.2. Using the MIRIAD task CGCURS,
stripes induced by the interference were marked and removed by flagging the uv scan
during which the interference occurred.

As a result of the sparse sampling in the u− v plane the sidelobe levels and grating
rings around the strong H I sources preclude detecting faint H I emission. Channels with
H I emission were CLEANed and RESTOREd with a Gaussian beam with a similar
FWHM as the synthesised beam corresponding to the pointing. In the three middle
panels in Figure 2.2 we show an example of grating rings produced around an H I source.

To exploit the observing strategy with overlapping pointings, line datacubes corre-
sponding to the pointings with separation less or equal to 22 arcmin were combined into
one datacube. Smaller datacubes of size 150 × 150 × 115 or 150 × 150 × 125 pixel3
in α × δ × V directions respectively were cut out of the central part of each combined
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Figure 2.2: Examples of the various features in the line datacubes. The panels in the vertical
direction are made by extracting one slice from the line datacubes in α − δ, α − V and δ − V
planes, going from left to right respectively. Three uppermost panels show the appearance of
the interference in the datacubes. The middle panels illustrate the grating rings formed around
an H I source. The lowest panels show cuts through a final line datacube produced by combining
nine of the line datacubes, created from the data observed for one pointing, and by cutting the
central part of the combined datacube.

datacube, where the size of the third dimension depends on the observations. The final
subtraction of residual continuum emission was carried out by subtracting the polyno-
mial of first order fitted to the line-free channels. The small, combined line datacubes
have been used for all of the further data analysis. In the following text they will be
referred to as the full resolution datacubes. An example of the full resolution datacube
is presented in the three lowest panels in Figure 2.2.

For each of the combined datacubes the synthesised beam of the central datacube
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used in the combining process was chosen as the beam of that datacube. Theoretically,
all the uv data observed in overlapping pointings could be used jointly to build a single
large data cube, instead of applying the whole data reduction process on the individual
pointings and then combining the cleaned and interference free line datacubes from the
individual pointings. In practice, the first method would need much more computer time
and computer memory, and at the moment it is not affordable for such a large data set
as ours.

2.3 H I detections
2.3.1 Searching for detections
One of the most important aspects of analysing the observations is to define what consti-
tutes a detection. In surveys, regardless of the observed wavelength, the common way is
to consider a detection a real object if the measured flux, or part of it, of that particular
object exceeds the noise by a certain factor (e.g. Wall & Jenkins 2003).

The line datacubes, produced as described in the previous section, were smoothed
both in the spatial and velocity domain in order to improve the detectability of extended
objects with small signal to noise ratios. The datacubes were convolved with Gaussians
with FWHMs such that the final spatial resolution of the produced smoothed datacubes
was 1.5 and 2.0 times the original spatial resolution. In the velocity domain, cubes were
Hanning smoothed by averaging the fluxes in 5 and 7 neighbouring channels. Smoothing
in the spatial and velocity domain was done separately.

To get a good insight in the statistical properties of the data, the mean and the rms
values of datacubes were estimated for all of the 1372 line datacubes produced at the
five different resolutions. The mean and the rms values of the individual datacubes were
estimated from the pixels with absolute flux values below 5 times the preliminary rms
value of the datacube. The preliminary rms was estimated using all of the pixels in the
datacube. The binned distribution of the final rms values is presented in Figure 2.3,
while the mean and the standard deviation of the measured mean and rms values are
presented in Table 2.1. For reference, we include in Table 2.1 the typical spatial and
velocity resolution of the specific types of datacubes, as well as the limiting column
density to detect an object with a profile width equal to the velocity resolution (third
column in Table 2.1) at the 5-sigma (forth column in Table 2.1) level. The mean noise
value in the line datacubes with the full resolution is 0.86 mJy Beam−1. For an object
with a velocity width of 30 km s−1 and a H I mass 106 M� this noise limit would imply a
maximum distance of 5.7 Mpc at which this object could be placed and still be detected
in the survey at the 5-sigma level. This is only a crude estimate of the detection limit
of the survey. A more precise estimate of the detection limit, based on the Monte Carlo
simulations, will be presented in Subsection 2.4.2.

The distribution of the observed pointings in this survey was designed in such a way
that the noise in the combined datacubes is almost uniformly distributed. Still, the noise
in some of the datacubes shows a gradient in the spatial domain along the declination
axis. This is due to the fact that the final datacube is composed from observations
typically collected during three different nights. The noise gradient reflects the difference
in quality of the data collected during each single 12 hr period of observations caused by,
for instance the loss of one of the 14 telescopes and the difference in the data flagging.
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Figure 2.3: Statistics of the line datacubes. The panels show the histogram distributions of
rms values measured for 1372 datacubes produced. In the first row results from the measure-
ments in the datacubes with full resolution are presented. The second and the third rows contain
the results for the datacubes smoothed in the spatial domain to the resolution 1.5 and 2 times
the original resolution, respectively. The forth and the fifth rows present the statistics for the
datacubes Hanning smoothed in the velocity domain averaging fluxes over 5 and 7 neighbouring
channels, respectively.



28 chapter 2: A blind H I survey in the Canes Venatici region

Resolution rms NHI

Datacube spatial velocity mean rms [1020 ×
type [arcsec2] [km s−1] [mJy Beam−1] [mJy Beam−1] atoms cm−2]
1.0 30 × 60 33 0.86 0.30 0.87
G1.5 45 × 90 33 1.33 3.01 0.60
G2.0 60 × 120 33 1.64 3.98 0.42
H5 30 × 60 82.5 0.67 0.28 1.70
H7 30 × 60 99 0.62 0.28 1.88

Table 2.1: Statistics of the 1372 line datacubes. The first row corresponds to the statistics
of the full resolution datacubes. Statistics of the datacubes Gaussian smoothed in the spatial
resolution by a factor 1.5 and 2 is given in the second and third row respectively. Statistics of
the datacubes Hanning smoothed over 5 and 7 neighbouring velocity channels is presented in
forth and fifth row respectively.

To overcome this problem, noise in the datacubes was modelled by combining the
noise (in practice standard deviation) independently estimated in the spatial and velocity
domains. First, the standard deviation of the flux values in the spectra at the position
of every pixel in the spatial domain was calculated. The standard deviation of the fluxes
was calculated also for each of the channels in the datacube. For these calculations,
pixels in the channels around zero velocity, where the Galactic emission can be very
strong, were excluded. In the second iteration, in addition to the pixels in the region of
Galactic emission, pixels with flux values larger or equal than 5 times noise from the first
iteration were excluded also from the calculations. The “characteristic noise” of a pixel in
a datacube was defined as the average value of the two standard deviations calculated in
the second iteration for the plane and for the spectrum which both contained that pixel.
This value will be referred to in the text as the noise (σ). The velocities with Galactic
emission are in the range from approximately -50 km s−1 to approximately 80 km s−1 and
from approximately -60 km s−1 to approximately 85 km s−1 for the datacubes produced
from the poitings observed during the first 9 × 12 hr and during the remaining 10–60 ×
12 hr period of observations, respectively.

The next step was to inspect the line datacubes in order to detect the presence of H I
emission. All line datacubes were searched for pixels with an absolute flux value above a
given limit expressed in multiples of the noise in each pixel. A procedure was developed
to automate the process of searching for signal in the datacubes.

First, the procedure was used to find all pixels with absolute flux values above 5σ
in the datacubes of the 5 different resolutions. For a comparison of the detections, the
search was also performed to detect pixels with absolute flux values above 4σ for the
line datacubes at the full resolution. The number of connected pixels with flux values
above the given threshold (positive pixels in the remaining text) or below −1 times the
given threshold (negative pixels) was counted. Pixels were classified as connected if they
had at least one neighbouring pixel which passed the same searching criteria either in
the spatial or velocity domain. Negative velocity regions were searched for galaxies, but
the velocity range with Galactic emission (the same velocity intervals as in the noise
calculations) was excluded from this search. The results of the process of the search for
the regions of connected pixels are presented in Figure 2.4. Upper parts of all panels
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show the distribution of counts of the regions of connected pixels with positive flux values
above the given threshold (full line histograms) and negative flux values below −1 times
given threshold (dotted line histograms). The threshold is 5σ for the three upper (a,
b, c) and the last two lower panels (e and f) and 4σ for panel d. The vertical dashed
line marks the position of the minimum number of connected pixels for a detection to
be considered a real object. Lower parts of all panels present the difference between the
number counts of the regions of connected pixels with positive and negative flux values
of a specific size over a range of sizes, where the size is expressed in pixels.

The thresholds to consider a detection as a real object were determined from the
distributions of the number of connected positive and negative pixels for each of the six
explored cases. The criteria were based on the expectation that the noise is distributed
symmetrically. Detections were considered real objects if the number of connected pos-
itive pixels was larger than the largest number of connected negative pixels, which ob-
viously corresponds to noise. For the datacubes with full resolution, a detection then is
a real object if the number of connected pixels with flux values ≥ 5σ is ≥ 10 pixels and
the number of connected pixels with flux values ≥ 4σ is ≥ 22 pixels. The typical beam
size is approximately 32 pixels for the datacubes with full resolution. For the datacubes
smoothed in the spatial resolution by a factor 1.5 and 2, a detection would be considered
real if it contains ≥ 15 and ≥ 25 connected pixels with flux values ≥ 5σ respectively.
For the datacubes Hanning smoothed in velocity over 5 and 7 channels the number of
connected pixels with flux values ≥ 5σ had to be ≥ 12. From the distributions of all
connected pixels with flux values in a certain interval, especially from the differences
between the numbers of positive and negative connected pixels with the same number of
pixels (Figure 2.4), it is obvious that there is no hidden distinct population of H I sources
with flux values at the sub–noise levels. Such a population of missed objects would have
been easily recognisable as a systematic offset of the difference between the positive and
negative pixels with the same number of connected pixels towards positive values.

Applying the determined criteria, a unique catalogue of H I detections was created by
merging the 6 catalogues obtained by applying the specific searching criteria on the line
datacubes of different type. In total, our search criteria reveal 70 H I detections which
are considered real. All 70 detections were catalogued already in the datacubes with full
resolution. No additional detection passed the “real object” criteria in the datacubes
that were smoothed either in the spatial or velocity domain. There are no detections
with lower column densities than the limiting column density which has already been
achieved in the line datacubes at the full resolution.

There were 4 regions detected where the H I emission was very extended and the
objects detected in these regions were of extremely irregular shape. For these cases the
final decision what is an object was made by eye, after consulting previous observations
available from the literature. These H I objects will be termed extended from here on.
The extended objects are the objects with the WSRT–CVn id’s ranging from 63 and 68
including (with two objects with the WSRT-CVn id 67: 67A and 67B). More details on
these and the rest of the objects will be given later in this chapter.

2.3.2 H I parametrisation
The H I parametrisation of the detected objects was carried out combining programs
developed for this survey and standard MIRIAD programs. The cubes with full resolution
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in the spatial and velocity domains were used to determine the parameters of the H I
detections.

The next task after the detecting of the objects was to determine the total flux of
the object by selecting the pixels which belong to an object (to mask all pixels with the
signal). This was done in two steps: first, starting from the pixel of the detection with
the maximum flux value, the object was enlarged considering that all connected pixels
with flux values ≥ 3.5σ belong to the object, using our definition of σ. The ≥ 3.5σ
limit was obtained as the optimal limiting flux value after testing various assumed limits,
using the clean components of various objects inserted into the line datacubes, convolved
with a cleaned beam of the datacube of the consideration previous to the insertion. The
second step consisted of changing the shape of the masked pixels in each of the planes
where the object was detected with significance above 3.5σ because of the beam size (the
spatial resolution element). First, pixels with more than 3 neighbouring pixels which
do not belong to the object (their flux values are < 3.5σ) were deleted. After that,
remaining pixels in the mask with at least one neighbouring pixel which does not belong
to the object were selected as the border pixels. For each of the border pixels an area
of a beam size centred on the border pixel was inspected. All pixels with positive flux
values inside of the beam area studied were added to the detection. The total integrated
flux (Sint) of the detections was obtained by summing the flux in pixels determined to
belong to the object in all channels and dividing this value with the beam area. The
spatially integrated peak flux is simply the maximum value of the fluxes integrated in
the individual channels (maximum in the spectrum, Speak). From now on, we will use
the term integrated flux instead of the total integrated flux and the term integrated peak
flux instead of the spatially integrated peak flux.

The size of the detected objects, which were not classified as extended objects, was
estimated using the MIRIAD task IMFIT. A two-dimensional Gaussian was fitted to
the H I map, created by integrating the flux over the velocity channels contained in the
masked pixels. When possible, we estimated the size of an object from the size of an
ellipse fitted to a column density isophote of 1.25 × 1020 atoms cm−2. This isophotal
level corresponds to a value of 1 M� pc−2 in surface density for face–on objects. For the
small objects (object with the WSRT–Cvn id’s 7, 10, 11, 12, 15, 19, 22, 25, 30, 31, 42,
43, 47 and 61) we used the FWHMs of the fitted Gaussian along the major and minor
axis as a rough indicator of the angular size of an object. The FWHMs along major
and minor axis and the positional angles obtained were deconvolved with the beam. The
exceptions are detections with the WSRT–CVn id’s 7 and 47, which are too small to
be deconvolved. For these two detections we present only the values of the FWHMs
of a two-dimensional Gaussian convolved with a beam instead of their size. The last
parameters will be used only as an indication of the inclination of these two objects. For
the objects without a known counterpart in the literature, we use the position of the
peak of the fitted Gaussian as the position of that particular object.

In addition, the MIRIAD program MBSPECT was used to determine integrated fluxes
Sint,MBSPECT and peak values of the integrated profiles Speak,MBSPECT of the detected
objects. The integrated H I spectrum of each detection was made, summing the flux
in pixels contained in a box placed around the object and weighting the sum with the
inverse value of the beam. The size of the box was estimated individually for each object
based on the extent of the H I emission and always slightly bigger than the object itself,
both in the spatial and in the velocity domain. For the extended objects, which have
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Figure 2.5: Comparison of the measured integrated flux (left) and integrated peak flux
(right) values using two different methods. Horizontal axis present the measurements based on
the flux values in the pixels defined to belong to an object (masking). Vertical axis present the
measurements using the MIRIAD task MBSPECT, defining the boxes around detections. The
crosses in the panels mark the values of integrated flux (left) and integrated peak flux (right)
for which there is only a MBSPECT or a literature measurement available.

id’s from 63 till 68, this was the only method used to estimate these two parameters. In
Figure 2.5 the difference between integrated fluxes and peak fluxes measured using two
different methods (masking and summing in a box using MBSPECT) is plotted. The
difference is larger for the objects with lower values of integrated fluxes and integrated
peak fluxes, where the influence of the noise in the flux values is relatively higher. Where
possible, the average value from the two methods used to estimate integrated flux and
integrated peak flux will be used as the final estimate of these two parameters for the
detected H I objects.

The MIRIAD task MBSPECT was also used to parametrise the detections in velocity
space. The line widths of the profiles of the detections were measured at the 20% (W obs

20 )
and 50% (W obs

50 ) levels of the peak flux in the spectrum, using the methods of width
maximisation and minimisation in MBSPECT. The maximisation procedure measures
the line widths starting from the velocity limits given when specifying the box around a
detection and moves inward till the percentage of the peak flux is reached. The minimisa-
tion procedure starts at velocity at which the profile has maximum and searches outward.
The velocities at the centres of the four measured profile widths were also estimated. The
radial velocity of a detection was estimated as the average of those four measured ve-
locities. The velocities in the datacubes and spectra were calculated from the observed
frequencies ν using the radio convention Vr = c(1− ν

ν0
). The estimated systemic velocity

was recalculated to the value in the optical convention Vo = c(ν0
ν − 1). The velocities in

the optical convention were recalculated from the geocentric to the barycentric frame. In
addition, they have been corrected for the motion of the Sun around the galactic centre
and the motion of the Galaxy in the Local Group using the expression (Yahil et al. 1977)

VLG = Vo + 296 sin l cos b− 79 cos l cos b− 36 sin b (2.1)
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which is similar to the IAU convention. In this formulae VLG is the Local Group velocity
and l and b are the galactic coordinates of the detection.

The profile widths measured from the data have been corrected for instrumental
resolution and for broadening due to turbulent motion. The most widely used method
to correct for broadening of the global H I profiles due to a finite instrumental velocity
resolution was given by Bottinelli et al. (1990). This correction can be written in the
form

W res
20 = W obs

20 − 0.55R (2.2)

W res
50 = W obs

50 − 0.13R (2.3)

for the widths at 20% and 50% of the peak flux respectively. The observed widths
W obs

20 and W obs
50 were calculated by averaging the 20% and 50% level widths measured in

the maximisation and minimisation procedure by MBSPECT. The instrumental velocity
resolution R expressed in km s−1 was taken to be 33 km s−1.

The broadening of the profile width caused by the random motions of the H I gas can
be corrected for by applying the formulae given by (Tully & Fouque 1985):

W 2
l = (W res

l )2 + W 2
t,l[1− 2e

−(
Wres

l
Wc,l

)2

]− 2W res
l Wt,l[1− e

−(
Wres

l
Wc,l

)2

]. (2.4)

The subscript l refers to the profile widths at the levels l = 20% or l = 50% of the peak
flux. This formulae gives a linear correction for large galaxies with horn-shaped profiles,
a quadratic correction for the galaxies with small profile widths of Gaussian profile shape
and a smooth transition for the cases in between. Wc,l indicates where the transition
from boxy to Gaussian profiles occurs. The generally adopted values for Wc,l are Wc,20

= 120 km s−1 and Wc,50 = 100 km s−1 . The parameter Wt,l represents the broadening
of the profile due to random motions. The value of this parameter has been debated in
the literature. Here, the following values have been taken: Wt,20 = 22 km s−1 and Wt,50

= 5 km s−1. In a statistical sense, using these values to correct the profile widths of the
detections, the maximum rotational velocity of a galaxy can be reasonably well retrieved
from the corrected profile width (Verheĳen & Sancisi 2001).

2.4 Parameter accuracy and completeness of the sur-
vey

We use an empirical approach to assess the accuracy of the measured parameters of the
detections and the completeness of the survey. Our method is based on the inserting a
large number of synthetic sources throughout the selected survey data. The major input
to estimate the accuracy of the estimated parameters and the completeness of the survey
are the recovered properties of the synthetic sources and the rate at which the synthetic
sources could be recovered, respectively.

As a basis for the simulations 10 line datacubes of full resolution were selected from
the 1372 line datacubes produced in the whole survey. The datacubes were selected to be
object free, using our criteria for defining an object. Seven of the datacubes were selected
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from the central part of the area covered by the survey, while three of the datacubes were
selected to be datacubes from the edges of the area covered by the survey. Two of them
are datacubes with one edge and one is a corner datacube with two edges.

The synthetic objects were created to resemble small H I detections, which make up
the majority of the objects detected in the WSRT CVn survey. Five objects of different
sizes in the spatial and velocity domains, with different distributions of flux were created
from the CLEAN components of H I objects detected in the survey. Created objects
are 2,3,4,5 and 6 channels wide. The profiles of the all model-objects were of triangular
shape. In each of the basis datacubes 10 objects were inserted and distributed quasi-
randomly. Quasi-randomness in this context means that objects were inserted only in
channels with positive velocities, as are all the real detections, and they were distributed
in the datacube such as not to overlap with each other. The same types of objects
were at the same relative positions in all of the datacubes (same x, y and z of the three
dimensional datacube). Before inserting the objects into the datacube, their flux was
rescaled and they were convolved with the beam of the line datacube in which they were
going to be inserted. The flux rescaling was done by fixing the flux value in the pixel with
the maximum flux value in the model-object to some given value (see below). Rescaling
of the flux values in the rest of the pixels was done using the fraction between the old and
new flux value in the pixel with maximum flux value. All of the five model-objects were
rescaled to have the same maximum flux value before convolving with the beam. Each
of the model-objects was inserted in two positions in the datacube, with two different
flux values. In total ten runs were made, rescaling the maximum flux values two times
for the 5 different model-objects in each of the datacubes. In the first run of simulations,
the maximum value of different model-objects were fixed at 1.0 and 3.0 mJy and in each
of the following 9 simulation runs the peak value was increased by 0.2 mJy. These flux
values were chosen in such a way to ensure that there is a fraction of synthetic sources
which will not be detected. In total 1000 different objects were inserted in 10 different
datacubes.

The datacubes with inserted synthetic objects were then searched for these synthetic
sources in a manner identical to the searching process used in the WSRT CVn survey,
as described in Subsection 2.3.1. Detections which satisfied the criteria for real objects
were parametrised the same way as the real detections, described in Subsection 2.3.2.

2.4.1 Parameter uncertainties
The uncertainties of the H I parameters can be estimated from a comparison of the
assigned and measured properties of the synthetic objects revealed in the simulated dat-
acubes. In the simulations described above, 794 of the inserted 1000 synthetic sources
were recovered using the searching criteria defined for the datacubes with the full resolu-
tion: at least 22 connected pixels with flux values ≥ 4σ. Parametrisation of the sources
detected in the simulation was carried out and the distributions of differences between
the real and the parameterised properties of the population of synthetic objects revealed
in the simulation are presented in Figure 2.6.

From the distributions of differences, the uncertainties of Sint, Speak and profile widths
measured at 50% and 20% of the line maximum were calculated as the standard deviation
in the corresponding distributions. The uncertainties of the measured integrated fluxes
in the WSRT CVn survey are σ = 0.42(1) Jy km s−1 for the case of the flux summed
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inside of the defined contour, σ = 0.24(2) Jy km s−1 for the flux inside of a box around
a detection, while σ = 0.24(0) Jy km s−1 for the flux of an object calculated as the
average value measured from the two techniques used. For the integrated peak fluxes,
uncertainties are σ = 8.8 mJy, σ = 3.7 mJy and σ = 4.7 mJy for the three methods used,
given in the same order as the Sint uncertainties above. Uncertainties for the profile
widths are σ = 5.1 km s−1 and σ = 8.4 km s−1 for the profile widths measured at 50%
and 20%, respectively.

The detectability of a 21-cm signal depends not only on the flux, but also on how this
flux is distributed over the velocity width of the object of consideration. In reality, there
is a more subtle dependence of the uncertainties of the estimated H I parameters on the
intrinsic properties of an object. Given the relatively small number of detections in the
WSRT CVn survey, we neglect such a dependence in our results. We only demonstrate the
existence of the additional dependence of measured Sint values on the values of Sint, Speak

and velocity width. The results are presented in Figure 2.7. Here, the difference ∆Sint

corresponds to the difference between the value of the integrated flux inserted and the
integrated flux measured, calculated as the average value of the integrated flux obtained
by using our programmes – defining a mask around a detection, and the integrated flux
obtained by using the MIRIAD task MBSPECT – defining a box around a detection. The
uncertainty of Sint is 0.130 Jy km s−1 in the range of true values Sint ≤ 0.5 Jy km s−1

(continuous line in the left panel in Figure 2.7), 0.188 Jy km s−1 for 0.5 < Sint ≤ 1 Jy
km s−1 (short dashed line), 0.280 Jy km s−1 for 1 < Sint ≤ 2 Jy km s−1 (dotted line)
and 0.278 Jy km s−1 for Sint > 2 Jy km s−1 (long dashed line). To test the dependence
of ∆Sint on the Speak value of the inserted detection, we split the Speak values in the
four arbitrary intervals: Speak ≤ 0.01 Jy (continous line), 0.01 < Speak ≤ 0.02 Jy (short
dashed line), 0.02 < Speak ≤ 0.04 Jy (dotted line) and Speak > 0.04 Jy (long dashed line).
The uncertainties are 0.134 Jy, 0.168 Jy, 0.278 Jy and 0.265 Jy for the given intervals,
respectively. Finally, we divided ∆Sint values in the three intervals depending on the W20

of the object. The uncertainty in Sint for the objects with: W20 ≤ 45 km s−1 (continuous
line) is 0.156 Jy km s−1, 45 < W20 ≤ 60 km s−1 (short dashed line) is 0.091 Jy km s−1

and W20 > 60 km s−1 (dotted line) is 0.285 Jy km s−1.

2.4.2 Completeness
Completeness of the survey is the fraction of galaxies detected in a given volume down to
the limiting sensitivity. The completeness of the blind WSRT CVn survey is addressed
using the Monte Carlo simulations described. It is defined here as the ratio of the
number of synthetic objects detected in the simulations and the number of synthetic
objects inserted in the simulation.

The completeness of the survey is estimated as a function of Sint and Speak values.
To take into account all possible sources which would be detected in the real survey,
datacubes with the inserted synthetic sources were smoothed in the spatial and velocity
domain. The smoothing was identical to the smoothing of the real datacubes. In the
spatial domain, datacubes were smoothed to a resolution of 1.5 and 2 times the beam
size of that datacube, and in the velocity domain datacubes were Hanning smoothed over
5 and 7 neighbouring channels. The smoothed datacubes were searched in all resolutions
applying the criteria as defined in Subsection 2.3.1 and the datacubes of the full resolution
were searched with a criteria of minimum 10 connected pixels with flux values ≥ 5σ. In
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Figure 2.6: Comparison between inserted and measured parameters. The first two panels
show the difference between the values of inserted parameters and parameters measured by
forming a mask around a detection (full line histogram) and parameters measured with MB-
SPECT (dashed line histogram). The first panel shows the difference distribution for integrated
flux values. The second panel shows the distribution of differences in integrated peak flux val-
ues. Third panel shows the difference between the inserted profile widths and recovered profile
widths at 20% of the maximum in a spectrum (full line histogram) and at 50% of the maximum
in a spectrum (dashed line histogram), measured with MBSPECT.
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Figure 2.7: Distributions of ∆Sint, differences between the inserted integrated fluxes and de-
tected integrated fluxes, as a function of inserted Sint, Speak and profile width. The detected Sint

values are calculated as the average value of the integrated flux calculated by defining a mask
around a detection and the integrated flux obtained by using the MIRIAD task MBSPECT,
defining a box around a detection. In the left panel the continuous line corresponds the the
distribution of ∆Sint for Sint ≤ 0.5 Jy km s−1, the short dashed line is the same type of distri-
bution for 0.5 < Sint ≤ 1 Jy km s−1, dotted line for 1 < Sint ≤ 2 Jy km s−1 and long dashed
line for Sint > 2 Jy km s−1. Middle panel shows the distribution of ∆Sint as a function of Speak.
The continuous line is for Speak ≤ 0.01 Jy, the short dashed line for 0.01 < Speak ≤ 0.02 Jy,
dotted line is for 0.02 < Speak ≤ 0.04 Jy and long dashed line is for Speak > 0.04 Jy. The right
panel shows the distribution of ∆Sint as a function of W20 for the range of: W20 ≤ 45 km s−1 –
continuous line, 45 < W20 ≤ 60 km s−1 – short dashed line and W20 > 60 km s−1 – dotted line.
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Figure 2.8: Completeness of the WSRT CVn survey. Circles represents the fraction of objects
detected in the datacubes within the survey, without an edge. Squares correspond to the fraction
of detected objects residing in the datacubes with one edge and triangles represent the fraction
of objects detected in the datacubes with two edges. The continuous line connects the bins with
a fraction of detected objects weighted with the relative abundance of a type of the datacube in
which the detection resides. The long dashed line connects fractions of all objects detected in
the simulation regardless of the type of the datacube in which the detection was inserted. The
short dashed horizontal line represents the line for which the survey is complete.

total, 26 new sources were found in addition to the searching process with a criteria of
minimum 22 connected pixels with flux values ≥ 4σ.

The fraction of datacubes with one or two edges used in the simulations was much
larger than the fraction of datacubes with edges in the real survey. To account for this,
the completeness of the survey was estimated for each type of the datacube independently.
The completeness of the whole WSRT CVn survey was calculated weighting the number
of detected objects with the relative abundance of the type of datacubes (in the survey)
in which these objects were detected. The weighted completeness is considered to be the
best estimate of the completeness of the whole survey. It is presented with the continuous
line in Figure 2.8. From the simulations carried out, it follows that the WSRT CVn survey
is complete for objects with approximately Sint > 0.9 Jy km s−1 and Speak > 0.0175 Jy.
From 70 objects detected in the WSRT CVn survey, 12 of them have Sint values in the
range for which the survey is incomplete. For only 2 detections the incompleteness is
larger than 50%. The minimum integrated flux of an object has to be 0.2 Jy km s−1

(centre of the first bin with a non-zero completeness) in order to be detected in the
WSRT CVn survey.

2.5 Properties of the H I detections
2.5.1 Comparison of the detections with previous observations
The cross-correlation of the objects detected in the WSRT CVn blind survey with known
objects was conducted using the NASA/IPAC extragalactic Database (NED). Both, posi-
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tional and velocity information was used to identify a counterpart of each of the detected
H I sources. In addition, the Lyon/Meudon Extragalactic Database (HYPERLEDA)
was used and the second generation Digital Sky Survey (XDSS) images, centred on the
position of the WSRT CVn detections, were visually inspected. We did not use any
results from the Sloan Digital Sky Survey (SDSS, York et al. 2000) which are available
in the databases mentioned, because of the known problem with deblending in the SDSS
photometric pipeline (e.g. West 2005). In total 65 objects detected in the WSRT CVn
survey were identified with galaxies previously observed in one of the optical wavebands.
Objects WSRT–CVn–67A and WSRT–CVn–67B were cross-identified with two galaxies
based on position and redshift information in the literature: NGC4490 and NGC4485
respectively. Using our data, we were not able to separate the 21-cm emission detected
around WSRT–CVn–67A and WSRT–CVn–67B into two individual detections. Object
WSRT–CVn–34 (UGCA290) looks like an interacting binary system, addressed as such
in some references. We consider it as one object, a patchy dwarf galaxy, based on the re-
solved stellar photometry carried out by (Makarova et al. 1998). In the neighbourhood of
4 H I detections no information of any previous detection exists in databases, but around
the positions of these H I detections galaxies are visible in the XDSS images. Given that
these galaxies are most visible in blue light and ∼ 10-20 arcsec in size, it is most probable,
even without knowing their redshifts, that they are the optical counterparts of the H I
detections. There was only one object detected in H I without an optical counterpart.
This object is found a few arcmin away and within ∼ 110 km s−1 from NGC 4288. This
object has already been detected in H I by (Wilcots et al. 1996) in H I observations of a
sample of barred Magellanic galaxies.

The homogenised H I data (HOMHI) catalogue (Paturel et al. 2003) represents a com-
pilation of H I detections from 611 papers. This catalogue was used to inspect the whole
volume covered by this survey for previous H I detections. According to the HOMHI
catalogue there are 47 objects which have been observed in the 21-cm line inside the
volume of the WSRT CVn survey and 4 objects are at the edges of the observed region
(objects with WSRT–CVn indexes 1, 2, 60 and 62). Of the 47 HOMHI detections inside
the survey volume, 44 can be cross-correlated uniquely with the WSRT CVn detections
using their position on the sky and their heliocentric velocities. One of the detections
of the WSRT CVn survey is cross-correlated with two objects in the HOMHI catalogue.
These two HOMHI detections have the same heliocentric velocity, and their positions
differ by 0.015 deg and 0.14 deg in right ascension and declination, respectively. Their
profile widths are identical and their Sint values are almost the same. From tracing these
detections back in the literature it follows that their names have been confused; there is
only one object detected with the given H I properties and velocity. One of the HOMHI
detections does not have a counterpart in the WSRT CVn survey. That is MAPS_NGP
O_218_0783987, with heliocentric velocity 636 km s−1. Huchtmeier et al. (2000) mea-
sured Sint = 0.66 Jy km s−1, Speak = 0.026 ± 0.0046 Jy, W50 = 27 km s−1 and W20 =
34 km s−1 for this object, using the single dish 100-m radio telescope at Effelsberg. The
WSRT CVn survey is slightly incomplete (C > 90%) for the Sint value and complete
for the Speak value of this object. We carefully examined the datacube from the WSRT
CVn survey produced at the position of MAPS_NGP O_218_0783987. There is no sign
of the 21-cm emission at that position in our data. Based on the cross-correlation with
the previous observations, all detections from the WSRT CVn survey are real. We are
inclined to believe that the detection in the Huchtmeier et al. (2000) sample is not real,
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perhaps interference.
There is no entry in the HOMHI catalogue for objects WSRT–CVn–9 and WSRT–

CVn-61. HYPERLEDA, however, provides H I data for WSRT–CVn–9. We used the
measurement from Wilcots et al. (1996) for object WSRT–CVn-61. Object WSRT–CVn–
7 has been listed in the HOMHI catalogue, but without a measurement of integrated flux.
We obtained the Sint value for WSRT–CVn–7 from Matthews & van Driel (2000). This
Sint value has been corrected for the finite size of the Nançay telescope beam. In total,
from 70 detected H I sources in the WSRT CVn survey, 19 have been detected for the
first time in the 21-cm emission line in this survey.

In Figure 2.9, the comparison of Sint values measured in the WSRT CVn survey and
Sint values available from the literature is presented. For objects with the WSRT–CVn
indexes 7 and 61 we use the values from the references given above. For the comparison
presented in the left panel in Figure 2.9, we used the Sint values retrieved from HYPER-
LEDA for rest of the objects. It is obvious that the HYPERLEDA integrated fluxes are
systematically smaller than the WSRT CVn integrated fluxes for approximately Sint > 10
Jy km s−1. The Sint values in HYPERLEDA come from the HOMHI catalogue (with
the exception of object WSRT–CVn–9) and the majority of them have been measured
with a single dish telescope. We have not traced back in the literature the references for
the individual detections from the HOMHI catalogue. Instead, we collected Sint values
for the WSRT CVn detections from the earlier RC3 catalogue (de Vaucouleurs et al.
1991). These two catalogues (HOMHI and RC3) are not independent. The comparison
between the integrated flux values measured in the WSRT CVn survey and the literature
Sint values collected from the RC3 catalogue, and for the objects with the id’s 7 and
61 from the individual papers, is presented in the right panel in Figure 2.9. The RC3
catalogue contains Sint values for fewer objects detected in the WSRT CVn survey than
the HOMHI catalogue. Still, most of the objects with Sint values above 10 Jy km s−1

are present in both catalogues considered. There is no systematic difference between the
WSRT CVn integrated fluxes and the RC3 integrated fluxes. It is possible, that the sys-
tematic offset seen between our values of the integrated fluxes and those in the HOMHI
catalogue is due to the corrections applied in the homogenisation process of the H I data
used to create the H I parameters provided in the HOMHI catalogue. We use the RC3
measurements of Sint, heliocentric velocity, W50 and W20 for objects WSRT–CVn–67A
and WSRT–CVn-67B, for which we can not properly measure the H I properties from
the WSRT CVn survey data.

2.5.2 Distributions of H I properties of the detections
The various distributions of the measured parameters of objects detected in H I in this
survey can be used to examine the basic properties of the detected sample. Histograms
of the distributions with radial velocity, integrated flux, peak flux and profile width at
the 50% level of the maximum flux in the spectra are shown in Figure 2.10.

The redshift distribution of the detected objects is presented in the top left histogram.
A fraction of 29% of all detections fall in a 100 km s−1 wide interval with velocities
525 ≤ cz ≤ 625 km s−1. This peak coincides with the peak of the CVnII cloud (Tully
& Fisher 1987). The peak of the CVnI cloud is at ∼ 300 km s−1 (Tully & Fisher 1987),
clearly identifiable in the histogram of observed redshifts.

The distribution of measured Sint values is shown in the top right panel of Figure 2.10.
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Figure 2.9: Comparison of the WSRT CVn Sint values with literature measurements. For
WSRT–CVn–7 and WSRT–CVn-61 Sint, literature measurements come from Matthews & van
Driel (2000) and Wilcots et al. (1996) respectively. In the left panel, literature values of inte-
grated fluxes obtained from HYPERLEDA have been used. In the right panel integrated fluxes
published in RC3 have been used. The integrated flux values of objects for which there is no
previous H I measurement in the literature has been indicated with a “x” symbol. Sint values of
detections without RC3 measurements, but for which the Sint value in the HOMHI catalogue is
available, have been indicated in the right panel with a “+” symbol.

The detections with values Sint ≥ 80 Jy km s−1, 6 in total, are excluded from the plot.
The distribution of Speak values is presented in the bottom left panel of Figure 2.10.
Most of the objects detected in the WSRT CVn survey have the small Sint and Speak

values measured. For example, a fraction of 63% of the detected objects have Sint

≤ 10 Jy km s−1, while 72% of the detections with available Speak measurements, have
Speak ≤ 0.2 Jy.

The last panel, bottom right in Figure 2.10, corresponds to the distribution of the
profile widths at the 50% level of the maximum flux in the spectra of the detected objects,
W50 (corrected for the instrumental effects and turbulent motions). This distribution
has a prominent peak in the bin containing W50 = 50 km s−1. A fraction of 86% of the
detected H I objects has W50 ≤ 130 km s−1 and can be considered as a population of
dwarf galaxies.

The bivariate distributions of velocity, profile width, peak flux, integrated flux and
size are shown in Figure 2.11. Objects detected for the first time in H I in this survey
are marked with open symbols. It is clearly visible that the newly detected H I objects
have small integrated fluxes and integrated peak fluxes, small profile widths and small
physical sizes.

The log-log plot of Speak vs. Sint demonstrates the simple property that H I detections
with larger integrated fluxes have higher integrated peak fluxes and vice versa. It is
interesting that this relation holds for the detections over the whole range of observed
integrated fluxes and integrated peak fluxes. The bivariate distributions of W50 vs. Sint

or Speak show that there are no galaxies with large W50 with small integrated fluxes in the
volume probed. Objects with small integrated fluxes spread over large profile widths (if
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Figure 2.10: Distributions of estimated H I parameters. Histograms show the number distri-
bution of the WSRT CVn detections in bins of cz (top–left), Sint (top–right), Speak (bottom-left)
and W50 (bottom-right).

they exist) would be very difficult to detect. Smoothing in the velocity domain increases
the sensitivity to this type of objects. However, smoothing the datacubes in the WSRT
CVn survey in the velocity domain, did not reveal any new detections.

The distributions of measured H I parameters with redshift (cz), show a segregation of
detections in two groups, reflecting the positions of the CVnI and CVnII clouds in redshift
space. In the redshift distributions of Sint and Speak, a striking absence of detections with
small Sint (and small Speak) at low cz is visible, even though the survey is complete in
that part of parameter space. The surveyed volume at small distances is only a small
fraction of the volume covered by the complete WSRT CVn survey, yet 12 H I objects
have been detected with cz ≤ 400 km s−1. Only one of them has Sint < 6 Jy km s−1.
The survey by itself does not have any selection effects which would bias it against the
detection of objects in the nearby Universe with small integrated fluxes. As already
discussed in Subsection 2.5.1, comparing our detections to the previous H I observations
reveals that there are no H I objects with cz ≤ 400 km s−1 which have been missed in
the WSRT CVn survey. Therefore, the absence of an H I population with Sint ≤ 6 Jy
km s−1 (or Speak ≤ 0.1 Jy) is real. Comparing the distributions of Sint and Speak values
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Figure 2.11: Bi–variate distributions of observed parameters: Sint, Speak, W50, cz and H I
size. The objects detected for the first time in the 21–cm emission line in the WSRT CVn
survey have been presented with open symbols; the remaining objects are marked with filled
symbols. In the plots in the bottom-row, objects for which size is estimated from the isophote
at a column density level of 1.25 × 1020 atoms cm−2 are marked with squares; if their size is
estimated from a Gaussian fitted to the H I distribution they are marked with triangles. In the
plot in the middle–left panel lines of a constant H I mass are shown (dotted lines). The H I mass
of a detection has been calculated assuming an optically thin approximation, MHI = 2.356×
105 d2 Sint, for Sint expressed in Jy km s−1 and d being the distance to an object in Mpc. We
assumed d = cz/H0 and we used H0 = 70 km s−1 Mpc−2. The lines of constant H I mass are
presented with a logarithmic step of 1. The horizontal continuous lines represent the maximum
recession velocity up to which an object of a certain H I mass can be detected in the WSRT
CVn survey. We used the same assumption about the distance to an object as described above.
The minimum detectable integrated flux in the WSRT CVn survey is 0.2 Jy km s−1, obtained
from the calculations of the completeness of the survey.
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in redshift space to the distribution of W50 in redshift space, indicates that low mass
systems are detected at all redshifts where members of the CVn groups reside. Therefore,
the observed distributions indicate an intrinsic property of low mass objects: there is a
preferred minimum amount of H I which an object can contain. Because of small number
statistics, it is difficult to tell if this is an overall property of galaxies, or whether it is
just a peculiarity of the galaxies residing in the CVnI cloud. The volume of the survey
region limited with 85 < cz < 322.5 km s−1 is less than 1 h−3

70 Mpc3. This is not sufficient
to derive a meaningful conclusion from any statistical estimate of the expected number
of objects in this volume (such as the H I mass function).

In addition, we present the bivariate distributions of cz, Sint and W50 as a function of
size of those objects for which the size was estimated. We used the average value of the
major and minor axis estimated at a column density level of 1.25 × 1020 atoms cm−2,
or only the FWHMs along the major and minor axis of a Gaussian fitted to the small
detections. To express the size in kpc instead of arcsec we have adopted distances d to
the objects calculated from d = cz/H0 using H0 = 70 km s−1 Mpc−2.

To get an idea which part of the space of H I parameters is explored in the WSRT
CVn survey, the measured properties of objects detected in this survey are compared to
the properties of objects detected in H I Parkes All Sky Survey (HIPASS, Barnes et al.
2001; Meyer et al. 2004). Bivariate distributions of Sint, Speak and Wobs

50 are plotted
in Figure 2.12. Values of W obs

50 used in the comparison have not been corrected for
instrumental resolution and turbulent broadening, with the exception of the objects with
WSRT-CVn id’s 67A and 67B, for which the W res

50 values obtained from the literature
have been already corrected for the finite spatial resolution of the H I observations. The
beam size of the HIPASS survey is 15.5 arcmin. It can be expected that due to the
large size of the beam some of the HIPASS detections correspond to multiple objects.
From the comparison of integrated fluxes and integrated peak fluxes of the detections
from the two blind H I surveys it follows that the WSRT CVn survey reveals H I objects
with Sint and Speak about 10 times smaller than the smallest HIPASS detections. This
confirms our ability to detect objects which are faint in H I . The relative number of small
mass objects (objects with small velocity widths, see in Subsection 2.5.3 discussion on
the effect of the inclination) in the WSRT CVn survey is much larger when compared
to the relative amount of low mass systems detected in HIPASS. On the other hand,
large (massive) galaxies have not been detected in the volume covered by the WSRT
CVn survey. All detections in the WSRT CVn survey have W50 ≤ 200 km s−1, while
the dynamically largest detection in the HIPASS has W50 ∼ 460 km s−1. The WSRT
CVn survey samples with high sensitivity a specific region of the sky up to a distance
corresponding to cz ∼ 1330 km s−1, known to be populated by small, gas-rich galaxies.
The HIPASS survey goes much deeper, up to cz ∼ 13000 km s−1, and covers a variety
of environments. Therefore, for an easier comparison, we include the same type of plots
for the subset of HIPASS detections limited with VLG ≤ 1400 km s−1.

2.5.3 Effects of the inclination
In the following section we discuss the importance of the inclination of the objects on the
results presented.We use the sizes of the objects measured from the H I images, assuming
intrinsically circular simmetry, to obtain the inclination i of an object according to cos2i
= (b/a)2. Because some objects are very small or have patchy H I distributions the
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Figure 2.13: Histogram of b/a ratios
for 63 objects detected in the WSRT
CVn survey. a and b values are obtained
from the H I data.

derived inclinations are only indicative.
We estimated the H I sizes for 61 objects detected in the survey. For 2 additional

objects we used the FWHM of a fitted Gaussian, not deconvolved for the synthesised
beam as these objects were too small. The histogram of the H I axis ratios b/a of the
detections is presented in Figure 2.13. The distribution of b/a ratios of a sample of
infitely thin and round discs projected randomly on the sky will be flat (Hubble 1926).
It is clear, that the distribution of b/a values for the galaxies in this survey is not flat,
and we need to understand why this is the case.

An important question is if there is a population of H I galaxies which has been
missed in the survey due to their specific inclination. Could the WSRT CVn survey miss
galaxies with both small and large b/a ratios? Apart from the errors in estimating the
H I diameters of the detected objects, there are two additional effects which can cause
the observed b/a distribution. The fact that face-on galaxies are not exactly circular will
cause b/a < 1. For example, the average face-on system in the complete sample of Sb-Sc
galaxies selected from ESO-LV survey has b/a ∼ 0.7 (Valentĳn 1994). The thickness of a
disc (z) will cause an excess of high a/b galaxies, centred around a/b = a/z. The HI disks
are of finite thickness and the lack of detections with low b/a ratios probably reflects this
effect. So qualitatively, we can explain both deficits in the histogram of b/a ratios of the
H I distributions. The conclusion then is that there is no population of H I objects with
large and small b/a ratios which has been systematically missed in the survey.

Quantitatively, this conclusion (not systematically missed detections) is confirmed
with the previous H I observation carried out in the volume probed by the WSRT CVn
survey. The CVnI cloud is nearby and a large number of observations has been carried out
in this region, sometimes with much longer integration times. However, every single H I
object detected previously in the nearby Universe (cz < 600 km s−1) has been detected
in the WSRT CVn survey. According to the existing databases, only one of the known
H I sources has been (maby) missed in the total volume of the survey.

From the H I parameters measured for the detections from the WSRT CVn survey,
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Figure 2.14: Distribution of the in-
clination corrected W50,i values with re-
cession velocity. The open symbols are
detections with H I measurements ob-
tained for the first time in this survey.
The filled symbols correspond to the de-
tections with existing H I data in the
literature.

the profile width is the only quantity which depends on the inclination. The profile
widths presented in the previous sections are not corrected for the inclination - in real-
ity, the profile widths should corrected with a factor (sin i)−1. Figure 2.14 shows the
distribution of profile widths measured at 50% of maximum in the spectra and corrected
for the inclination derived from the H I maps, W50,i. Detections spread more along the
profile width-axis when compared to the corresponding distribution of profile widths not
corrected for inclination (right panel in the middle row in Figure 2.11). However, still
70% of all detected galaxies with measured b/a ratios have W50,i ≤ 130 km s−1. There
is no drastic change in the overall results obtained by correcting the profile widths for
the inclination.

2.6 Summary
We have carried out a blind H I survey with the WSRT in the volume of the nearby CVn
groups of galaxies. The survey covers an area on the sky of ∼ 86 deg2 and a velocity
range of approximately −450 ≤ cz ≤ 1330 km s−1 wide. In the volume probed by the
survey, we detect 70 H I objects. Using available databases, 69 of the detections can be
cross-correlated with a galaxy detected in the optical wavelength. Two galaxies can not
be resolved (WSRT–CVn–67A and WSRT–CVn-67B). One of the detections (WSRT–
CVn–61) does not have an optical counterpart. This H I cloud resides in the proximity
of NGC4288 (WSRT–CVn–62).

We did not detect any isolated H I object without optical counterpart above the
detection limit of the survey (see column 6 in Table 2.1. This result is in agreement
with previous H I observations, each of them limited by their own detection limit (see
Table 1.1 in Chapter 1) and with the recent theoretical work of Taylor & Webster (2005).
Taylor & Webster (2005) investigated whether the baryonic dark galaxies, once formed,
would remain dark. According to their finding, all galaxies, whether dark or dim, would
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be detectable in H I. In all but one model studied, dark galaxies would undergo some star
formation and therefore they would be detectable at optical wavelengths.

We estimated the various H I parameters of the detected objects. The uncertainties in
the parameters are discussed in Subsection 2.4.1. The parameters measured are presented
in Tables 2.2 and 2.3. The columns in Table 2.2 are defined as follows:
Column (1) Object’s id in the WSRT CVn survey.
Column (2) Name of the galaxy associated with the H I detection, taken from NED.
Column (3) Morphology of the galaxy, taken from HYPERLEDA. There is no
morphological classification for objects with the WSRT–CVn id’s 29, 30 and 34 in
HYPERLEDA. For these 3 objects we provide the morphology from NED. Object
WSRT–CVn–31 has been classified in NED as a galaxy of type dE4, which is obviously
wrong, and we omit this result. Objects without a morphological classification either in
HYPERLEDA or in NED have been marked with “-”.
Columns (4)&(5) Right ascension and declination respectively, of the galaxy taken
from NED. For objects without an associated object in the NED database (objects with
the WSRT–CVn id’s 25, 40, 42, 55 and 61), the position of the centre of an ellipse, fitted
to the H I map of the object, has been given.
Column (6) & (7) FWHM of a two–dimensional Gaussian fitted to the dirty beam of
a datacube which contained the detection, expressed in arcsec.
Column(8) Position angle, in degrees, of a two–dimensional Gaussian fitted to the
dirty beam of a cube which contained detection.
Column(9) Indicator of previous H I observations: 1 stands for previous H I observa-
tions available in the literature, 0 if otherwise.

Column description of the H I properties listed in Table 2.3:
Column (1) WSRT–CVn id.
Column(2) Profile width measured at 50% of the maximum in the integrated spec-
trum of a detection, corrected for the instrumental broadening and turbulent motions,
in km s−1.
Column(3) Profile width measured at 20% of the maximum in the integrated spec-
trum of a detection, corrected for the instrumental broadening and turbulent motions,
in km s−1.
Column(4) Integrated flux in Jy km s−1 measured by defining a mask around a detec-
tion.
Column(5) Integrated flux in Jy km s−1 measured by defining a box around a detection
using the MIRIAD task MBSPECT.
Column(6) Integrated peak flux in Jy measured by defining a mask around a detection.
Column (7) Integrated peak flux in Jy measured by defining a box around a detection
using the MIRIAD task MBSPECT.
Columns (8), (9) & (10) Major and minor axis and position angle, respectively, of
an ellipse fitted to the H I distribution of a detection at a column density level of 1.25
× 1020 atoms cm−2. For the objects with WSRT–CVn id’s 7, 10, 11, 12, 15, 19, 22, 25,
30, 31, 42, 43, 47 and 61, only the equivalent parameters of a two–dimensional Gaussian
fitted to the H I map are presented. The values presented have been deconvolved with a
beam for all objects for which measurements have been carried out, with the exception
of objects with the WSRT–CVn id’s 7 and 47. Major and minor axis have been given in
arcsec and position angles are given in degrees.
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Table 2.2: Properties of the H I detected object, part I

WSRT NED name Morph Ra (J2000) Dec (J2000) VLG Beama Beamb Beampa H I
CVn ID - - h m s d m s km s−1 arcsec arcsec deg status
1 NGC4359 SBc 12 24 11.1 31 31 18 1221.6 59.4 26.7 0.4 1
2 UGC07698 IB 12 32 54.4 31 32 28 310.9 57.4 27.0 1.6 1
3 UGC07428 IB 12 22 2.5 32 5 43 1112.1 59.6 26.4 -0.1 1
4 NGC4509 Sab 12 33 6.8 32 5 30 917.3 54.9 27.3 0.3 1
5 MCG +06-28-022 Sc 12 43 7.1 32 29 26 884.6 53.4 29.0 0.3 1
6 KDG178 - 12 40 10.0 32 39 32 756.4 53.4 29.0 -0.8 1
7 FGC1497 Sd 12 47 0.6 32 39 5 509.9 57.4 27.8 0.7 1
8 UGCA292 I 12 38 40.0 32 46 1 295.8 57.1 27.9 0.3 1
9 CG1042 - 12 41 47.1 32 51 25 683.1 57.1 27.9 0.3 1
10 MAPS-NGP O_267_0609178 - 12 20 25.8 33 14 32 1036.2 50.5 27.3 -10.1 0
11 KUG1230+334A Sbc 12 32 35.9 33 13 23 799.2 69.7 24.6 -11.6 0
12 KUG1230+336 Scd 12 33 24.9 33 21 3 826.1 69.7 24.6 -11.6 1
13 MAPS-NGP O_268_1525572 - 12 36 49.4 33 36 48 518.2 53.4 27.5 -1.8 0
14 NGC4395 Sm 12 25 48.9 33 32 48 301.9 46.1 30.0 0.0 1
15 MAPS-NGP O_267_0529325 I 12 22 52.7 33 49 43 561.7 54.1 31.8 -5.1 1
16 UGC07916 I 12 44 25.1 34 23 12 606.0 55.8 28.7 0.6 1
17 KUG1216+353 - 12 19 0.6 35 5 36 753.8 53.6 29.1 -8.2 0
18 UGC07427 I 12 21 55.0 35 3 4 722.1 53.6 29.1 -8.1 1
19 MAPS-NGP O_268_1082578 - 12 44 25.5 35 11 48 879.1 51.8 29.7 -4.6 0
20 NGC4534 Sd 12 34 5.4 35 31 8 803.6 51.8 29.6 -4.0 1
21 UGC07605 IB 12 28 38.9 35 43 3 311.7 49.4 31.9 0.0 1
22 KUG1230+360 - 12 33 15.1 35 44 2 821.7 52.7 30.5 0.2 0
23 UGC07949 I 12 46 59.8 36 28 35 340.6 58.9 29.4 6.2 1
24 UGC07559 I 12 27 5.1 37 8 33 224.8 63.0 28.2 -12.2 1
25 - - 12 32 26.5 36 54 40 879.6 57.0 30.7 -4.5 0
26 UGC07599 Sm 12 28 28.5 37 14 1 284.1 54.6 31.2 -5.3 1
27 UGC07699 SBc 12 32 48.0 37 37 18 507.5 53.4 30.3 -4.4 1
28 KDG105 I 12 21 43.0 37 59 14 582.9 49.3 29.1 -1.6 1
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Table 2.2: Properties of the H I detected object, part I

WSRT NED name Morph Ra (J2000) Dec (J2000) VLG Beama Beamb Beampa H I
CVn ID - - h m s d m s km s−1 arcsec arcsec deg status
29 BTS133 ImIII 12 24 7.5 37 59 35 652.2 48.3 29.5 -1.5 0
30 BTS142 dE2 12 33 6.6 38 7 4 719.2 45.9 30.4 -2.3 0
31 BTS146 dE4 12 40 2.1 38 0 2 462.5 45.2 30.8 1.8 0
32 KUG1218+387 - 12 20 54.9 38 25 49 583.1 46.9 33.0 19.2 0
33 IC3687 IAB 12 42 15.1 38 30 12 369.0 45.8 31.2 8.5 1
34 UGCA290 Impec 12 37 21.8 38 44 38 472.4 52.2 30.9 -1.0 1
35 UGC07719 Sd 12 34 0.6 39 1 10 698.2 52.0 30.9 -1.1 1
36 NGC4369 Sa 12 24 36.2 39 22 59 1047.1 50.5 31.6 -1.5 1
37 MCG+07-26-024 Sc 12 33 53.0 39 37 39 677.7 50.6 30.0 0.3 0
38 UGC07678 SABc 12 32 0.4 39 49 55 702.7 45.0 30.1 0.1 1
39 UGC07774 Sc 12 36 22.5 40 0 19 552.9 47.5 29.0 -0.5 1
40 - - 12 33 24.3 40 44 51 1032.9 49.1 28.2 2.3 0
41 UGC07751 I 12 35 11.7 41 3 39 638.0 46.4 31.5 0.3 1
42 - - 12 43 56.7 41 27 34 437.7 45.6 31.8 -0.5 0
43 MAPS-NGP O_218_0298413 - 12 31 9.0 42 5 39 597.8 49.3 31.0 0.3 0
44 MCG+07-26-011 Sd 12 28 52.2 42 10 41 441.3 45.2 31.8 0.3 1
45 MCG+07-26-012 Sc 12 30 23.6 42 54 6 474.3 45.5 29.5 0.2 1
46 UGC07690 I 12 32 26.9 42 42 15 573.8 45.5 29.5 0.3 1
47 [KK98]133 I 12 19 32.8 43 23 11 599.3 49.1 31.8 -1.3 0
48 UGC07608 I 12 28 44.2 43 13 27 578.2 46.7 33.0 0.0 1
49 UGC07577 I 12 27 40.9 43 29 44 237.3 43.8 31.6 0.0 1
50 LEDA166142 I 12 43 57.3 43 39 43 337.6 43.0 31.7 -0.6 1
51 MAPS-NGP O_172_0310506 - 12 49 31.0 44 21 33 564.7 41.7 29.6 -7.4 0
52 UGC07320 Sd 12 17 28.5 44 48 41 586.2 44.1 31.8 -1.5 1
53 NGC4460 S0-a 12 28 45.5 44 51 51 547.7 45.3 31.2 -1.5 1
54 UGC07827 I 12 39 38.9 44 49 14 604.4 45.3 31.2 -1.1 1
55 - - 12 48 0.0 44 59 0 1212.0 40.5 29.2 1.2 0
56 NGC4242 Sd 12 17 30.2 45 37 10 567.0 41.0 31.9 -0.3 1
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WSRT NED name Morph Ra (J2000) Dec (J2000) VLG Beama Beamb Beampa H I
CVn ID - - h m s d m s km s−1 arcsec arcsec deg status
57 UGC07391 Sc 12 20 16.2 45 54 30 788.6 42.6 32.7 0.0 0
58 UGC07408 I 12 21 15.0 45 48 41 514.1 44.7 31.5 0.0 1
59 NGC4389 SBbc 12 25 35.1 45 41 5 771.2 42.5 32.8 0.0 1
60 UGC07301 Scd 12 16 42.1 46 4 44 758.3 47.8 30.1 -5.0 1
61 - - 12 20 43.4 46 12 33 473.2 44.8 29.8 -3.1 1
62 NGC4288 SBcd 12 20 38.1 46 17 30 586.7 44.8 29.8 -3.1 1
63 NGC4656 SBm 12 43 57.7 32 10 5 624.7 61.9 28.6 -1.2 1
64 NGC4631 SBcd 12 42 8.0 32 32 29 571.1 53.4 29.0 -0.7 1
65 NGC4618 SBm 12 41 32.8 41 9 3 568.9 48.5 30.5 0.6 1
66 NGC4625 SABm 12 41 52.7 41 16 26 639.2 46.3 31.6 0.3 1
67A NGC4490 SBcd 12 30 36.4 41 38 37 618.3 46.2 31.6 0.1 1
67B NGC4485 IB 12 30 31.2 41 42 0 512.5 46.2 31.6 0.1 1
68 NGC4449 Sc 12 28 11.9 44 5 40 245.8 45.4 30.9 2.5 1
69 NGC4244 I 12 17 29.6 37 48 26 256.5 55.2 29.8 -5.8 1
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Table 2.3: Properties of the H I detected object, part II

WSRT ∆ W50 ∆ W20 Sint,c Sint,MB Speak,c Speak,MB a b pa
CVn ID km s−1 km s−1 Jy km s−1 Jy km s−1 mJy mJy arcsec arcsec deg
1 190.0 185.2 19.75 19.24 120 116 163.2 33.8 -74.1
2 56.3 59.6 36.54 36.13 585 580 192.4 177.6 -26.8
3 64.0 67.7 10.03 9.22 144 129 94.6 78.8 50.6
4 60.1 72.7 5.46 6.21 81 89 51.1 36.6 49.8
5 38.4 40.1 1.11 0.86 25 22 21.9 13.5 -7.6
6 59.2 70.1 4.32 4.21 65 67 71.3 25.9 -0.3
7 83.0 82.2 1.43 1.13 17 14 0.0 0.0 0.0
8 37.2 38.5 14.36 15.01 342 346 81.2 64.2 83.0
9 38.9 41.7 1.27 1.49 35 33 33.8 9.5 -5.2
10 45.5 59.8 0.32 0.72 10 12 35.8 18.4 3.4
11 44.9 58.2 1.32 1.68 27 30 67.3 33.0 20.1
12 44.0 51.5 2.36 2.85 53 55 74.8 22.3 56.5
13 41.2 43.1 0.92 0.83 20 18 15.5 11.5 -15.6
14 107.5 110.1 290.69 266.43 2679 2589 674.7 492.1 -49.4
15 31.3 31.0 0.45 0.59 12 16 38.5 14.9 -70.7
16 60.6 64.8 23.57 20.73 352 312 174.6 61.4 -1.6
17 77.7 96.6 1.23 1.58 23 19 23.6 16.6 1.3
18 43.4 47.5 3.59 3.59 74 74 54.0 36.1 27.4
19 49.1 71.6 0.44 0.41 10 7 32.6 24.7 81.4
20 118.6 116.4 67.58 66.17 570 564 247.3 159.0 -70.2
21 41.0 46.8 5.75 6.48 126 129 69.7 46.3 -15.1
22 48.6 91.7 0.66 1.36 16 20 42.2 32.1 -43.7
23 36.1 34.0 17.52 15.31 412 381 132.9 103.8 37.3
24 60.5 66.0 27.06 26.11 401 388 196.1 80.8 -47.8
25 31.5 26.2 0.31 0.17 8 5 46.4 24.2 -13.4
26 65.0 71.5 11.86 12.11 171 168 127.5 54.2 -52.6
27 179.0 180.9 30.07 27.49 190 183 189.5 51.7 32.0
28 43.2 46.4 1.79 1.75 35 35 38.4 25.1 -73.3
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WSRT ∆ W50 ∆ W20 Sint,c Sint,MB Speak,c Speak,MB a b pa
CVn ID km s−1 km s−1 Jy km s−1 Jy km s−1 mJy mJy arcsec arcsec deg
29 40.5 53.0 1.69 2.38 41 41 30.4 25.9 -17.0
30 47.1 66.8 0.41 0.62 12 11 45.9 4.1 21.9
31 38.5 42.3 0.55 0.62 14 14 53.5 16.0 -57.3
32 41.4 47.7 3.51 4.00 77 79 50.6 39.8 24.5
33 47.3 55.8 21.15 18.62 380 339 171.1 112.8 -15.1
34 44.1 61.7 1.46 1.80 32 32 51.8 8.9 58.0
35 68.0 76.4 11.29 10.83 149 145 106.9 33.2 -19.4
36 74.5 103.4 3.68 5.17 53 58 40.6 39.8 24.1
37 44.1 51.5 5.35 5.94 108 113 70.6 45.7 8.3
38 50.7 60.1 5.93 7.08 107 121 64.9 43.9 65.5
39 190.6 191.3 25.46 25.88 147 141 201.9 36.5 -80.8
40 65.9 73.5 1.06 1.42 20 20 24.3 20.4 17.9
41 41.4 43.7 2.21 2.14 48 44 62.7 18.8 4.8
42 30.6 27.8 0.38 0.72 18 21 52.0 11.8 48.9
43 27.6 21.7 0.21 0.14 7 9 32.4 17.0 -19.4
44 64.4 74.2 3.46 3.45 52 47 53.9 28.0 -18.1
45 47.6 53.0 2.30 2.78 46 51 52.3 19.3 -62.9
46 81.2 84.6 21.49 21.45 246 243 135.2 87.9 30.9
47 61.7 59.1 0.47 0.63 11 10 0.0 0.0 0.0
48 54.6 60.9 28.45 26.64 456 438 176.1 168.7 -8.2
49 39.5 39.5 22.04 23.68 505 523 173.9 121.0 -53.6
50 33.6 30.9 0.75 0.76 21 20 29.7 7.0 5.9
51 47.4 69.7 0.84 1.25 20 21 23.5 3.2 36.1
52 66.0 72.6 1.49 1.64 22 23 33.5 20.3 51.5
53 99.2 120.0 3.51 4.30 33 41 50.5 21.4 38.1
54 44.3 49.2 6.80 7.50 141 146 86.3 42.4 -37.8
55 60.6 65.0 2.01 1.98 31 30 42.6 26.0 -16.3
56 116.8 117.2 31.00 26.70 270 223 247.0 155.7 30.9
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Table 2.3: Properties of the H I detected object, part II

WSRT ∆ W50 ∆ W20 Sint,c Sint,MB Speak,c Speak,MB a b pa
CVn ID km s−1 km s−1 Jy km s−1 Jy km s−1 mJy mJy arcsec arcsec deg
57 68.7 72.8 2.27 2.50 34 34 46.3 12.2 -6.5
58 36.7 40.0 3.69 4.78 92 107 61.1 47.0 9.0
59 154.3 148.6 6.11 5.06 41 34 88.4 45.7 -71.3
60 129.6 127.9 5.25 4.46 39 36 112.3 8.2 82.0
61 32.1 29.6 0.28 0.85 15 23 61.0 41.6 -17.3
62 162.4 169.5 34.27 30.27 240 211 179.5 112.1 -49.3
63 154.3 162.7 0.00 299.98 0 2015 0.0 0.0 0.0
64 191.1 286.7 0.00 498.66 0 2711 0.0 0.0 0.0
65 99.6 108.1 0.00 59.80 0 580 0.0 0.0 0.0
66 61.7 69.0 0.00 38.43 0 569 0.0 0.0 0.0
67A 195.0 215.0 0.00 222.84 0 0 0.0 0.0 0.0
67B 171.0 191.0 0.00 29.11 0 0 0.0 0.0 0.0
68 106.7 129.0 0.00 238.97 0 2173 0.0 0.0 0.0
69 177.7 176.6 400.49 311.45 2386 1863 933.9 87.0 48.1



2.7: Atlas of H I observations 55

2.7 Atlas of H I observations
In this section, we present the H I images of the WSRT CVn detections overlayed over
the XDSS B-band images, their global H I profiles and position-velocity (XV) diagrams.

For objects with the WSRT-CVn id’s from 1 to 62 and for object WSRT-CVn-69, the
H I contours correspond to the integrated H I distribution integrated over velocity within
the mask (masks are described in Subsection 2.3.2). For the extended objects (objects
with the WSRT-CVn id’s from 63 to 68), presented H I contours are based on the zeroth
moment image. Masks were not defined around the extended objects. The contours are
given at H I column density levels of 0.1, 0.5, 1, 2.5, 5, 15, 20, 25, ... with a step +5, ×
1020 atoms cm−2 for objects with the WSRT-CVn id’s from 1 to 32, from 39 to 47, 49
to 52, 54, 55, 58, 61 and 62. An additional contour at level of 7.5 × 1020 atoms cm−2 is
added for objects with the following WSRT-CVn id’s: from 33 to 38, 48, 53, 56, 57, 59
and 60. For objects WSRT-CVn-63 and WSRT-CVn-64 H I contours are given at levels
2.5, 5, 10, 25 and 50 × 1020 atoms cm−2. For objects WSRT-CVn-65 and WSRT-CVn-66
H I contours are given at levels 2.5, 5, 10, 15, 20 and 25 × 1020 atoms cm−2. Similar,
for objects WSRT-CVn-67A, WSRT-CVn-67B and WSRT-CVn-68 contours are given at
levels 3, 5, 10, 15, 20 and 25 × 1020 atoms cm−2. For object WSRT-CVn-69, the contours
are given at H I column density levels of 0.1, 1, 10, 25 and 50 × 1020 atoms cm−2.

Global profiles are obtained with the MIRIAD task MBSPECT, as described in Sub-
section 2.3.2. The dotted vertical lines mark the region in velocity in which the analysis
was carried out. The solid circle corresponds to the peak in the global profile. The open
squares and crosses are given at the position at 50% and 20% of the peak maximum
obtained in the MBSPECT processes of maximisation and minimisation of the profile
widths, respectively. For reference, the dotted horizontal line marks the level of zero flux
density.

The XV diagram is a 2-dimensional slice through the 3-dimensional datacube calcu-
lated along the kinematic axis and along the velocity axis. The kinematic axis are chosen
as the axis passing through the H I centre of the object for which the velocity gradient
is maximal (obtained visually using the KARMA tool KPVSLICE). The contours are
given at levels -3 and -1.5 times rms noise in the whole datacube (dashed black contours)
and 1.5, 3, 5, 7, 9, ... times rms noise in the whole datacube (white continuous lines)
for objects with the WSRT-CVn id’s from 1 to 62 and WSRT-CVn-69. The positive
contours for objects with the WSRT-CVn id’s from 63 to 66, 67A and 67B and 68 (two
XV diagrams) are given at 1.5, 3, 5, 10, 20, 30, ... in steps +10, times rms noise in the
datacube.

For detections with the WSRT CVn indexes from 1 to 60 and for object WSRT-CVn-
69, we present 3-panel figures. Each of the figures contains the H I image on top of the
optical image in the top-left panel, the H I global profile in the top-right panel and the
XV diagram in the lower panel. For objects WSRT-CVn-61 and WSRT-CVn-62, the H I
image on top of the optical image is in the top row (the larger object is WSRT-CVn-62).
In the middle row we present the global profile and XV diagram of WSRT-CVn-61. In the
bottom row we present the global profile and XV diagram of WSRT-CVn-62. The same
distribution of panels holds also for the pairs of objects WSRT-CVn-63 and WSRT-CVn-
64, and WSRT-CVn-65 and WSRT-CVn-66. In the panels in the top row, WSRT-CVn-63
is presented in the lower left corner and WSRT-CVn-65 is presented in the lower part of
the image. The middle rows correspond to object WSRT-CVn-63 and WSRT-CVn-65.
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The bottom rows correspond to objects WSRT-CVn-64 and WSRT-CVn-66.
For the objects WSRT-CVn-67A and WSRT-CVn-67B, only one global profile is ob-

tained (left in the middle row). In the panel in the top row, WSRT-CVn-67A is the
larger object in the optical. The panel in the middle row (right) shows the XV dia-
gram of WSRT-CVn-67A, the XV diagram in the bottom row corresponds to object
WSRT-CVn-67B.

Object WSRT-CVn-68 is very extended in H I. The panel in the top row shows the
H I contours of this detection on top of its optical counterpart. In the middle row in the
left the global profile panel is presented. The kinematic axis used for the XV diagram
presented in the right panel in the middle row represents the kinematics of the H I emission
concentrated on top of the optical counterpart. The kinematic axis used to produce the
XV diagram in the bottom row are obtained taking into consideration all extended H I
emission.
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3
The WSRT CVn H I mass function

We construct the H I mass function (H IMF) from the results of the Westerbork
Synthesis Radio Telescope (WSRT) Canes Venatici (CVn) survey. The WSRT CVn
survey is a new blind extragalactic survey in the 21-cm line. The survey covers an
area of approximately 86 deg2 and an approximate redshift interval −450 < cz < 1330
km s−1. We detected 70 H I sources in the surveyed area, of which one detection does
not have an obvious optical counterpart. The constructed H IMF has a slope of
-1.17, which falls in the range of the slopes of the H IMF derived from previous H I
surveys. We address the influence of the uncertainties in the adopted distances and
the measured integrated fluxes on the estimated slope using Monte Carlo simulations.
Adding realistic uncertainties to distances and to the integrated fluxes, one can change
the slope of the WSRT CVn H IMF by 0.02 and -0.04, respectively. Assuming the H I
Parkes All Sky Survey (HIPASS, Barnes et al. 2001) value for the kink in the H IMF,
the slope will steepen by -0.05. The H IMF obtained from the results of the WSRT
CVn survey is accurate down to log(h2

70MHI/M�) = 6.4, which is the lowest H I mass
reached by any of the previous H IMF estimates.
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3.1 Introduction
One of the goals of galaxy surveys is to describe the distribution and statistical properties
of galaxies in the Universe, and ideally, to describe the underlying mass distribution. A
translation from the observed emission to the mass of the material can be extremely
complex, as it is a function of various physical and chemical parameters. Under most
conditions, the physics responsible for the 21-cm emission line of H I does not depend
on the environmental parameters (see Kulkarni & Heiles 1988; Schneider 1996). When
carrying out an observation in the 21-cm line, it is straightforward to assign a mass which
corresponds to the measured flux.

The luminosity function is a statistical tool to describe the distribution of luminosities
of galaxies measured in a unit volume in a bin with a certain luminosity (or magnitude).
The H I mass function (H IMF) is defined analogously to the luminosity function - it gives
the number of objects with measured H I masses per unit volume in a bin of a certain
H I mass. Conceptually, the H IMF was introduced by Briggs (1990) in order to test the
completeness of H I observations of sources selected from optical catalogues. The H IMF
was derived from the optical luminosity function, using an assumed relation between the
H I content and the luminosity of galaxies. Since then, the H IMF has been derived using
a variety of H I data: H I observations of optically selected galaxies (e.g. Briggs & Rao
1993; Solanes et al. 1996; Springob et al. 2005), as well as using H I detections revealed
from blind H I surveys (e.g. Zwaan et al. 1997; Rosenberg & Schneider 2002; Zwaan et al.
2005b). While the largest blind H I surveys cover a range of environments, most of the
surveys were targeted to have a census of H I detections in a specific environment. A blind
H I survey carried out by Verheĳen et al. (2000, 2001) has been conducted in the Ursa
Major (UMa) cluster, while the H I survey of Szomoru et al. (1996) has been targeted on
infrared selected galaxies in the Boötes void.

Since the introduction of the H IMF as a tool, the major conclusions drawn from the
H IMF have not changed much over the past years. No large population of low surface
brightness (LSB) galaxies that possibly has been missed in optical surveys appears to
exist, neither (or at least very few) a self-gravitating H I cloud has been detected which
did not undergo any star formation process (Zwaan et al. 2005b). However, the number
of objects with small H I masses, predicted by the slope of the H IMF, has been poorly
constrained. The slope α of the H IMF can be as shallow as α ≈ -1 (Verheĳen et al. 2000,
2001) or as steep as α ≈ -1.5 (Henning et al. 2000).

A number of reasons have been discussed in the literature as a cause for this discrep-
ancy: low-number statistics for objects with small H I masses, distance uncertainties,
effects of the environment, as well as differences in the methodology and in addressing of
completeness issues of the surveys. Due to the weakness of H I photons in combination
with the limitations of current radio telescopes, surveys carried out in the 21-cm line
cover generally much smaller and shallower volumes than surveys conducted in optical
or infrared wavelengths. While recent redshift surveys, such as the Two Degree Field
Galaxy Redshift Survey (2dFGRS, Colless et al. 2001) and the Sloan Digital Sky Survey
(SDSS, York et al. 2000), provide measurements of hundreds of thousands of galaxies for
statistical studies, the largest H I survey up to date, H I Parkes All Sky Survey (HIPASS,
Barnes et al. 2001) contains 4315 objects detected in the whole southern sky with δ ≤
2 deg. It may be difficult to pin-point down one reason, or a combination of several
reasons, for the measured spectrum of the H IMF slopes, because the overall number
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of H I sources detected in the (HI) surveys is relatively small. This makes a variety of
additional statistical tests not applicable. On the other hand, the sizes of optical and
infrared surveys make it possible to study the additional dependence of the luminosity
function on various physical parameters. It has been undoubtfully shown that the slope
of the optical luminosity function becomes steeper as one goes from passive to active
star forming galaxies (Madgwick et al. 2002). Similarly, the slope becomes steeper as
one moves from redder to the bluer galaxies (Blanton et al. 2001). Up to now, only two
studies of the H IMF are derived from samples of H I detections that are large enough to
be divided into a few subsamples with given criteria. The slope of the H IMF steepens
when moving from earlier towards later type galaxies (Zwaan et al. 2003; Springob et al.
2005). A trend in the slope of the H IMF with the environment is more uncertain (Zwaan
et al. 2003; Springob et al. 2005).

The discrepancy at the faint end of the H IMF was one of the main scientific drivers
for conducting the Westerbork Synthesis Radio Telescope (WSRT) Canes Venatici (CVn)
survey, a blind extragalactic 21-cm survey sensitive enough to detect objects of H I mass
of 106 M� at a distance of 4.6 Mpc (based on Monte Carlo simulations described in
Section 2.4 in Chapter 2). This survey will tie down the faint end of the H IMF with a
high significance between H I masses of 5 × 106 and 108 M�.

The H IMF of the WSRT CVn survey is the topic of this chapter. In Section 3.1
we briefly describe the WSRT CVn survey and some of the properties of the detected
objects. In Section 3.3 we discuss first the usage of different models for obtaining the
distances to objects from their measured redshifts. Second, we calculate the H I masses
using the adopted distances and present a few relations between the H I mass and other
parameters. In Section 3.4 we estimate the H IMF and discuss the uncertainties in the
slope of the H IMF. We compare the WSRT CVn H IMF with various literature H IMFs
in Section 3.5. Discussion on the discrepancy of the H IMF slopes from the WSRT
CVn survey and previous surveys is presented in Section 3.6. The final conclusions are
presented in Section 3.7.

3.2 Summary of the WSRT CVn blind H I survey
We have carried out a blind H I survey in the CVn region covering an area of about
86 deg2 and a velocity range of approximately -450 to 1330 km s−1. The observations
of approximately 60 × 12 hr have been conducted with the WSRT during 2001, 2002
and 2004. The survey and the data reduction process, the search procedure and the
determination of the properties of the detected objects as well as properties by themselves
are presented in Chapter 2. We summarise the survey parameters in Table 3.1. In the
following paragraph we recapitulate the most important steps in the data analysis and
we give an overview of the detections obtained.

The observed data have been reduced using scripts based on the MIRIAD programmes
(Sault et al. 1995) and programmes written for this project (T.A.O. and K.K). From
each of the observed pointings we produced a three dimensional datacube. We created
the final line datacubes by extracting the central part of the line datacubes made by
combining the individual datacubes with centres less than 22 arcmin apart. Datacubes
were produced in five different resolutions: the datacubes reduced were smoothed twice
in the spatial (Ra, Dec) domain and twice in the velocity (cz) domain independently,
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Parameter WSRT CVn value

Dec range δ1 = 31033
′
00

′′

δ2 = 46018
′
00

′′

Ra range for δ1 12h19m55.2s ≤ α ≤ 12h47m2.4s

Ra range for δ2 12h16m42.9s ≤ α ≤ 12h50m3.0s

Velocity range -450 ≤ cz ≤ 1330 km s−1

Velocity resolution 33 km s−1

Channel separation 16.7 km s−1

Spatial resolution (FWHM beamwidth) 30 × 60 arcsec
Integration time per pointing ≈ 80.1 min
H I mass limit (from simulations) 4.7 × 104 distance2 M�
Number of detections 70

Table 3.1: WSRT CVn survey summary.

to allow detection of objects with lower signal-to-noise ratios. We used the number
distributions of the sizes of regions, made from connected pixels above a certain signal
to noise ratio, to define the maximum sizes of noise structures in the line datacubes.
The search process was based on the detection of a region of connected pixels with
a minimum number of connected pixels larger by at least one pixel than the defined
maximum size of a noise structure for that particular resolution and signal-to-noise ratio
of the datacubes searched. This search process applied to the whole survey (1372 line
datacubes at 5 different resolution) revealed 70 H I detections. From the 70 H I detected
objects, only one (WSRT-CVn-61) does not have an optical counterpart. This object
is close to NGC4288 and has been detected in H I before (Wilcots et al. 1996). The
other 69 detections can be cross-correlated with optically identified galaxies using their
positions on the sky and, if available, their velocities. Four of those galaxies do not
have any reliable entry in existing optical or infrared catalogues. We do, however, find
their optical counterparts on the (X)DSS images. From a comparison with published H I
observations we conclude that 19 of the objects have been detected for the first time in
the 21-cm emission line.

We have carried out a Monte Carlo simulation to describe the uncertainties of the
derived parameters and the completeness of the survey. From a comparison with previ-
ously published H I observations and the WSRT follow-up of H I detections selected from
the blind survey, we conclude that the reliability (percentage of confirmed sources) of
the WSRT CVn survey is 100%. MAPS_NGP O_218_0783987 is the only object in the
survey volume which has been detected in H I previously (Huchtmeier et al. 2000), but
not in the WSRT CVn survey. This object falls in the range of properties for which the
WSRT CVn survey is slightly incomplete (C > 90%). In the WSRT CVn data there is
no sign of any H I emission at the position of MAPS_NGP O_218_0783987. Based on
our synthesis imaging data of high quality, we are inclined to believe that the previous
H I detection of this object is not real.
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3.3 H I masses of objects detected in the blind WSRT
CVn survey

The H I mass of an object can be calculated using the relation

MHI/M� = 2.356× 105D2Sint, (3.1)

where D is the distance to the object in Mpc and Sint is the integrated flux in Jy km s−1.
This relation is valid under the assumption that the H I is optically thin.

3.3.1 Distances to the objects
Until now, only a small number of galaxies is known (∼ 600) for which distances have been
measured with high precision, using primary distance indicators. For about an additional
5000 objects, distances have been estimated using secondary distance estimators (e.g.
Masters et al. 2004). For all other objects, redshift provides the only estimate of their
distance.

With H I synthesis observations, both the spatial and the redshift information of an
object are collected at the same time. The major problem remains how to estimate an
accurate distance from the measured redshift. The measured recession velocities deviate
from the pure Hubble flow with a typical value for the peculiar velocity reaching up to a
few hundred kilometres per second. So, for low recession velocities the derived distances
can be very uncertain. The nearby Universe (up to 10 Mpc) is the only place where
current radio telescopes are sensitive enough to detect small amounts of H I and here,
peculiar velocities play an important role. The H I masses of the nearest objects can
be seriously and systematically over– or underestimated, if one neglects the influence
of peculiar velocities on the measured recession velocity. This uncertainty may cause a
change in the slope of the H IMF.

It is predicted that the deviation of observed recession velocities from the Hubble flow
(peculiar velocity) in the Local Universe is caused by the gravitational deceleration by
the mass of the Local Group (Lynden-Bell 1981; Sandage 1986), while at larger distances
the deviation can be caused by the gravitational influence of nearby groups and the
Virgo-centric flow. From observations it has been known for more than three decades
that the Hubble flow just outside the Local Group is dynamically cold (Sandage et al.
1972). The conclusion on the coldness of the local flow follows from the small scatter in
the velocity-distance relation of nearby galaxies. For galaxies which lie in the range of
distances 5-7 h−1 Mpc, the line-of-sight peculiar velocity dispersion σH is in the range
80-40 km s−1 (Giraud 1986; Schlegel et al. 1994; Sandage 1999; Ekholm et al. 2001;
Karachentsev et al. 2003a). The velocity dispersion increases with distance and Macciò
et al. (2005) provide the best fit to this dependence

σH = 88± 20 kms−1 × (D/7Mpc), (3.2)

for distances less than 10 Mpc. Averaged over larger volumes, the velocity dispersion
increases to a few hundred km s−1. More precisely, in a volume of radius of 14 h−1 Mpc
the velocity dispersion has a value of 200 km s−1 (Groth et al. 1989), while in the volume
of radius of 30 h−1 Mpc it increases up to 310 km s−1 (Groth et al. 1989; Tonry et al.
2000).
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Figure 3.1: Velocity-distance diagram for 64 galaxies in the CVn constellation area. Distances
D are estimated independent of the observed recession velocities. Crosses correspond to reces-
sion velocities measured in the Local Group frame VLG, triangles correspond to VLG velocities
corrected for the peculiar velocities interpolated from the grid provided by S. Zaroubi (private
communication), squares correspond to VLG velocities corrected for peculiar velocities using the
multi–attractor velocity model by Tonry et al. (2000). The line corresponds to a Hubble flow
with H0 = 70 km s−1 Mpc−1.

Under the assumption that galaxies are unbiased tracers of the large–scale velocity
field caused by gravity, peculiar velocities are a direct measurement of the underlying
mass distribution. Peculiar velocities can be calculated from the observed velocities, and
they can be related to the density fluctuation field via gravitational–instability theory.
Reconstruction of the density field and peculiar velocities can be carried out in a statis-
tical sense (Branchini et al. 1999; Zaroubi et al. 1995; Romano-Diaz 2004), providing the
resulting velocity and density field on a discretely spaced grid.

Another approach to measure the peculiar velocities is to construct a parametric
model of the local velocity field, which clearly is an oversimplified way to calculate the
peculiar velocity at a given point. The parametric models provide a direction-dependent
redshift distance template, produced by adding the influence of the individual compo-
nents (such as Hubble flow and mass-attractors) to the velocity flow independently (recent
models are provided by Tonry et al. 2000, and Mould et al. 2000).

The nearby CVnI/II groups of galaxies, selected for the WSRT CVn survey, have been
very well studied in the literature. The CVn groups extend along a line of sight with
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Figure 3.2: Differences between the distances estimated from three velocity models and the
independently estimated distances D for galaxies in the CVn area. In the top panel, modelled
distances have been calculated assuming pure Hubble flow, DH = V/H0, with H0 = 70 km s−1

Mpc−1. In the two lower panels distances have been calculated from the Hubble flow using
recession velocities previously corrected by peculiar velocity. The peculiar velocities have been
obtained from the velocity flow model of S. Zaroubi (middle panel) and from the Tonry et al.
(2000) multi–attractor model. Galaxies for which distances have been estimated using one of
the distance indicators with the accuracy of 5-15% are presented with the open squares. Crosses
correspond to galaxies with the distances estimated with the accuracy of 20-30%. The continuous
line is the least-square fit to all data points in each of the panels.

recession velocities spanning an interval from approximately 200 to 1200 km s−1, and
they are known to be rich in dwarf galaxies. Projected on the sky, the CVnI/II groups
lie in the area of the CVn constellation (α = 11h30m to 13h40m, δ = +250 to +550).
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Karachentsev et al. (2003b) studied the velocity flow in the CVnI cloud. They col-
lected 50 galaxies in the CVn area with velocities below 400 km s−1 for which distances
have been measured independently and for which redshift measurements are available.
We extend their sample with an additional 14 galaxies from the Surface Brightness Fluc-
tuation (SBF) Survey (Tonry et al. 2001), which fall inside the area of the CVn con-
stellation limits. In total there are 64 galaxies with independent distances: 17 galaxies
with distances measured from SBF (Tonry et al. 2001), 29 galaxies with distances esti-
mated using the tip of the red giant branch (TRGB) method (Karachentsev et al. 2002,
2003b), 17 galaxies with distances estimated from measurements of the brightest stars
(BS, Makarova et al. 1998; Sharina et al. 1999) and one galaxy with a distance obtained
from Cepheids (Sandage & Tammann 1982). Distances from the measurements based on
the luminosity of the TRGB, Cepheids and SBF are the most reliable methods, giving
distances with an accuracy of ∼ 5-15%. A characteristic error for distances estimated
using the BS method is ∼ 20-30% (Karachentsev et al. 2003a).

We do not intend here to model the velocity field in the area of the CVn groups of
galaxies. Instead, our plan is to compare the different ways of calculating distances to
the detected galaxies and select the method with the smallest uncertainties. The selected
method will be used to calculate distances to the objects detected in the WSRT CVn
survey.

We consider two methods to estimate the peculiar velocity of an object and correct
the recession velocity measured for it (two distance models). First, we use the velocity
field reconstructed from the peculiar velocities of the detections in the SBF survey (kindly
provided by S. Zaroubi). The reconstruction method has been described in Zaroubi et al.
(1995) and Zaroubi (2000). The reconstructed velocities (distances) and densities are
given on a grid with a spacing of 0.75 h−1 Mpc. We use an iterative method to calculate
the peculiar velocity (or the distance) of an object by interpolating the peculiar velocities
given in the closest 8 grid points. We correct the recession velocity for the calculated
amount of peculiar velocity and calculate a new distance to the object, till the differences
in the peculiar velocities in two consecutive iterations are smaller than 1 km s−1. Second,
we use Tonry’s et al. (2000) parametric model to obtain the peculiar velocities. This
model is based on a maximum likelihood fit of the modelled relation connecting velocity
and distance to the SBF survey data. The modelled relation includes a thermal velocity
dispersion, a number of spherical attractors and an additional quadrupole correction to
the Hubble flow. In addition, we calculate the distances from the measured recession
velocities, assuming an unperturbed Hubble flow (the third distance model).

Recession velocities of 64 objects in the CVn area corrected for the peculiar velocity
are presented in Figure 3.1 as a function of distance, in the Local Group (LG) frame.
Crosses correspond to the recession velocities observed, triangles correspond to interpo-
lated recession velocities obtained from the reconstructed velocity field (provided by S.
Zaroubi) and squares correspond to velocities corrected for peculiar velocities obtained
from the multi–attractor velocity model by Tonry et al. (2000), modified to use the as-
sumed value H0 = 70 km s−1 Mpc−1. All velocities are given in the LG frame. It is
clear that velocities corrected for non-Hubble motions using Tonry’s et al. (2000) model
show a systematic offset with respect to the line representing the relation V = H0D,
with H0 = 70 km s−1 Mpc−1.

This offset is visible more clearly in Figure 3.2, where we show the difference between
distances estimated from the recession velocity observed, corrected for the amount of
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Method σALL σQ=1 σD≤10Mpc σD>10Mpc

[Mpc] [Mpc] [Mpc] [Mpc]
VH 2.55 2.28 1.47(8) 4.14
VZ 3.26 3.20 1.47(5) 6.03
VT 3.61 3.78 1.95(0) 2.30

Table 3.2: Standard deviation of the differences in distances. The first row is based on
calculations assuming that the VLG velocities measured correspond to the Hubble flow. VZ

velocities, used for the calculations presented in the second row, have been obtained from re-
cession velocities after correcting them for peculiar velocities from the velocity field given on a
grid provided by S. Zaroubi. Results in the third row have been obtained using the recession
velocities corrected for the peculiar velocity from the Tonry et al. (2000) multi–attractor model.

peculiar velocity estimated by one of the models, and distances estimated independently.
It has to be kept in mind that the models and the data are far from being independent:
both the grid provided by S. Zaroubi and the Tonry et al. (2000) model are based on
the SBF survey data, and basically all of the detections in the CVn constellation area at
distances larger than 15 Mpc are collected from the SBF survey.

We calculate the dispersion of differences between the distances derived from the three
different models considered and the independently estimated distances. The calculated
dispersion for all 64 galaxies is given in the first column in Table 3.2. In addition,
we calculate the dispersion for the subsample of galaxies with distances obtained using
one of the distance indicators with an accuracy of ∼ 5-15%. These values have been
presented in the second column in Table 3.2 (marked with “Q=1”). Considering the
generally larger uncertainties in the distances for nearby objects, we divide the sample
in two subsamples with respect to a distance of 10 Mpc. The dispersion of differences
between the modelled and real distances for galaxies at distances smaller or equal than
10 Mpc (with the average distance of 4.9 Mpc) and at distances larger than 10 (with the
average distance of 15.2 Mpc) Mpc is given in the third and forth column in Table 3.2,
respectively.

The multi–attractor model (Tonry et al. 2000) shows a severe systematic disagreement
with respect to the Hubble flow with H0 = 70 km s−1 Mpc−1. We exclude this model
from any future consideration because its systematic effects. The distances obtained from
the model of S. Zaroubi follow the assumed Hubble flow very well. That is also the case
for distances obtained from recession velocities with zero peculiar velocities - but only at
distances smaller than about 10 Mpc.

In addition, we compared the dispersions in the differences between the actual dis-
tances and distances derived with various models of velocity flow. This dispersion is the
smallest when using the model of an unperturbed Hubble flow. Given the small number
of galaxies in the sample - there are only 16 galaxies at distances larger than 10 Mpc,
we base our choice for the velocity model on these dispersions of differently estimated
distances. We conclude, based on the three models explored, that the best way to obtain
distances for the detections in the CVn region is to use the measured recession velocities
in the LG frame, neglecting possible peculiar velocities.
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Figure 3.3: Number of detections per H I mass bin. Left: The empty histogram represents
the distribution of the whole sample of 70 detections in the WSRT CVn survey, the filled
histogram represents the distribution of 19 detections observed for the first time in H I. Right:
The distribution of H I masses of objects detected in AHISS (Zwaan 2000) and HIPASS (Meyer
et al. 2004) are given in the upper and lower panel, respectively.

3.3.2 H I masses of the objects detected in WSRT CVn survey
Now that the model to estimate distances from the measured recession velocities has been
adopted, we can proceed estimating the H I masses of 70 detections using the relation
provided at the beginning of this section. There are 13 galaxies detected in the WSRT
CVn survey with independent distance estimates available from the literature. These
distances are given in Table 3.3 together with the name of the object, its position, the
method used for the distance estimate and the reference to the measurement. For galaxies
without an independent distance observation, recession velocities in the LG frame are
used to obtain their distances. The distances are calculated as VLG/H0. We use H0 =
70 km s−1 Mpc−1. Local Group velocities of all detections are given in Table 2.2 in
Chapter 2. We discuss the effect of the uncertainties in the estimated distances on the
H IMF in Section 3.4.5.

We present the distribution of MHI masses assigned to the objects detected in the
WSRT CVn survey in the left panel of Figure 3.3. The large histogram represents the
distribution of H I masses of all 70 detections, while the filled histogram represents the
distribution of 19 objects detected for the first time in the 21–cm emission line in the
WSRT CVn survey. All new H I detections fall in the low-mass part of this distribution of
H I masses. In the right panels of Figure 3.3, the distributions of H I masses constructed
from AHISS (upper panel, Zwaan 2000) and HIPASS (lower panel, Meyer et al. 2004) are
presented. The WSRT CVn survey peaks at a lower H I mass, ∼ 108 M�, when compared
to AHISS and HIPASS, which peak at ∼ 109 M� and ∼ 109.75 M�, respectively. From
this comparison it is clear that these three blind H I surveys sample different volumes.

We use the minimum detectable integrated flux to estimate the maximum distance
up to which an object with a certain HI mass can be detected in our survey. Using
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Figure 3.4: Left: Distances and H I masses of objects detected in the WSRT CVn survey. The
continuous line represents the maximum distance up to which an object of a given H I mass can
be detected in the WSRT CVn survey. Right: W50 −MHI relation for the population of objects
detected in the WSRT CVn survey. The dotted line corresponds to the relation W50 = 0.16M

1/3
HI

(Briggs & Rao 1993). The continuous lines mark the upper and lower limits of the given relation.
In all panels, objects detected for the first time in the 21–cm emission line in the WSRT CVn
survey are presented with empty symbols; otherwise they are presented with filled symbols.

real and simulated detections, we calculate that Smin = 0.2 Jy km s−1 is the minimum
detectable integrated flux to classify a detection in our survey as a real object. The
minimum H I mass which an object must have to be detected in our survey is then given
by log MHI,min/M� = 4.67 + 2 log D. Objects with H I masses 106 h−2

70 M� can be
detected up to a distance of 4.6 h−1

70 Mpc and objects with H I masses 107 h−2
70 M�

up to 14.6 h−1
70 Mpc. The distribution of H I masses of objects detected in the WSRT

CVn survey as a function of their distance is presented in the left panel of Figure 3.4.
The detection limit of the WSRT CVn survey as a function of H I mass of an object is
indicated with a continuous line in the same panel. We adopt a value of 19.24 Mpc as
the bandwidth depth Dbw of the survey. This distance is calculated from the maximum
velocity covered in the datacubes produced from nights 10-60 of the observations. A
correction of 17.8 km s−1 is added to this velocity, to account for the transformation
from barycentric to LG velocity frame. The added value of 17.8 km s−1 is obtained by
averaging the correction values used to transform velocities from the barycentric to the
LG velocity frame for 70 WSRT CVn detections. The distance Dbw is obtained under
assumption of a Hubble flow with H0 = 70 km s−1 Mpc−1.

In optically selected samples of H I detected galaxies, a correlation between the line
width and the H I mass of an object has been seen (e.g. Briggs & Rao 1993). It can
be described as W50 ∝ Mβ

HI and therefore it is an H I equivalent of the Tully-Fisher
relationship (Minchin 2001). The relationship for the H I detections is based on the
measured velocity widths, not corrected for inclination. The relationship found by Briggs
& Rao (1993) is W50 = 0.16M

1/3
HI and is presented as a dashed line in the right panel of

Figure 3.4. The upper and lower limits of the relationship given by the same authors are
presented with continuous lines in the same Figure. With some scatter, our detections
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follow this relation.

3.4 The WSRT CVn H I mass function
3.4.1 Method
The luminosity function and H IMF are usually represented in the form of a Schechter
(1976) function. The latter can be written as

φ(MHI) =
dN

d log(MHI)
= ln(10)φ∗

(
MHI

M∗
HI

)α+1

exp
(
−MHI

M∗
HI

)
. (3.3)

The parameter α is the slope at the faint end of the function, M∗
HI is the characteristic

turn-over mass and φ∗ is the normalisation factor.
A few methods have been developed to estimate the H IMF and the luminosity func-

tion. The Σ(1/Vmax) method is most widely used for the determination of the H IMF.
It has been developed by Schmidt (1968) and it is constructed by summing the weights
given to the objects in a particular mass bin. The weight of each object is given by the
reciprocal value of the maximum volume in which an object can be placed and still be
detected in the survey. The uncertainty in each of the bins is obtained by summing the
squared values of the same weights given to the objects in a particular mass bin.

The main shortcoming of the Σ(1/Vmax) method is that it assumes that the popula-
tion of objects used for the evaluation of the luminosity or mass function is distributed
homogeneously in the observed volume. Even though the volume covered by the WSRT
CVn survey is not homogeneous, we will refer to the results obtained by Zwaan et al.
(1997) who concluded that the Σ(1/Vmax) method used to determine the H IMF (based
on 66 detections) is not very sensitive to the effects of the large structures. On the other
hand, the maximum likelihood methods can produce erratic results in the estimation of
the H IMF, when only few galaxies per bin are used (Zwaan et al. 1997).

3.4.2 Completeness
In Chapter 2 we investigated the completeness of the survey using synthetic sources
inserted into the 3-dimensional line datacubes. The completeness of the survey was
defined as the fraction of the sources recovered in the datacubes, using searching methods
identical to the method applied for the real survey. We expressed the completeness of the
survey as a function of the measured integrated flux Sint and peak flux in the integrated
profile Speak values of the sources.

Since there is a direct relation between the H I mass and Sint, we determined the
analytical form for the completeness of the survey only as a function of Sint. For the
fitting procedure we use the result obtained in Chapter 2. We consider the points,
weighted according to the relative fraction of datacubes of a particular type in the real
survey, as the best estimate of the completeness of the survey (see Chapter 2). Using the
χ2 minimisation procedure, the completeness of the survey can be described empirically
in the form

C = erf(4.59[S1/2
int − 0.435]), (3.4)
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Figure 3.5: Completeness func-
tion of the WSRT CVn survey. The
empty squares represent the frac-
tion of objects detected in the sim-
ulations, weighted with the rela-
tive abundance of the type of dat-
acube in which the detection resides.
The continuous line is the analytic
fit to the symbols obtained by χ2

minimisation.

for Sint values expressed in Jy km s−1. All points are weighted equally. We present this
fit with a comparison to the binned completeness points in Figure 3.5.

The completeness function in its analytic form can be used to correct the number of
detections with a certain Sint for those that have been missed by the survey, and can on
the other hand be used to remove detections with a probability too low of being detected.
Taking the completeness of the survey into account, the H IMF using the Schmidt method
can be estimated weighting each detection with its maximum volume, corrected for the
incompleteness of the survey Vmax,C = CVmax.

3.4.3 Result
To estimate the H IMF using the Schmidt method, the data has to be binned. Given
the size of the sample of H I objects detected in the WSRT CVn survey, a prerequisite
to have enough points per bin and enough bins to make useful fits led to a choice of
the bin size of 0.5 in logarithmic units of H I mass. Another choice has to be made for
the minimum mass defining the starting bin. Of course, one would like to constrain
the H IMF to as low H I mass as possible, but results obtained need to have significant
reliability. We estimated the H IMF using different minimum H I masses in the starting
bin, keeping the bin size fixed. The minimum H I mass at the centre of the starting bin
is 6.5 in logarithmic units, chosen such that the first bin contains at least 2 detections.
We repeat the process of re-binning the data and fit the Schechter function eight times,
shifting the minimum H I mass in the starting bin by 0.05 in logarithmic units.

Figure 3.6 shows the result of the H IMF calculation for the WSRT CVn survey for the
different minimum H I masses used in the binning. To fit the Schechter function, we bin
the data in logarithmic intervals of half a decade and multiply the number of objects in
each of the bins with 2 to scale our results to the commonly used H IMF representation in
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decade-wide bins. The open circles correspond to the H IMF calculated using all available
objects and weighting them with Vmax = 1/3ΩD3

max. The parameter Ω is the area covered
by the survey and Dmax is the maximum distance up to which an object with a given
H I mass can be detected in the survey. Dmax can be calculated using the minimum
integrated flux detectable by the WSRT CVn survey of 0.2 Jy km s−1. For objects for
which Dmax is larger than the adopted bandwidth of the survey Dbw = 19.24 Mpc, the
latter is used as the maximum distance up to which such an object can be detected. The
solid circles represent the H IMF from the binned data points, weighted with a maximum
volume corrected for the incompleteness of the survey Vmax,C = CVmax. For the H IMF
data points which are identical in both estimates of the H IMF, solid symbols overlay the
empty ones. There is one object which is statistically not-detectable in this survey (object
WSRT-CVn-43). The completeness for this object is smaller than zero, and therefore,
this object is excluded from the evaluation of the H IMF corrected for the incompleteness
of the survey to detect objects with small Sint values. We fit the Schechter function only
to the binned data corrected for incompleteness, using the χ2 fitting. The errors in each
bin are calculated using the summation Σ(1/Vmax,C).

The best-fit parameters, calculated for different minimum H I masses in the first bin,
together with a goodness–of–fit and estimated errors in the fitted parameters, are given in
Table 3.4. The errors correspond to the 1σ confidence intervals from the χ2 minimisation
obtained individually for each of the parameters. The average values of the best–fit
parameters are given in Table 3.5. Given that the Schechter function is a combination of
a power law and an exponential function which has to be fitted to the binned data points
simultaneously, and that there are only a few detections which constrain the high-mass
end of the H IMF, we compare only the slope α of the different fits. We chose the fit
obtained with the starting bin centred at 6.65 of the H I mass in logarithmic units as the
best representation of the data observed in the WSRT CVn survey. The slope obtained
with this binning has the smallest difference from the average slope, both calculated as
the arithmetic average and calculated as the average value weighted with the minimum
χ2 values. In Figure 3.7 we present again the H IMF fit to the binned data starting
with a bin centred on a logarithmic H I mass of 6.65 together with the two Schechter
functions for the average parameters as summarised in Table 3.5. The adopted best-
fit Schechter function of the WSRT CVn blind H I survey has parameters α = −1.17,
log(h2

70M
∗
HI/M�) = 9.57 and φ∗ = 0.125h3

70 Mpc−3 dex−1.

3.4.4 Low number statistics
Unlike in most H I surveys carried out up to date, which suffer from low-number statistics
at the low–mass end of the H IMF, the uncertainties in the H IMF points estimated from
the WSRT CVn survey are larger at the high–mass end. A detailed discussion on the
differences between the surveys will be presented in Subsection 3.6.1. The number of H I
detections which constrain the M∗

HI parameter in the WSRT CVn survey is very small.
There are only 3 detections with a mass above M∗

HI of the adopted best–fit Schechter
function.

To test the stability of the resulting slope obtained from this survey, we calculate
the H IMF of the WSRT CVn survey adopting M∗

HI = 7.24× 109 h−2
70 M� obtained from

the HIPASS (Zwaan et al. 2005b). The best-fit values of the remaining two Schechter
parameters from the WSRT CVn survey data are α = -1.22 and φ∗ = 0.085h3

70 Mpc−3
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α log(M∗
HI h2

70/M�) φ∗

- - [h3
70 Mpc−3 dex−1]

arithmetic average -1.17 9.72 0.114
average weighted with χ2 -1.18 9.69 0.112

Table 3.5: Average values of the H IMF parameters obtained by changing the minimum H I
mass in the first non-empty bin.

Figure 3.7: The WSRT CVn survey H IMF. The empty circles correspond to the H IMF
calculated weighting the objects with Vmax = 1/3ΩD3

max. The solid circles are H IMF from the
binned data points weighted with a maximum volume corrected for the incompleteness of the
survey Vmax,C = CVmax. For bins which contain only galaxies for which the survey is complete,
the solid symbols overlay the open ones. The first data bin is centred on an H I mass of 6.65
in logarithmic units. The adopted best-fit Schechter function to these points is presented with
a continuous line. Schechter functions constructed from the average parameters, obtained from
the χ2-minimisation to the 8 offsets binning, are presented with a dotted line (the arithmetic
average of parameters) and a dashed line (the χ2-weighted average).
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Figure 3.8: H IMF from the WSRT
CVn survey using the M∗

HI parameter ob-
tained from HIPASS (the dotted line). For
comparison, the adopted H IMF from the
WSRT CVn survey is also presented (the
continuous line). The steepening of the
WSRT CVn slope caused by adopting M∗

HI

from HIPASS ranges from -0.01 to -0.1
within the 1σ confidence intervals of the fit-
ted slope.

dex−1 with χ2 = 2.10. The lowest α value within the 1σ confidence interval is -1.27,
and the highest value is -1.18. For φ∗, the 1σ uncertainties range from 0.068 to 0.100
h3

70 Mpc−3 dex−1. Adopting the M∗
HI parameter from HIPASS, obtained from statistics

based on a few hundred of galaxies with MHI > M∗
HI, will cause a steepening of the

slope obtained from the WSRT CVn survey by an amount of -0.01 to -0.1 within the 1σ
confidence intervals of the new slope.

3.4.5 Uncertainties in the H I parameters
The H I parameters of the objects in the WSRT CVn survey have some uncertainties.
We already discussed the effect of different choices for the precise binning. Here, we will
explore the influence of the uncertainties in the measured distances and integrated fluxes
of the detections on the Schechter parameters of the H IMF.

In Subsection 3.3.1 we explored the different approaches to model the velocity field
in the CVn volume in order to estimate distances to objects detected in the WSRT CVn
survey with the highest possible accuracy. Our conclusion was to use the LG recession
velocities to obtain distances to the detections, assuming a Hubble flow with H0 = 70
km s−1 Mpc−1. Our analysis was based on 64 galaxies in the CVn constellation area with
distances estimated independently of their recession velocity. This sample of galaxies is
distributed around the Hubble flow with H0 = 70 km s−1 Mpc−1 with a rms dispersion
of approximately 178 km s−1.

In the following analysis, we adopt the same peculiar velocities for the WSRT CVn
galaxies as observed in the larger area of the CVn constellation. All detections in the
WSRT CVn survey have recession velocities below 1230 km s−1 and a peculiar velocity
of about 180 km s−1 (the 1σ uncertainty from the sample of 64 galaxies in this region)
will cause an error on the estimated distance of 15% for a detection at ∼1200 km s−1 and
an error of 45% for a detection at ∼400 km s−1. When assuming more realistic peculiar
velocities of about 290 km s−1 at at ∼1200 km s−1 and of about 100 km s−1 at ∼400
km s−1 (see Table 3.2), distances of galaxies at these two recession velocities will have a
typical error of 25%.

To test whether the uncertainties in distances of the detections in the the WSRT CVn
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sample affect the parameters of the best-fit Schechter function, we set up simulations
adding assumed peculiar velocities to the measured recession velocities of the detections
from the WSRT CVn survey. A first set of simulations (called simvpec1 from here on)
consists of drawing a peculiar velocity from a Gaussian distribution with a dispersion
of 178 km s−1 and adding this value to the recession velocity of each of the detections,
except for those detections for which there exists a literature value for the distance (from
a primary or secondary distance indicator). For the latter galaxies, we add a value
to the distance, randomly chosen to correspond to an error of 10% or 25%, depending
on the type of the distance indicator. In the second set of simulations (simvpec2), we
use equation 3.2 to estimate the width of a Gaussian distribution from which the value
of a peculiar velocity is selected randomly for detections with recession velocities less
or equal to 700 km s−1. For the rest of the detections, we draw a value of a peculiar
velocity from a Gaussian distribution with a dispersion of 290 km s−1. This value is equal
to the dispersion of differences between recession velocities larger than 700 km s−1 and
the velocities derived from the Hubble flow with H0 = 70 km s−1 Mpc−1 of the sources
studied in Subsection 3.3.1. Uncertainties in the distances obtained using independent
distance indicators have been calculated in the same manner as in the simvpec1 set of
simulations. Each set of simulations consists of 100 runs. The number of simulations is
sufficient to achieve convergence of the dispersion in the parameters obtained from the
simulations.

The results from the simulations are presented in Figure 3.9. In the left panel, the
adopted best–fit Schechter function from the WSRT CVn survey is presented with a
continuous line. The Schechter functions, constructed from the χ2–weighted average pa-
rameters obtained from 100 simulations each, are presented with a dotted line (simvpec1)
and a dashed line (simvpec2). The errors are presented in the right panel in Figure 3.9.
For the WSRT CVn H IMF 1σ confidence intervals obtained from the χ2-minimisation are
plotted. The errors in the estimated parameters from the simulations – both arithmetic
averages and χ2–weighted averages – have been calculated as the standard deviations
of the 100 simulations. It is obvious that the slope of the WSRT CVn H IMF is not
affected by the modelled uncertainties of the distances. All α parameters obtained from
the simulations fall in the area limited by the 1σ contour of the best–fit slope of the
WSRT CVn H IMF. All φ∗ parameters from the simulations and M∗

HI’s from simvpec2
agree within the 1σ errors of the corresponding parameters from the WSRT CVn survey.
The M∗

HI parameter calculated as the χ2–weighted average in simvpec1 has been affected
the most: it is about 2.4 times larger than the best–fit WSRT CVn M∗

HI value.
Apart from the distances, Sint is the second parameter which figures in the MHI

calculation. This parameter determines the correction for the incompleteness of the
survey, which has been applied during the H IMF calculation to each of the objects. The
Sint values of the objects detected in the WSRT CVn survey have been calculated by
averaging the Sint,c values obtained by integrating the pixels in a mask defined around
a detection, and the Sint,MB values obtained by integrating the flux in a box around a
detection. In Chapter 2, we estimated the uncertainty in the integrated fluxes using the
synthetic sources. The uncertainties are 0.240 Jy km s−1, 0.421 Jy km s−1 and 0.242 Jy
km s−1 for the Sint, Sint,c and Sint,MB values, respectively. The uncertainties are small,
but there are 13 objects with Sint ≤ 1 Jy km s−1 and for those objects the estimated
uncertainties of Sint produce errors ranging from 24% to 136%.

Given that the estimation of the slope of the H IMF at very low H I masses is one
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Figure 3.9: Left: The H IMFs modelling the uncertainties in distances. The best–fit H IMF
from the WSRT CVn survey is presented with a continuous line. The H IMF obtained from the
χ2–weighted average values from 100 simulations in the simvpec1 set is presented with a dotted
line. The H IMF obtained from the χ2–weighted average values from 100 simulations in the
simvpec2 set is presented with a dashed line. Right: Uncertainties of the H IMF parameters due
to the distance uncertainties. Filled areas correspond to 1σ confidence intervals of the best-fit
parameters of the H IMF from the WSRT CVn survey. The best-fit parameters of the Schechter
function from the WSRT CVn survey are marked with a cross. Standard deviation intervals
of the best-fit parameters obtained from 100 simulations are marked with a dotted line for the
parameters obtained by averaging the values from simulations simvpec1, a short-dashed line
for the χ2–weighted average values from simulation simvpec1, a continuous line for the average
values from simvpec2 simulations and long–dashed line for the χ2–weighted average values from
the simvpec2 simulation.

of the main goals of the WSRT CVn survey, it is of great importance to investigate
the effect of the large relative errors in the smallest integrated fluxes. We investigate
the influence of the integrated flux uncertainties setting up two sets of simulations. A
first set of simulations is based on adding an additional amount of integrated flux to
the Sint value measured (simsflux1). This additional amount of integrated flux has been
drawn from a Gaussian distribution with a dispersion of 0.240 Jy km s−1. The second
set of simulations consists of changing the Sint,c and Sint,MB values independently by
a value randomly chosen from a Gaussian distribution with a dispersion of 0.421 Jy
km s−1 and 0.242 Jy km s−1 for Sint,c and Sint,MB parameters (simsflux2). We made
an approximation in the simulation setups, assuming that uncertainties in integrated
fluxes follow a Gaussian distribution. For objects with WSRT-CVn indexes 67A and
67B we used the same uncertainty as for the rest of the objects, even though the values
of their integrated fluxes have been taken from the literature. In total, we carried out
100 simulations for each of the cases explored, sufficient to ensure convergence of the
dispersions in the Schechter parameters fitted to each of the simulation run.

The resulting H IMFs and the average values of the Schechter parameters from the
simulations are presented in Figure 3.10 in the left and the right panels, respectively. The
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Figure 3.10: Left: The H IMFs from modelling the uncertainties in integrated fluxes. The
best–fit H IMF from the WSRT CVn survey is presented with a continuous line. The H IMF
obtained from the χ2–weighted average values from 100 simulations in the simsflux1 set is
presented with a dotted line. The H IMF obtained from the χ2–weighted average values from
100 simulations in the simsflux2 set is presented with a dashed line. Right: Uncertainties in
the H IMF parameters due to uncertainties in integrated flux. Filled areas correspond to 1σ
confidence intervals of the best-fit parameters of the H IMF from the WSRT CVn survey. The
best-fit parameters of the Schechter function from the WSRT CVn survey are marked with a
cross. Standard deviation intervals of the best-fit parameters obtained from 100 simulations are
marked with a dotted line for the parameters obtained by averaging the 100 values from the
simsflux1 simulations, a short-dashed line for the χ2–weighted average values from the simsflux1
simulations, a continuous line for the average values from the simsflux2 simulations and long–
dashed line for the χ2–weighted average values from the simsflux2 simulations.

simulated H IMFs are practically indistinguishable at the high–mass end, while there is
a slight flattening of the slopes obtained from the simulations compared to the best–fit
α from the WSRT CVn survey. The slope flattening ∆α is 0.059 and 0.036 for α values
obtained from the arithmetic averaging of parameters from the 100 simsflux1 simulations,
and from the χ2–weighted averaging of 100 best–fit α values from 100 simsflux1 simula-
tions, respectively. Compared to the slope in the WSRT CVn survey, the 100 simflux2
simulations give a slope which is flatter by 0.063 for the arithmetic average and flatter
by 0.033 for the χ2–weighted average.

3.5 Comparison with previous H I MF estimates
It is of interest to compare the H IMF obtained from the WSRT CVn survey with the
H IMF estimates from other recent H I surveys. In Figure 3.11 we reproduce the adopted
best-fit parameters of the WSRT CVn Schechter function with a continuous line. The
function has been re-normalised to match the number–density at the high–mass end of
the H IMF from the recent major blind H I surveys as presented in Figure 3.11. We
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find that the volume probed by the WSRT CVn survey is over-dense 11 times with
respect to the volumes covered by the previous surveys. The best-fit Schechter function
obtained from the HIPASS is presented with a short–dashed line (Zwaan et al. 2005b),
the H IMF fit from the Arecibo Dual Beam Survey (ADBS) is presented with a long–
dashed line (Rosenberg & Schneider 2002) and the resulting H IMF obtained from the
AHISS is presented with a dot–dashed line (Zwaan et al. 1997). We plot all the curves
converted to H0 = 70 km s−1 Mpc−1. In Figure 3.12 we present the errors in the α and
M∗

HI parameters from the WSRT CVn survey and the three additional major blind H I
surveys discussed above. For a comparison, we include α and M∗

HI values and their errors
from the H IMF estimated from the optically selected H I sample presented by Springob
et al. (2005) in Figure 3.12 as well.

The three H IMF functions from the major blind H I surveys agree quite well at the
high–mass end. The M∗

HI value obtained in this survey is the lowest, and agrees with
the M∗

HI estimates from AHISS and HIPASS within the 1σ errors. The M∗
HI parameter

of the H IMF of the optically selected H I detections has a larger value, which is slightly
outside of the 1σ confidence interval of M∗

HI from the WSRT CVn survey. It is obvious
that the uncertainty in the M∗

HI value is largest in the WSRT CVn survey compared to
the uncertainty in this parameter as derived from the other surveys considered. This is
not surprising given the small number of galaxies at the high–mass end of the WSRT
CVn H IMF. The absence of massive galaxies in the CVn groups of galaxies is real (e.g.
Karachentsev et al. 2003b) – it can not be caused by any presumed inability of the WSRT
CVn survey and the detection technique used to detect objects with high H I masses.

The situation is completely different at the low–mass end of the H IMF. The α pa-
rameter of the functions presented span a range of values between -1.17 and -1.53. The
slope at the low–mass end of the H IMF obtained from the WSRT CVn survey agrees
very well with the slopes obtained from the AHISS HIMF and the HIMF based on the
optically selected galaxies in Springob et al. (2005). The predicted number of H I objects
with small masses with respect to the number of high–mass H I objects is a few times
smaller than the corresponding predicted ratio from the HIPASS, and especially from
the ADBS. As can be seen from Figure 3.12, the uncertainty in the α value estimated
from the WSRT CVn survey is smaller than the uncertainties in α as obtained from the
AHISS and the H IMF of optically selected galaxies in Springob et al. (2005). However,
it is comparable to the error from the ADBS and it is larger than the error in the slope
fitted to the HIPASS data.

3.6 Discussion
The discrepancies at the low–mass end of the H IMF can have different reasons. Some of
them can be caused by the differences in the surveys themselves, as well as differences
in how the sensitivity and completeness of the surveys have been treated. The small
number statistics, and especially the small number statistics at the low–mass end of the
H IMF, present in the majority of the H I surveys also plays an important role. The
low–number statistics in the H I surveys is closely related to the limitations imposed by
the existing radio telescopes, which can detect objects with H I masses less than 108 M�
up to a distance of only a few tens of Mpc. At such small distances, uncertainties in
distances will be large and they may affect the estimated H I masses and therefore the
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Figure 3.11: Comparison of the H IMFs estimated from recent blind H I surveys.

estimated slope of the H IMF. The astrophysical characteristics of the volumes probed
by the H I surveys may also play a role in the broad range of α values. The H IMFs of
different morphological types are characterised with rather different slopes (Zwaan et al.
2003; Springob et al. 2005), and in environments of different densities the slope of the
H IMF may be influenced by the overall density of the volume surveyed (Springob et al.
2005; Zwaan et al. 2005b).

3.6.1 Specifications of the surveys
The H IMFs from the literature with which we compared the WSRT CVn H IMF are
derived from the H I surveys which can be considered as representative. In Chapter 1
we presented an overview of recently and currently carried out blind H I surveys (Ta-
ble 1.1. This overview includes also the blind H I surveys for which the H IMF derived
has been presented here in Figure 3.11. AHISS (Zwaan et al. 1997) and ADBS (Rosenberg
& Schneider 2002) are both drift–scan surveys carried out with the Arecibo telescope.
HIPASS (Barnes et al. 2001) has been carried out with the Parkes 64 m telescope, using
the 21–cm multi-beam receiver (Staveley-Smith et al. 1996). Statistics of the surveys are
based on 66, 265 and 4315 detections in AHISS, ADBS and HIPASS, respectively. The
total number of objects with small H I masses is very small: 1 detection with MHI < 108

h−2
70 M� in AHISS, 7 detections with MHI < 108 h−2

75 M� in ADBS and 41 detections
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Figure 3.12: Comparison of the
confidence intervals of the H IMFs
estimated from recent blind H I sur-
veys. We use the same notifica-
tion as in Figure 3.11. In addition,
S05 stands for the H IMF derived
from the optically selected galaxies
by Springob et al. (2005).

with MHI < 108 h−2
70 M� in HIPASS. For the H IMF calculation based on the HIPASS

data, only detections with a completeness larger than 0.5 have been used, which limits
the lowest H I mass detection used for the H IMF in this survey to be 107.2 h−2

75 Mpc.
The searching process in AHISS and ADBS relies on by-eye examination of the H I spec-
tra. A HIPASS catalogue of detections has been produced by running a semi-automatic
searching algorithm, based on the integrated peak flux maximum cut-off, and additional
by-eye examination and possible elimination of detections revealed by the searching al-
gorithm. Completeness of the AHISS was addressed in an analytical manner, using the
W50 −MHI relation from Briggs & Rao (1993), and in the ADBS and HIPASS using the
recovery fraction of synthetic sources with a range of H I properties inserted in the H I
data. AHISS is the most sensitive survey, with a 1σ rms noise of ∼0.75 mJy Beam−1 per
32 km s−1. The 1σ rms value in the ADBS is ∼3.5 mJy Beam−1 per 32 km s−1 and in
the HIPASS this is ∼13 mJy Beam−1 per 18 km s−1.

The WSRT CVn survey is one of the very few blind H I surveys carried out using
a synthesis telescope. The searching process has been carried out in a completely au-
tomated manner. The completeness of the survey has been derived from the recovery
fraction of synthetic sources. The completeness of the survey has been described as a
function of two parameters, Sint and Speak. Given that the majority of detections in
the WSRT CVn survey are small and of simple structure, with small H I fluxes, narrow
profile widths of a Gaussian shape and small in (H I) size, we do not expect that we
make an substantial error in addressing the completeness of the survey as a function of
one parameter only. When considering the properties of the H I data, the WSRT CVn
survey is of similar sensitivity as the AHISS survey with a mean 1σ rms noise of 0.837
mJy Beam−1 per ∼33 km s−1.

All surveys discussed have their own specifications, but there is no obvious hint which
would lead to an understanding of the differences observed in the slopes of the H IMF.
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The surveys discussed here have the largest number of detections of all independent
blind H I surveys completed up to date. Most of the values for the slope α for the H IMFs
derived from yet other surveys fall in the interval from -1.17 to -1.53 established from
the surveys discussed in the detail here. One of the greatest puzzles of the 21-cm HIMFs
derived to date is the result obtained by Schneider et al. (1998), who claimed a sharp
steepening of the H IMF below H I masses of 108 M�. On the other hand, Verheĳen et al.
(2001) reported a nearly flat H IMF, derived from a blind H I survey in the Ursa Major
cluster which covered about 16% of the cluster volume.

For us, the result obtained by Kraan-Korteweg et al. (1999) is of great interest.
Kraan-Korteweg et al. (1999) have carried out a driftscan survey in the 21–cm emission
line using the Nançay radio telescope in the direction of the CVn constellation. The
survey overlays partially with ours: a strip ranging from 11h 30m to 15h 00m in right
ascension and from +290 08

′ to +350 22
′ in declination has been surveyed. It covers the

CVn groups of galaxies as well as the ComaI cluster and a void region. The survey is
sensitive to detect objects with an H I mass of 1-2 × 108 h−2

100 M� at 23 h−1
100 Mpc and

4-8 × 107 h−2
100 M� throughout the CVn groups, where the exact mass value depends on

the position of the detection with regard to the centre of the telescope beam. There are
33 reliably detected galaxies and the H IMF constructed has a slope of -1.20, which is in
excellent agreement with our result.

In comparing the Schechter parameters and their confidence intervals obtained from
the blind H I surveys presented in Figure 3.12, we also included the parameters and their
errors from the optically selected H I sample of galaxies obtained by Springob et al. (2005).
Their slope has a value of -1.24, in agreement with the slope of ∼-1.25 as estimated from
the only other H IMF based on a large sample of optically selected H I detections which
covers a range of morphological types from Sa to Irr, as presented by Briggs & Rao
(1993).

3.6.2 The influence of distance uncertainties
Rosenberg & Schneider (2002) used the velocity flow model by (Tonry et al. 2000) to
assign distances to most of the detected H I sources in the ADBS. In order to investigate
the influence of the distance uncertainties on the H IMF, they added random Gaussian
noise to the distances of synthetic sources created to resemble detections in the ADBS.
Rosenberg & Schneider (2002) concluded that there is no significant change in the slope
of the ADBS H IMF due to distance uncertainties, if the assumed velocity dispersion is
less than 600 km s−1. In a similar manner, Zwaan et al. (2003) added Gaussian noise to
the distances of simulated sources, mimicking to the 1000 brightest detections (Brightest
Galaxy Catalogue, BGC) in the HIPASS with distances estimated from LG recession
velocities. A realistic velocity dispersion of 50-100 km s−1 would cause a steepening of the
H IMF by no more than 0.05. The Mould et al. (2000) parametric distance model would
change the best-fit slope of the H IMF, derived from the complete HIPASS catalogue,
from -1.37 to -1.39. Springob et al. (2005) used the Tonry et al. (2000) velocity model
to obtain distances to the majority of optically selected H I detections.

Masters et al. (2004) conducted a study to investigate the influence of the distance
uncertainties on the slope of the luminosity and H I mass functions in the Local Universe.
As Masters et al. (2004) in their conclusions point out, the use of a good model for the
local velocity field is essential for deriving an unbiased H IMF. For the WSRT CVn survey
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we first showed in Subsection 3.3.1 that the pure Hubble flow is a good approximation of
the velocity field in the CVn area (if not for the Local Universe). After having justified
the usage of the LG recession velocities to derive distances to our detections, we showed
in Subsection 3.4.5 the effect of the velocity dispersion observed on the final Schechter
function. All new slopes fell within the 1σ confidence interval of the best-fit WSRT CVn
α value.

3.6.3 Dependence on morphology
In order to investigate whether the H IMF depends on morphological type of galaxies,
numerous detections are needed. Almost three decades after the first heroic blind H I
survey has been carried out, with a score of 1 detection (Shostak 1977), HIPASS finally
allows studies of the H IMF dependence on morphological type. The BGC has been
used for this purpose. Morphological classification of the optical counterparts of the H I
detected sources in the BGC is conducted using HYPERLEDA. Based on this morpho-
logical classification, Zwaan et al. (2003) detect a steepening of the slope of the H IMF
from α ∼ -1.0 derived for all three samples with only Sa-Sb, Sbc-Sc or Scd-Sd galaxies
to α ∼ -1.4 fitted to the sample composed from Sm-Irr types of galaxies. Their finding
agrees within 1σ uncertainties with the H IMF dependence on the morphological type of
the optically selected H I detections in Springob et al. (2005) for Sa-Sb, Sbc-Sc and Sm-
Irr types. For the subsample of Scd-Sd galaxies, Springob et al. (2005) found a slope of
-1.44. The morphological classification has been conducted primarily using UGC types.
The difference in the slopes of the H IMF for the Scd-Sd types of galaxies could be caused
by differences in the morphological classification.

The number of detections in the WSRT CVn survey is to small to investigate the
dependence of the H IMF on the morphologies of galaxies specifically. The sample is
dominated by late-type galaxies, where about half of the detections with the available
morphological classification are classified to be of Sm-Irr type (see Table 2.2 in Chapter 2).

3.6.4 Dependence on the environment
Recently, a lot of effort has been made to explain the effect of the environment on the
properties of galaxies and their distributions. The H I surveys are much smaller then the
optical surveys, and the only way to study the environmental effects is a direct comparison
of the estimated H IMF from the surveys carried out in different environments (clusters,
groups, voids). The main conclusion from this comparison is that H I galaxies detected
in dense environments have an H IMF characterised by a flatter slope compared to the
H IMF derived for the field (e.g. Springob et al. 2005, and references therein).

Springob et al. (2005) investigated for optically selected H I galaxies not only the
dependence of the H IMF on morphological type, but also on the environment. Their
subsamples of galaxies in environments of different densities contain similar fractions of
the morphological types. In that case the differences in the derived H IMFs can be easily
linked to the density of the environment. The local matter density has been derived
from the reconstructed mass densities based on the IRAS Point Source Catalog Redshift
Survey (PSCz, reconstruction presented in Branchini et al. 1999). Although the results
obtained had statistically small differences, the conclusion was that the H IMF in the
higher-density region shows a flattening at the faint end and lower values of M∗

HI. In the



120 chapter 3: The WSRT CVn H I mass function

Figure 3.13: H IMF dependence
on the environment. The H IMF de-
rived in the volumes of different den-
sities are presented with: dotted line
for n < 1.5, dot-dashed line for 1.5 <
n < 3.0 and long–dashed line for
density n > 3. Densities are given in
the units of the local matter density.
The WSRT CVn H IMF, corrected
for incompleteness, is presented with
solid circles and its best-fit Schechter
function is presented with a contin-
uous line.

terms of densities used by Springob et al. (2005), the volume probed by the WSRT CVn
survey would be about six times denser than their densest region (by comparing the φ∗

values).
Zwaan et al. (2005b) used the complete HIPASS catalogue to study the dependence

of the H IMF on environment. The observed trend of the low-mass slope is opposite to
the one found by Springob et al. (2005). The local density has been derived from counts
of the nearest H I neighbours. Considering the different methods used to quantify the
density of the environment in the studies by Zwaan et al. (2005b) and Springob et al.
(2005), and the low statistical significance of the results by the latter

3.7 Conclusions
We have used the 70 H I detections and their parameters detected in the WSRT CVn
blind 21–cm emission line survey to construct the H IMF. The sample covers a range
of H I masses from 6.48 to 9.89 expressed in logarithmic units of h−2

70 M�. A fraction
of 37% of the detected objects has H I masses below 108 h−2

70 M�, making this the H I
selected sample with the highest fraction of low-mass H I objects. For a comparison,
HIPASS detects 41 objects (less than 1%) with H I masses below 108 h−2

70 M� in the
whole southern sky δ < +20.

We use the Schmidt (1968) method to derive the H IMF, taking into account the in-
completeness of the survey for objects with small Sint values. The best-fit Schechter
parameters of the H IMF which describes the H I mass distribution in the volume
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probed by the WSRT CVn survey are α = −1.17, log(M∗
HIh

2
70/M�) = 9.57 and

φ∗ = 0.125h3
70 Mpc−3 dex−1.

The slope α changes very little due to uncertainties in the adopted distances, measured
fluxes or small number statistics of objects with high H I masses. It is accurate down to
an H I mass of log(M∗

HIh
2
70/M�) = 6.40 (lower limit of the lowest–mass bin). This is the

lowest H I mass reached compared with any of the previous H IMF studies.
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4
H I follow-up observations

The WSRT CVn survey is a blind extragalactic survey carried out in the 21-cm
line using the Westerbork Synthesis Radio Telescope (WSRT) in the direction of the
Canes Venatici (CVn) groups of galaxies. Twenty detections from the WSRT CVn
survey have been selected for a follow–up programme in order to study their kinematic
properties into greater detail. The selection is based on their small H I masses and if
their optical image suggests that the inclination can be measured accurately. Data
for three more galaxies from the WSRT CVn survey have been collected due to their
proximity to the targeted objects. Here, we present WSRT H I follow-up observations
of these 23 galaxies and results from it. The H I parameters measured from the
follow–up studies agree well with the values of H I parameters of the same objects
obtained in the WSRT CVn survey. While the values of the integrated fluxes (Sint)
and recession velocities are the same within the errors, maxima in the spectra (Speak)
and profile widths show systematic differences due to the higher velocity resolution
in the follow-up data. The various distributions of the H I parameters constructed for
all 70 detections from the WSRT CVn survey by combining the follow–up data for 23
objects and the WSRT CVn survey for the rest of 47 objects follow the same trends
as the distributions made from the WSRT CVn data only. The position-velocity
diagrams constructed from the H I follow-up data show a clear sign of rotation for
most of the galaxies.
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4.1 Introduction
Two late type dwarf galaxies, the Magellanic Clouds, were the first extragalactic systems
mapped in H I (Kerr et al. 1954). The kinematics obtained led to an unmistakable
conclusion about their rotating nature (Kerr & de Vaucouleurs 1955). With the build-up
of synthesis radio telescopes in the late sixties and early seventies, detailed observations
of the kinematics of the H I gas in extragalactic objects became possible. The H I rotation
curves of the majority of spiral galaxies observed remained approximately flat out to the
last measured point, which extended far beyond the optical radius (Rogstad & Shostak
1972; Roberts & Rots 1973; Bosma 1978, 1981a,b). The observed shape of the rotation
curves of spiral galaxies together with the fact that the outer parts of these rotation
curves cannot be explained by the luminous mass (van Albada et al. 1985; Begeman
1987) led to the conclusions about the existence of dark matter.

To constrain the parameters of dark matter haloes the H I rotation curves of dwarf
irregular (dIrr) galaxies are especially useful, because they extend to large galoctocentric
radii, reaching very far out in the dark matter potential (Côté et al. 2000). However,
while the large spirals and large dIrr’s rotate, it is currently controversial whether faint
dwarf irregular galaxies show systematic rotation or not. For the lowest-mass H I–rich
dwarf galaxies it is not obvious what is the main source of support of the gas against
gravity (Young & Lo 1997).

Lo et al. (1993) used the Very Large Array (VLA) to map H I in nine faint dwarf
irregular galaxies (with MB ∼ −9 to MB ∼ -15). According to their analysis, in seven
of the nine observed dwarf galaxies the velocity fields of the H I gas were dominated by
chaotic motion rather than by rotation. A consistent conclusion has been drawn from the
study of kinematic properties of eight dIrr galaxies by Côté et al. (2000), but only for dIrr
galaxies around MB = −13. Dwarfs around this magnitude show a misalignment between
the kinematic and major optical axis, and the random motions provide an important part
of the dynamical support of a system. Côté et al. (2000) suggest a normal rotation only
for dwarfs brighter than MB = −14.

Recently, Begum et al. (2006, see also Begum et al. 2003 and Begum & Chengalur
2003, 2004) studied 10 extremely faint dwarf irregular galaxies (−13.37 < MB < −9.55),
using line 21-cm data with high velocity resolution. For eight of the galaxies, observations
have been obtained with the Giant Meterwave Radio Telescope (GMRT), for two of them
data were retrieved from the VLA archive. In contrast to previous detailed H I imaging
of dwarf galaxies, where the corresponding gas velocity fields are interpreted to be a
result of the chaotic motions, Begum et al. (2006) find a large scale ordered velocity field
for all of the galaxies studied. Still, the patterns in the velocity fields of the H I gas
do not appear to be produced (exclusively) by a rotating disc. For one of the galaxies
from the sample, GR8, a detailed study of the kinematics has been carried out (Begum
& Chengalur 2003). A reasonable fit can only be obtained by combining rotational and
radial gas motions.

Some of the galaxies are common to both the study of Lo et al. (1993) and of Begum
et al. (2006). From a comparison of the velocity fields obtained in the two studies,
it appears that the high sensitivity (14–18 hr integration time) and the high velocity
resolution (∼ 1.6 km s−1 as opposed to ∼ 6 km s−1 in Lo et al. 1993) achieved in the
work by Begum et al. (2006) are crucial for properly revealing the overall kinematic
patterns in such faint galaxies. Also, as Skillman (1996) pointed out, the observations
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by Lo et al. (1993) lacked the sensitivity to detect the faint, extended emission, which
could play an important role in the recognition of a large scale velocity gradient.

We have carried out a blind H I survey in the nearby Universe to make an inventory
of objects with H I masses below 108 M�. The survey has been undertaken in the region
of the Canes Venatici (CVn) groups of galaxies, using the Westerbork Synthesis Radio
Telescope (WSRT) to conduct the observations (from here on this survey will be referred
to as the WSRT CVn survey). Observations covered the area of about 86 deg2 on the
sky and up to ∼ 1400 km s−1 in depth. In total, we found 70 H I detections. A large
fraction of them are small systems: 37 have H I masses below 108 M� and 60 have profile
widths less than 130 km s−1, measured at 50% of the maximum in the global profile. In
order to survey a volume large enough for a statistical approach, the observations were
done with a relatively wide band. The final resolution in the velocity domain was about
33 km s−1. The B-band magnitudes from the HYPERLEDA database are available
for 43 of the WSRT CVn detected galaxies. Adopting the distances to the objects as
described in Chapter 3, the sample of galaxies detected in the WSRT CVn survey has
B-band magnitudes in the range from -21.4 to -11.5 mag.

The velocity resolution in the WSRT CVn survey is not sufficient to study the objects
with smallest H I masses and velocity widths in detail. Therefore, we selected a sample
of the WSRT CVn detections with small H I masses, whose optical counterparts appear
not to be a face–on galaxy, and observed them with much higher velocity resolution and
a sensitivity slightly higher than the sensitivity achieved in the WSRT CVn survey per
velocity resolution element. For 10 objects from the follow-up sample HYPERLEDA
B-band magnitudes are available. They range from -15.9 to -12.3 mag.

The new data enable us to study the detailed kinematics of the small H I objects
selected. In combination with data at optical wavelengths, the H I data will be used
to construct the Tully-Fisher (TF, Tully & Fisher 1977) relation. The TF relation, a
tight correlation between luminosity and velocity width was originally found for massive
spirals. With the advent of new observations, more faint galaxies and galaxies with
smaller rotation velocities have been included in the TF relation. At low-luminosity
(around Vrot = 90 km s−1) a break has been observed in the stellar TF relation: galaxies
with small rotational velocities appear to be under-luminous with respect to the stellar
TF relation established by larger galaxies (e.g. McGaugh 2005). Using the total baryonic
mass instead of the stellar luminosity, small galaxies can be brought back on the linear
TF relation, now called “baryonic” TF relation. Our sample will provide an excellent tool
to test the validity of the (baryonic) TF relation for the smallest galaxies. In addition,
the H I follow-up data and the optical data can be used to study the distributions of
gaseous, luminous and dark matter in these small galaxies.

In this chapter, we present the WSRT follow–up data of 23 galaxies detected in the
WSRT CVn survey. In Section 4.2, we discuss the sample selection, the observations, data
reduction and parametrisation of the detections. In Section 4.3, measured parameters
of the object are presented in tabular form, as well as various distributions of measured
properties constructed by using the combination of the new parameters for 23 objects
presented in this chapter and the parameters from the WSRT CVn survey for remaining
47 detections. In Section 4.4 we discuss the results obtained in the context of the kine-
matic properties of the detections and present a final summary. In Section 4.5, at the
end of this chapter, we present a 4-panel figure for each of the detections, containing the
H I contour map on the top of the optical counterpart of the detection, the global H I
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profile, the velocity field and a position-velocity diagram along the kinematic major axis.

4.2 WSRT follow-up observations
4.2.1 Sample selection
We selected 20 galaxies from the WSRT CVn survey for the H I follow-up studies. The
survey and the properties of the detections are described in full detail in Chapters 2 and
3 of this thesis. The objects for the H I follow-up studies have been selected based of their
H I mass and their optical appearance. First, all objects chosen for the follow-up studies
have H I masses around or below 108 M�. Second, the objects must not be face–on in
order to be able to measure their inclination reliably and to have a sufficient line of sight
projection to measure the velocity field properly. For the second selection criteria, the
optical counterparts of the H I detections on the Second Generation Digital Sky (XDSS)
images were inspected. Given that objects small in H I are physically small, very faint
and in most cases of irregular shape in the optical, the criterion to select fairly inclined
galaxies is subjective.

In Figure 4.1 we show which part of parameter space defined by all detections from
the blind survey is occupied by galaxies selected for the follow-up studies. We present
the distributions of the H I masses, profile widths, H I sizes and H I b/a ratios of the
objects selected for the follow-up studies as histograms together with the histograms of
the same parameters for all 70 objects detected in the WSRT CVn survey. The data
are taken from tables described and presented in Chapter 2 and Chapter 3. The objects
selected for the follow-up studies clearly have small H I masses, small velocity widths and
small physical sizes as compared to the majority of galaxies from the survey. Only the
H I axis ratios b/a, which are a measure of the inclination, cover almost the whole range
of possible values. This points to the differences in inclination estimates based on the
optical images and the inclination measured from the H I maps. The selected objects are
small in H I, and in the WSRT CVn survey these objects are marginally resolved. It is
therefore likely that the H I maps for the smallest objects do not reflect the true shape
of the objects.

4.2.2 Observations and data reduction
The observations of the selected galaxies were carried out with the WSRT in the spring
of 2005. Observations were done in mosaic mode, observing two pointings during a 12
hr night period. Each of the pointings was observed for 30 min before moving to the
second pointing observed during the same night. Exception are objects WSRT-CVn-31
and WSRT-CVn-34, which were observed during two different nights, for about 10.5
and 3.5 hr during each of them. Pointings were targeted on the positions of the H I
detections provided from preliminary analysis of the WSRT CVn data (position of the
pixel with maximum flux value). Galaxies observed during one night were selected to be
close to each other, to minimise telescope movement between the targets. We obtained
usable H I follow-up data for three additional galaxies detected in the WSRT CVn survey
because of their proximity to the objects targeted for the follow–up. In Table 4.1 we
specify the coordinates of the telescope pointings used for the H I follow-up observations,
accompanied by a note on the pairs of galaxies which were observed during the same
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night. It is also marked if there was a third galaxy in the field for which we obtained H I
follow-up data. Two standard calibrator-sources were observed at the beginning (3C147)
and at the end (CTD93) of each observing run. None calibrator was observed at the
beginning of the first night for a pair with the WSRT-CVn id’s 31 and 34.

For the observations, we used one 10 MHz wide band, containing 2048 channels. The
band was centred such as to observe the velocity range from approximately -400 to 1600
km s−1 covered in the WSRT CVn survey. Data calibration were carried out in MIRIAD,
while the data reduction and the analysis were done using both MIRIAD and GIPSY.
Different tasks were used from these packages, selecting the task from a package that
was most convenient for a given problem. In the following text we provide a detailed
description of the calibration, reduction and analysis process.

The raw data were acquired in uv format to be processed in MIRIAD. The observa-
tions taken during one night were split in two sets of uv data to contain only information
collected from the observation of a single pointing. We produced uv data files corre-
sponding to each of the sources listed in the first column in Table 4.1. In addition,
a separate uv data set was created for object WSRT-CVn-57, which is separated from

Figure 4.1: Histogram distributions of H I masses MHI , velocity widths measured at 50% of
the maximum in the global profile W50, H I sizes and b/a ratios. Empty histograms represent
distributions of 70 objects detected in the WSRT CVn survey. Shaded histograms correspond to
the distributions of the objects detected in the WSRT CVn survey and selected for the WSRT
follow-up studies.
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WSRT Right ascension Declination Vhel Partner Extra Vhel

CVn ID h m s d m s km s−1 km s−1

7 12 46 59.93 32 39 08.11 509 9
9 12 41 46.82 32 51 28.26 691 7
11 12 32 35.57 33 13 34.68 808 13 12 841
13 12 36 49.4 33 36 51.73 528 11
17 12 19 0.11 35 05 41.24 763 28
28 12 21 43.28 37 59 22.96 581 17
25 12 32 25.96 36 54 50.21 894 26
26 12 28 26.07 37 14 22.28 284 25 24 235
31 12 40 1.63 38 0 10.89 466 34
34 12 37 21.57 38 45 2.82 449 31
42 12 43 57.49 41 27 30.13 400 41
41 12 35 11.52 41 3 24.06 598 42
44 12 28 52.56 42 10 37.73 416 45
45 12 30 23.87 42 54 16.9 432 44
47 12 19 31.9 43 23 29.19 548 49
49 12 27 39.98 43 30 26.29 202 47
50 12 43 57.55 43 39 48.45 301 51
51 12 49 30.73 44 21 36.59 515 50
52 12 17 28.95 44 48 48.01 548 58
58 12 21 13.89 45 49 3.81 466 52 57 730

Table 4.1: Pointings of the targets selected for the H I follow-up studies. Parameters in the
table (right ascension, declination and heliocentric velocity) are obtained from the preliminary
analysis of the WSRT CVn survey data. The last two columns provide the WSRT CVn id and
heliocentric velocity of an additional object for which the follow–up data have been collected
due to their proximity to the target in the same row. If there is no additional detection, the last
two columns have been left empty.

the closest pointed detection by more than 260 km s−1 in the velocity domain. Due to
the computational limits of the MIRIAD task MFCAL used for the calibration of the
uv data, we calibrated only 512 observed frequency (velocity) channels, selected around
the channel of the velocity at which the H I flux obtained in the WSRT CVn survey
has a maximum. This velocity is given in column 4 of Table 4.1. We inspected the uv
data visually and we flagged data recognised as bad. For objects WSRT-CVn-31 and
WSRT-CVn-34, calibration was carried out separately for each of the observing nights.

We used the script developed for the reduction of the data collected for the WSRT
CVn survey to reduce the data from the H I follow-up observations (see also Section 2.2.3
on data reduction in Chapter 2). The script uses a number of MIRIAD programmes
and carries out the following steps. First the continuum is selected from the uv data
by fitting a second order polynomial to all channels without obvious line emission. The
continuum uv data are then Fourier-transformed to one 2-dimensional (Ra,Dec) plane.
The continuum sources were cleaned and used to self-calibrate the continuum uv data
in a number of iterations, repeated until continuum images of satisfactory quality were
obtained. The uv data corresponding to the 21-cm emission were created by subtracting



4.2: WSRT follow-up observations 129

the modelled continuum components from the uv data set observed, for each of the 21
sources for which the individual uv data files were created. The line uv data were Fourier-
transformed to produce 3-dimensional (Ra, Dec, V) datacubes. For objects WSRT-CVn-
31 and WSRT-CVn-34, the line uv data from two observational runs of each of the
individual objects were used jointly to carry out the Fourier-transformation. We used
the same weighting as in the WSRT CVn survey, which is proportional to r, developed
to account for the sparse uv sampling in observations carried out in mosaicing mode.
The pixel size used was 5 × 5 arcsec2. The line datacubes are 512 × 512 pixels2 in
size in (Ra, Dec) planes of constant velocity (frequency) and 512 velocity (frequency)
channels wide. Each of the channels is ∼ 5 kHz wide. The optical definition of velocity
Vo = c(ν0

ν −1) has been used, so the spacing between channels is not constant in velocity.
Still, due to the very high resolution in velocity and the relatively small velocity range
covered in each line datacube, neighbouring channels are separated by almost constant
increments of approximately 1.03 km s−1. Velocities are expressed in the barycentric
reference system. Noise in the datacubes is calculated in the two steps. First, we used
all pixels in the datacube to obtain preliminary rms deviation value. In the second step,
final noise estimate is calculated as the rms deviation using only the pixels with flux
values below absolute product of 5 times preliminary rms.

The next steps in data reduction applied to the line datacubes were carried out using
GIPSY. All line datacubes were Hanning smoothed using three neighbouring channels.
The objects selected for the follow-up studies have small H I fluxes and large parts of
them are barely visible in the line datacubes. To achieve a better signal to noise ratio,
line datacubes were smoothed further in the velocity domain. To find the optimum
between a higher signal to noise ratio and a sufficient velocity resolution for the objects,
smoothing was carried out with different kernels, depending on the profile width of the
objects. Datacubes were smoothed with a Gaussian with a FWHM of approximately 4,
6, 8, 10 or 12 channels in the case of the objects with profile widths between 40 and 60,
60 and 80, 80 and 100, 100 and 120, and larger than 120 km s−1, respectively. The aim is
to have at least 10 spectral resolution elements per profile width. The profile width used
was taken from the WSRT CVn line datacubes measured at 20% of the profile maximum
and not corrected for the resolution of the correlator nor for turbulent motions. After
Gaussian smoothing has been applied, only two channels per velocity resolution element
were kept. Consequently, the final velocity resolution is twice the value of the velocity
spacing. The final velocity spacing, the resolution in the spatial domain measured by
fitting a 2-dimensional Gaussian to the antenna pattern, and the 5σ limiting column
density per velocity resolution element are presented in Table 4.2.

The datacubes produced were cleaned in the masked regions using MIRIAD pro-
gramme CLEAN. The masks were created from the datacubes Gaussian-smoothed to
a spatial resolution of 60 × 60 arcsec2 by selecting pixels with flux values at least 2σ
flux that are connected to the detection. The clean components were RESTOREd with
a Gaussian fitted to the dirty beam for that particular pointing (fits to the beams are
listed in columns 2 and 3 of Table 4.2).

The subtraction of the continuum residuals in the 3-dimensional velocity smoothed
datacubes smoothed in the velocity domain was carried out using the GIPSY task CON-
REM. For this task channel maps were inspected visually to define the emission-free part
of the velocity range covered. A first order polynomial was fitted to the emission-free
part of the spectrum at the position of each pixel in the image and the fitted baseline
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WSRT Beama Beamb BeamPA ∆ v rms NHI,min × 1020

CVn ID arcsec arcsec deg km s−1 mJy Beam−1 atoms cm−2

7 29.6 11.8 0.1 5.2 0.86 1.4
9 29.8 11.7 0.0 3.1 1.08 1.1
11 29.4 11.8 -1.5 4.1 0.90 1.2
12 29.4 11.8 -1.5 4.1 0.90 1.2
13 29.1 11.7 -1.6 3.1 0.95 1.0
17 27.3 11.8 0.1 6.2 0.91 1.9
24 26.3 11.9 0.1 4.1 0.92 1.3
25 26.3 12.0 -0.1 2.1 1.13 0.8
26 26.3 11.9 0.1 4.1 0.92 1.3
28 25.3 11.9 0.1 3.1 1.02 1.2
31 29.1 10.2 -5.6 2.1 1.33 1.0
34 27.9 10.3 -5.5 2.1 1.31 1.0
41 24.1 12.1 0.0 3.1 0.91 1.1
42 23.4 12.3 0.0 2.1 1.06 0.8
44 23.0 12.4 -0.1 5.2 0.82 1.7
45 22.6 12.4 0.0 3.1 0.91 1.1
47 21.0 12.7 0.0 4.1 0.84 1.4
49 22.3 12.4 0.1 3.1 0.92 1.1
50 21.2 12.1 0.0 2.1 1.09 1.0
51 20.8 12.2 0.0 4.1 0.87 1.6
52 21.4 12.7 0.0 5.2 0.80 1.7
57 21.0 12.7 0.0 5.2 0.82 1.8
58 21.0 12.7 0.0 3.1 0.89 1.1

Table 4.2: Resolution of the datacubes produced. Column (1) contains the WSRT CVn index.
Beam parameters: major axis in arcsec, minor axis in arcsec and position angle in degrees are
given in columns(2), (3) and (4), respectively. The parameters have been estimated by fitting
a 2-dimensional Gaussian to the antennae pattern of the dirty beam. The velocity spacings of
the final line datacubes used for the analysis are given in column(5), expressed in km s−1. The
velocity resolution is twice this value. The rms noise in the datacubes is given in column(6). The
limiting column densities per velocity resolution element at 5σ level are presented in column(7)
in units 1020 atoms cm−2.

was subtracted.

4.2.3 Parametrisation of detections
It is common in the literature, that the masks produced from the smoothed datacubes
containing a signal greater than or equal to 2σ around the object of interest are used
to define the regions of the H I emission of that particular detection (mask-method, e.g.
de Blok et al. 1996). These regions are then used to calculate all H I parameters of the
detections, such as the integrated fluxes and the profile widths. A disadvantage of this
method is that it also includes positive 2σ noise peaks in the masks. While for the bright
H I sources the effect of the including positive noise peaks is negligible, this does not hold
any more for those objects for which the H I flux is small. Inclusion of only “positive”
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noise peaks above 2σ introduces a systematic overestimate of the total H I flux. For the
latter type of objects less biased estimates of the H I parameters can be obtained by
defining a box around the detections and using all pixels within the box to obtain the H I
properties of the object (box-method). We will demonstrate this using data from this
follow-up study.

We measured integrated H I fluxes Sint of 23 detections from the follow-up study
using both methods. For the first method, we created masks which correspond to the
2σ emission selected around the detections in the datacubes smoothed to the spatial
resolution of 60 × 60 arcsec2. The total flux was obtained by integrating the flux in the
datacubes non-smoothed in the spatial domain within the regions defined by these masks.
For the second method we manually defined boxes placed around the H I emission. The
sizes of the boxes were approximately of the same spatial size in physical units as the
boxes used for the box-method in the WSRT CVn survey (see Chapter 2). In the velocity
domain, the size of the boxes had to be adjusted when compared to the corresponding
values in the survey because of the much higher velocity resolution in the follow-up study
(up to approximately 8 times higher velocity resolution). The new size of the boxes along
the velocity-axis was determined from visual inspection of the region around the detection
in (Ra,Dec), (Ra, V) and (Dec, V) planes. The integrated flux was obtained with the
MIRIAD task MBSPECT integrating the flux in the region defined by the box. The flux
values in both methods have been corrected for the primary beam attenuation.

We qualitatively compare the values of the integrated H I flux from these two different
methods applied to the data from the follow–up study with each other and with the
integrated fluxes obtained from the WSRT CVn survey. The results are presented in
Figure 4.2. The integrated fluxes from the box-method are systematically smaller than
the corresponding fluxes obtained with the mask-method for 21 from 23 detections (top-
left panel in Figure 4.2).

In the survey we used both the box– and the mask–method to measure Sint values.
The masks used in the survey were defined for each of the pixels around the position
of a detection as 3.5 times the noise value in that pixel and then slightly modified to
account for the beam size (more details are given in Chapter 2). Note that in the survey
we use a simple model to estimate the noise in each pixel. There is no systematic offset
between the Sint measurements with the two methods used in the WSRT CVn survey
(see left panel of Figure 2.5 in Chapter 2). As the final Sint value in the survey we used
the average value of the fluxes measured in the box around the detection and the masked
region around the detection.

The integrated fluxes from the survey are smaller than the Sint values measured from
the follow-up study using the mask method for all but one of the objects (top–right panel
in Figure 4.2). The integrated fluxes measured in the box-method are scattered around
the Sint values from the WSRT CVn survey, with a slight offset toward higher flux values
in the follow-up work (bottom–left panel in Figure 4.2). We compare the integrated
fluxes from the survey and from the follow-up studies obtained using the box-method
only. These agree very well (bottom–right panel in Figure 4.2).

Based on the qualitative comparison of integrated fluxes measured with different
methods, we discard the mask-method as inadequate for the analysis of faint H I objects.
We therefore use the integrated fluxes obtained from the box-method in the follow-up
study, and use the corresponding H I profile to measure the peak value in the spectra
Speak and profile widths at the 20% and 50% level of Speak.



132 Chapter 4: H I follow-up observations

Figure 4.2: Comparison of the integrated H I flux values. The top–left panel shows a com-
parison between Sint values from the follow–up studies estimated using the box-method vs. Sint

values estimated using the mask-method. A comparison between the Sint estimates from the
WSRT CVn survey and the follow–up study is presented in the rest of the panels. The top-right
panel shows Sint from the survey plotted against Sint obtained from the follow–up using the
mask-method , the bottom-left panel shows Sint from the survey vs. Sint from the follow–up
measurements with the box–method. The bottom–right panel presents a comparison of the Sint

values calculated using the box–method for the survey vs. follow–up estimates.

We used the MIRIAD task MBSPECT to measure these values, using the processes of
maximisation and minimisation. In the maximisation process the profile width has been
measured starting from velocities defining the box around a detection and searching the
spectra inward in velocity until the required fraction of the maximum in the spectra has
been reached. The profile width measurement in the minimisation process starts from
the velocity at which the object spectra has a maximum and proceeds outward until
the required percentage of the integrated peak flux has been reached. The profile width
at 20% (W obs

20 ) and at 50% (W obs
50 ) of the profile maximum of an object is calculated

as an average of the corresponding measurements from the processes of maximisation
and minimisation. There were 7 objects (objects with the WSRT–CVn indexes 7, 17,
25, 31, 34, 47 and 50) for which profile widths are different for the two processes used.
These differences can be inspected in the atlas presented in Section 4.5. We corrected
the profile widths W obs

20 and W obs
50 measured with MBSPECT for the finite resolution R



4.2: WSRT follow-up observations 133

of the instrument using

W res
20 = W obs

20 − 0.55R (4.1)

W res
50 = W obs

50 − 0.13R. (4.2)

These corrections are given by Bottinelli et al. (1990). We also applied these to the
data from the WSRT CVn survey. For the individual objects, these corrections were
calculated using different values of the resolution R, twice the velocity spacing (column 5
in Table 4.2) in the line datacube of each particular object. We do not correct the profile
widths for the turbulent motions of the gas. The standard procedure (see Chapter 2)
gives negative value for the profile width corrected for the turbulent motions for object
with the WSRT-CVn index 25. We will come back to this issue in Chapter 5.

The systemic velocity of the detection Vo has been calculated as the average value of
the centres of the four profile widths measured. Velocities are calculated in the barycen-
tric system and we transformed them to the Local Group frame using the correction from
Yahil et al. (1977)

VLG = Vo + 296 sinl cosb− 79 cosl cosb− 36 sinb (4.3)

where l and b are the galactic coordinates of the object. For four of the objects distances
have been measured using a primary distance indicator, and we obtained these from
the literature. For the remaining objects distances have been estimated from the VLG

measured in the follow-up observations, using D = VLG/H0, with H0 = 70 km s−1Mpc−1.
The uncertainties of the H I parameters derived as described above were estimated

from measurements repeated in boxes of different size. Five boxes of different dimensions
in the (Ra, Dec) plane were defined around each of the detections. Four boxes were larger
than the original box. The first one by 2 and 2 pixels in both Ra and Dec directions, the
second one by 4 and 4 pixels in both Ra and Dec directions, the third and the forth one by
2 and 4 pixels in Ra and Dec, and Dec and Ra directions, respectively. The fifth box was
smaller by 2 pixels than the original box in both Ra and Dec directions. The MIRIAD
task MBSPECT was used in a manner identical to the adopted parameter estimation in
the newly defined boxes around the detections. The errors in the parameters in the follow-
up studies were estimated by calculating the deviation of the five new measurements from
the adopted values

σ =
√

1/4× ΣN=5
i=0 (pari − parad)2. (4.4)

In the last equation, pari denotes one of the new measurements of the H I parameter par
which adopted value is parad.

To estimate the sizes of the objects, H I maps were created. For this purpose it is more
suitable to use the masked regions around the position of an object. We used previously
constructed 2σ masks defined around the detection in the datacubes smoothed to the
final resolution of 60 × 60 arcsec2. The masked regions were integrated along the velocity
axis to create the H I map. Because these masks included relatively large amounts of noise
for faint detections, the corresponding H I maps are also noisy. We used the MIRIAD
task IMFIT to fit 2-dimensional Gaussians to the H I maps. We measured the size of the
objects at an isophote of 1.25 × 1020 atoms cm−2. This level corresponds to a value of
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1 M� pc−2 in H I surface density for face-on objects. We also measured the centres and
the position angles of ellipses (or Gaussians) fitted to the objects.

The position-velocity (XV) diagram for each of the objects was created by calculating
a 2–dimensional slice through the cleaned 3-dimensional datacube along the kinematic
axis and along the velocity axis, centred on the position of the object obtained by IMFIT.
The kinematic axis for each object was determined by inspecting slices calculated for
varying position angles, each of them passing through the centre of the object. For this
we used the KARMA tool KPVSLICE. The axis for which the velocity gradient was
maximal (based on the visual inspection) was taken as the kinematic axis.

The velocity field defined by the H I emission was constructed by fitting single Gaus-
sians to the individual profiles in the datacube. We first calculated the first 3 moments of
the data in regions defined by the pixels in the 2σ masks. These estimates were then used
as the initial values in the GIPSY task GAUFIT. Gaussians were fit to profiles at the
pixels in which the flux value is at least 2 times the rms noise in the datacube. Only fits
which satisfy the following criteria were accepted: relative error of the profile amplitude
is less than 20%, error in the estimate of the profile centre is less than 15 km s−1 and
dispersion of the profile is less than 50 km s−1.

4.3 Results
4.3.1 Measured H I properties
We present the H I properties of the objects observed in Table 4.3 and Table 4.4. The
values of the parameters presented are obtained as described in the previous section.
Description of the columns is given below.

Table 4.3
Column(1): Identification of the object as given in the WSRT CVn survey.
Column(2): Designation of the counterpart of the H I detection from NED, using the
result of the cross-correlation procedure conducted in Chapter 2.
Column(3): Right ascension of the NED counterpart, given in J2000 in hr, min and
sec. For the objects not present in the available databases, the right ascension of
the centre of the Gaussian fitted to the H I map is given (objects WSRT-CVn-25 and
WSRT-CVn-42).
Column(4): Declination of the NED counterpart, given in J2000 in deg, min, sec. For
objects WSRT-CVn-25 and WSRT-CVn-42 the declination of the centre of the Gaussian
fitted to the H I map is given.
Column(5): Velocity in the Local Group frame, VLG in km s−1.
Column(6): Adopted distance to the object in Mpc.
Column(7): Flag indicating a previously known H I detection, according to the
literature. A previous detection in H I is indicated with 1; 0 means the object has been
detected for the first time in H I in the WSRT CVn survey.

Table 4.4
Column(1): Identification of the object as given in the WSRT CVn survey.
Column(2): Profile width measured at the 50% level W res

50 in km s−1 corrected for the
velocity resolution of the observations.
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Column(3): Uncertainty of W res
50 in km s−1.

Column(4): Profile width measured at the 20% level W res
20 in km s−1 corrected for the

velocity resolution of the observations.
Column(5): Uncertainty of W res

20 in km s−1.
Column(6): Integrated flux Sint in Jy km s−1, corrected for the primary beam
attenuation.
Column(7): Uncertainty of Sint in Jy km s−1.
Column(8): Peak in the global profile Speak in mJy, corrected for the primary beam
attenuation.
Column(9): Uncertainty of Speak in mJy.
Column(10): Major axis in arcsec, deconvolved with the beam.
Column(11): Minor axis in arcsec, deconvolved with the beam.
Column(12): Position angle in degrees, deconvolved with the beam.

At the end of this chapter we present an atlas of images created from the H I data.
For each of the objects studied one four-panel figure is presented.

The panel presented at the top-left shows an H I overlay over the optical XDSS B band
image. The contour levels represent H I column densities of 2,4,6,... × 1020 atoms cm−2.

The global H I profile is presented in the bottom-left panel. Points in the global
profile are constructed by integrating the flux in a box around the detection (created
with the MIRIAD task MBSPECT) in each (Ra, Dec) plane of the datacube. Fluxes
are corrected for the primary beam attenuation. Velocities are given in the barycentric
system. The dotted vertical lines correspond to the region in which the MBSPECT
analysis was carried out. The position of the peak in the integrated spectra is marked
with a solid circle. The open squares and crosses correspond to the position at 50% and
20% of the peak maximum when using the process of width-maximisation and width-
minimisation, respectively. The horizontal dotted line indicates the level of zero flux
density.

The top-right panel represents the H I velocity field. The grayscale corresponds to the
region where the velocity fit satisfied the given criteria. Continuous lines are isovelocity
contours. The thick black contour corresponds to the systemic velocity in the barycentric
system. The white thin contours and the darker grayscale correspond to the velocities
larger than the systemic velocity (in the case of rotation the receding side of the galaxy),
the black thin contours and the lighter grayscale correspond to the velocities smaller than
the systemic velocity (in the case of rotation the approaching side of the galaxy). Both
types of lines are plotted in steps of the velocity resolution for that particular object (2
times the value in column 5 in Table 4.2).

The XV diagram is shown in the bottom-right panel. Continuous white contours are
at levels 1.5, 3, 5, 7, 9, ... times rms noise in the datacube, calculated excluding the pixels
with emission larger than |5σ|. Dashed black contours correspond to the level at -1.5
and -3 times rms noise calculated as above. Velocities are presented in the barycentric
system. The vertical dashed line indicate the position of the centre of the 2-dimensional
Gaussian fitted to the H I map. The horizontal dashed line corresponds to the systemic
velocity of the object.
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4.3.2 Comparison of the follow-up data and the WSRT CVn sur-
vey data

The main goal of the follow-up observations was to achieve a higher velocity resolution of
the selected galaxies and get good insight into their kinematic properties. The integration
times of ∼ 6 hr per object in the follow-up studies were necessary to obtain a sensitivity
in each of the channels observed similar to the sensitivity achieved in the WSRT CVn
survey, where the total integration time per pointing was approximately 80.1 min and
the velocity resolution was about 33 km s−1.

In Figure 4.3 we show the relative differences between five parameters derived for the
sample of the H I objects in this follow-up studies and in the WSRT CVn survey, as a
function of the parameter value measured from the follow-up studies.

The differences in the integrated fluxes measured from the follow-up studies and from
the WSRT CVn survey span the range from -0.58 to 4.23 Jy km s−1, with a mean value
of the differences of 0.422 Jy km s−1. The mean difference in Sint is equal 1.35 times the
total uncertainty of the measured Sint, adding uncertainties from both the survey and
the follow–up studies. The uncertainties in the Sint values are estimated to be 0.240 Jy
km s−1 in the WSRT CVn survey and 0.072 Jy km s−1 in the follow-up studies (mean
value of the individual uncertainties given in column(7) in Table 4.4). Relative differences
between the Sint values measured in the follow-up studies and in the WSRT CVn survey
do not show a dependence on Sint.

We make a similar comparison for the objects for which the previous H I measurements
exist, using the Sint values from the HOMHI catalogue Paturel et al. (2003). There are
14 objects selected for the follow-up studies observed in H I previous to the WSRT CVn
survey. The mean difference between the follow-up integrated fluxes and the integrated
fluxes from the literature is 0.72 Jy km s−1. This positive offset between the integrated
fluxes from the WSRT CVn survey and the HOMHI catalogue values has been noted
before.

The differences between the integrated peak flux values in the follow-up work and
the WSRT CVn survey cover the interval from 0.003 to 0.225 Jy with a mean difference
of 0.033 Jy. All Speak values from the follow-up studies are larger than the Speak values
measured in the WSRT CVn survey. This is a result from the difference in velocity
resolution in these two studies. In the survey, the profile was smoothed over a much
larger velocity interval and the peak flux in the spectra therefore has a smaller value.

We use the MIRIAD task MBSPECT to measure the profile widths of the detections
both for the follow-up studies and the survey. We compare the profile widths measured
at 50% and 20% of the integrated peak flux for these two measurements, corrected for
the velocity resolution. The profile widths obtained in the follow-up studies with much
higher velocity resolution are smaller than the widths measured in the survey data for
most of the objects (there are 3 and 5 objects having measured larger velocity widths
at 50% and 20% respectively in the follow-up studies than in the survey). The relative
difference for the W res

50 and W res
20 values is most pronounced for the objects with small

values for W res
50 and W res

20 . The differences in the profile widths measured at 50% and
20% of the integrated peak flux in this studies and the WSRT CVn survey range from
-34.87 to 1.24 km s−1 and from -36.30 to 11.72 km s−1, respectively. Mean differences
are -11.17 km s−1 for W res

50 and -8.40 km s−1 for W res
20 . These large differences point out

that the correction used for the instrumental broadening may be inappropriate.



4.3: Results 139

Figure 4.3: Relative differences between the H I parameters of the detections from the follow-
up studies and the WSRT CVn survey. All but the second panel from the top show the differences
of the parameter values estimated in the follow–up studies and in the WSRT CVn survey di-
vided by a follow–up parameter value as a function of the follow–up parameter value: Sint(first
panel), Speak(third panel), W res

50 (forth panel), W res
20 (fifth panel) and VLG(sixth panel). The

relative difference between the Sint values from the follow–up and the HOMHI catalogue has
been presented in the second panel from the top. For the objects without the entry in the
HOMHI catalogue, Sint values have been indicated with the crosses using the zero value of the
relative difference in integrated fluxes.



140 Chapter 4: H I follow-up observations

Recession velocities of galaxies have been estimated in the same way in the follow-up
studies and in the WSRT CVn survey. The differences range between -14.33 and 18.50
km s−1 and the mean difference is -2.88 km s−1. The differences are smaller than the
velocity resolution of ∼33 km s−1 in the WSRT CVn survey.

4.3.3 Distributions of the properties of the H I detections
In Figure 2.11 of Chapter 2 we presented the various bi-variate distributions of the
parameters measured for the detected objects from the WSRT CVn data. Parameters of
the detections fill only certain parts of the bi-parameter planes and show some trends. It
is of interest to check if these trends changed with the better estimates of the parameters
from the follow-up survey. A comparison between the distributions of the parameters
obtained from the WSRT CVn survey only and the follow-up data combined with the
WSRT CVn data presented here is qualitative in nature.

In Figure 4.4 we combine the data obtained from the follow-up studies for 23 detec-
tions with the data collected from the WSRT CVn survey for the remaining 47 detections
without H I follow-up data.

The log-log plot of Sint vs. Speak shows the same trend as the corresponding relation
constructed from the WSRT CVn data only – peaks in the integrated fluxes are smaller
for the smaller Sint values. The fact that most of the detections in the follow–up studies
have larger Speak values does not change the Sint– Speak relation already established.

The distribution of the parameters in the Sint–W res
50 plane reflects broadly that the

more massive galaxies have higher H I fluxes. It has to be kept in mind that the measured
fluxes have to be multiplied with the distance squared to account for the total H I mass.
The difference between the plot presented here and the corresponding plot in Chapter 2
lies in the corrections applied to the profile widths used. While in Chapter 2 we use
W50 corrected for the instrumental and thermal broadening, W res

50 values used here are
corrected only for the finite velocity instrument resolution. Still, the trends seen for the
WSRT CVn survey data based on the profile widths corrected only for the resolution
effects would be practically the same, given that all 70 detections in the WSRT CVn
survey have corrections for the turbulent motions that are less than 5 km s−1, while 47
of all detections have corrections smaller than 2 km s−1. The new Sint–W res

50 distribution
follows the same trend as revealed by the survey data only, but it extends to the lower
profile widths and lower integrated fluxes obtained for the objects in the follow–up study.

We estimate new H I masses for 23 detections for which fluxes are available from
the follow-up studies. The H I mass of the individual detection, expressed in M� units,
has been estimated using the formulae MHI = 2.356 × 105×d2 × Sint. Here, d is the
distance to the object in Mpc (column(6) in Table 4.3), and Sint is the integrated flux
expressed in Jy km s−1 (column(6) in Table 4.4). For the majority of the detections
distances have been estimated from their velocities in the Local Group frame, assuming
the objects take part in the general Hubble flow. For 3 objects, we used independently
estimated distances from the literature. In Chapter 3 we provide a detailed description
and justification of the usage of the Hubble flow to derive the distances of objects with
small recession velocities measured.

The histogram distributions of the H I masses of all the objects detected in the WSRT
CVn survey are presented in Figure 4.5. The histogram presented with a continuous
line has been made using the H I masses obtained from the WSRT CVn survey. The
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Figure 4.4: Bi-variate distributions of selected parameters for objects detected in the WSRT
CVn survey. For objects observed with higher velocity resolution, new data have been used.
These objects are presented with solid symbols in the plots. For the rest of the detections, data
from the WSRT CVn survey have been used. They are shown with open symbols.

histogram presented with a dashed line has been made using the combination of the H I
masses from the follow-up studies for 23 objects and the H I mass estimates from the
WSRT CVn survey for the rest of 47 detections. The objects selected for the follow-up
studies have H I masses which fall in the lower part of the constructed histogram of the
H I masses. The follow-up studies and the survey have a similar sensitivity per adopted
channel spacing and there is no systematic offset between the survey and the follow-up
measurements of Sint and VLG, which were used both or only Sint to calculate new H I
masses. There is a slight shift in the number distribution of objects with different H I
masses.

Integrated fluxes and velocities estimated from the follow-up studies agree well within
the uncertainties with the integrated fluxes and velocities measured in the WSRT CVn
survey. This causes small differences in the H I mass values obtained from the follow-up
and the survey. For completeness, we investigate whether the new estimates of H I masses
derived from the follow-up observations affect the H I mass function (H IMF) derived from
the blind WSRT CVn survey. We construct the new H IMF function combining the mass
and the distance estimates of 23 objects from the follow-up observations and the mass
and the distance from the WSRT CVn survey for the rest of the total 70 objects detected
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Figure 4.5: Histogram distribution of H I
masses. Distribution of MHI values esti-
mated by combining the follow-up data for
23 detections and the WSRT CVn survey
data for 47 detections are presented with
the dashed line. Histogram distribution of
MHI values from the survey measurements
only are presented with the continuous line.

in the WSRT CVn survey. We use the Schmidt (1968) method to estimate the H IMF,
which consists of a summation in the mass bins of the inverse values of the maximum
volume in which an object can be placed and still remain within the detection limit
of the observation. We used the minimum integrated flux Sint = 0.2 Jy km s−1 and
the adopted bandwith of the WSRT CVn survey of 19.24 Mpc to derive the maximum
volume in which the object can be detected, the same values as used to derive the H IMF
in Chapter 3.

We present the new estimate of the H IMF in the left panel of Figure 4.6 (crosses).
The errors of the measurements in each bin have been estimated using Σ(1/V 2

max). The
H IMF estimated with the same method, but using only the WSRT CVn data, is presented
with empty circles, without errors. There is an excellent agreement between these two
H IMF estimates. All differences lie within 1σ errors of the new H IMF estimate, and
we observe the difference between the two measurements in the second and third lowest
mass bins. The Schechter function φ(MHI) = dN

d log(MHI) = ln(10)φ∗MHI

M∗

α+1
exp(−MHI

M∗
)

has been fit to the H IMF data points. The best-fit Schechter function to the H IMF
from the combined sample is slightly flatter (α = -1.01−0.92

−1.08 than the best-fit Schechter
function to the H IMF estimated from the survey data only (α = -1.08−1.00

−1.14), not taking
the completeness of the WSRT CVn survey into account.

We investigated the completeness of the survey in Chapters 2 and 3 using the sim-
ulated H I objects. Completeness of the survey has been defined as a fraction of the
simulated objects recovered from the datacubes, using search criteria identical to the
search criteria used in the WSRT CVn survey and using the same parametrisation as
for the real detections. The analytical form of the completeness has been derived as
a function of the Sint value of the object inserted in the datacubes. The H IMF esti-
mate, accounting for the completeness of the survey, has been derived using the Schmidt
method, multiplying the maximum volume in which an object can reside with the com-
pleteness derived for the Sint value measured for that object. One of the detected objects
had a completeness value below zero, and it was discarded from the H IMF estimates.
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Figure 4.6: The left panel shows the H IMF estimates from the follow–up and survey data
combined (crosses) and from the survey data only (circles). The right panel shows the H IMF es-
timates corrected for the incompleteness estimated from the follow-up and survey data combined
(crosses) and from the survey data only (circles). The value of the completeness correction for
each detection is adopted from the WSRT CVn survey. The dotted and continuous line represent
the best fit Schechter function to the combined sample and to the survey data, respectively in
both panels. Errors are represented only for the H IMF estimated from the combined sample.

We considered the H IMF corrected for the completeness effects as our final result. The
H IMF corrected for the incompleteness is presented with open circles and the Schechter
function constructed with the best-fit parameters to these points is presented with the
continuous line in the right panel of Figure 4.6. A more detailed discussion of the H IMF
derived from the WSRT CVn survey has been given in Chapter 3.

Next we assume that the completeness corrections derived for the detections, using
the Sint values from the survey, are valid for detections in the sample combined from the
follow-up and the survey data. In this case, the slope of the H IMF from the combined
sample (α = -1.02−0.93

−1.09) becomes shallower by 0.15, with respect to the H IMF estimated
from the survey (α = -1.17−1.10

−1.24). The direction of the change is consistent with the result
from Monte Carlo simulations, when adding uncertainties to the integrated flux values
(Section 3.4.5 in Chapter 3). The change of the slope is larger than in the simulations.
This is not too surprising knowing that the simulations were run with the uncertainty in
the integrated fluxes measured from the survey. The mean difference between integrated
fluxes from the follow-up and from the survey, available for 23 detections, is 1.35 times
the uncertainty from the survey and the follow-up study together. While there is 1σ
agreement between the H IMF derived directly from the combined sample and the H IMF
from the survey, the difference is much larger when the two H IMFs are corrected for
incompleteness. This difference probably reflects the inadequacy of the completeness
correction to the combined data. We consider the H IMF estimated in Chapter 3 as our
final result (represented by the continuous line in Figure 4.6).
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4.4 Discussion and conclusions
Galaxies selected from the extreme faint-end of the luminosity and/or H I mass functions
provide an excellent tool to study the theories of galaxy formation and evolution. Because
of their extreme properties, the smallest galaxies are very difficult to detect, and studies
at all wavelengths are limited to the very nearby Universe. In addition our knowledge
about the nature of these smallest galaxies is limited by the quality of the observations.
For example, for the smallest H I rich galaxies the issue of whether they are rotationally
supported is still under debate. Some of the studies point out that the velocity resolution
(e.g. Begum et al. 2006) and/or sensitivity (Skillman 1996) of the H I observation may
play a critical issue in revealing the rotational component in the velocity field pattern of
those H I smallest galaxies.

Encouraged by these conclusions, we obtained sensitive observations with high veloc-
ity resolution of 23 H I faint galaxies detected in the WSRT CVn survey in order to study
their kinematic properties in detail. The noise obtained in the high velocity resolution
datacubes is approximately of the same level as the noise reached in the datacubes from
the survey per adopted channel width. The velocity resolution in the datacubes used for
the data analysis goes ranges 4.1 to 12.4 km s−1 compared to the 33 km s−1 used in the
WSRT CVn survey.

The galaxies studied by us represent a unique sample of very low H I mass galaxies
at distances beyond 5 Mpc (20 of the galaxies from our sample have adopted distances
larger than 5 Mpc). Lo et al. (1993) studied a few galaxies at distances smaller than 5
Mpc. The galaxies studied by Côté et al. (2000) reside in the Sculptor and Centaurus A
groups of galaxies at distances of 2.5 Mpc and 3.5 Mpc, respectively. The most distant
galaxy from the sample of Begum et al. (2006) is at 4.21 Mpc.

In this work we do not make an attempt to derive a rotation curve for any of the
observed galaxies. We will discuss the rotation properties of galaxies inferred from their
global profiles, velocity fields and XV diagrams (presented in Section 4.5) and compare
them with the global profiles and XV diagrams produced from the survey data for the
same galaxies. For simplicity, in the following discussion we will refer to the detections
using only their WSRT-CVn indexes.

Profile width, measured from H I global profile, is widely used as a measurement of
the rotation velocity of a galaxy. This is an accurate estimate of the rotation velocity
for spiral galaxies, but this is less clear for dwarf galaxies. Global H I profiles are a
result of the convolution of a velocity field with a gas distribution in the object. The
global profiles of spiral galaxies whose kinematics is dominated by rotation are double-
horned, indicating the flat extended part of a rotational curve. Dwarf (irregular) galaxies
are characterised by global H I profiles of Gaussian shape. It is possible to produce a
Gaussian profile from a rotating galaxy, but the information obtained from the Gaussian
profile itself is not sufficient to conclude that rotation dominates the gas motions in
dwarfs Skillman (1996).

There was only one galaxy selected for the follow-up observation with a double-horned
global profile. That was the galaxy with id 7, and the double-horned shape of the profile
of this detection has been confirmed with the follow-up observations. A change of shape
of the profile of a galaxy from Gaussian in the survey data to double-horned in the follow-
up data has been clearly seen for detections with id’s 26, 52 and 57. There is a tentative
indication for a similar change for the objects with id’s 12 and 28, and perhaps with id’s
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13, 17 and 44.
After a first inspection of the XV diagrams produced from the follow-up data and the

survey data, the improvement of the structures seen in the XV diagrams is obvious, as
well as the obvious gradient in velocity seen for almost all of the detections. To be more
precise, this gradient has been already seen (sometimes only an indication) in the WSRT
CVn survey data for objects numbered 7, 9, 12, 24, 26, 41, 44, 45, 49, 52, 57 and 58.
Now, with the follow-up data this group of galaxies with a well defined velocity gradient
in the XV diagram can be extended with objects 11, 13, 17, 42, 47, 50 and 51. Galaxies
with indexes 25, 31 and 34 do not show any gradient in velocity in neither case. These
galaxies are just too faint and too small.

In addition, we constructed the velocity fields of the H I gas using the follow-up data.
Velocity fields which show an ordered component, indicating rotation, are galaxies with
id’s 7, 11, 12, 13 (possible), 17, 24, 26, 28, 44, 45, 47, 49, 51, 52 and 57. Five galaxies
in our sample appear to be dominated by chaotic motions instead of rotation. Those
are the galaxies with id’s 9, 41, 42, 50 and 58. Similar to the conclusion obtained from
the XV diagrams, galaxies with indexes 25, 31 and 34 are too small to draw a definite
conclusion about their kinematic properties from the velocity fields.

Using the global profiles, XV diagrams and the velocity fields of the H I gas, we can
divide the observed galaxies in three different groups with respect to their kinematic
properties. The majority of galaxies from the follow-up studies, 20 of them, show a clear
sign of a velocity gradient (or rotational support) from at least the XV diagram, and
in 15 cases also from the velocity field. Combining the shape of the global profile and
the XV diagrams, there is an indication that a flat part of a rotation curve has been
reached, at least at one side, for 6 detections. Using the follow-up data, we detect a sign
of rotation for 7 detections for which rotation is not visible in the survey data.

To conclude, in this Chapter we have presented results from the high velocity res-
olution WSRT 21-cm synthesis imaging data for 23 objects selected from the WSRT
CVn survey. These objects have been selected for the follow-up studies based on their
small H I masses obtained from the preliminary results from the WSRT CVn survey, and
measurable inclination as concluded from the optical images.

The H I parameters obtained from the follow–up studies show the expected trends
when compared to the H I properties of the same objects measured in the survey. Quan-
titatively, we study the relative differences between the H I parameters measured in the
follow-up studies and in the survey as a function of the parameters obtained from the
follow-up. The relative differences of Sint and VLG parameters are scattered around zero,
and the differences are noise dominated. The average difference in Sint values is equal to
1.35 times noise uncertainty added from both measurements. Due to the higher veloc-
ity resolution, Speak values in the follow–up studies are systematically larger than Speak

measurements obtained in the survey. The profile widths W res
50 and W res

20 are smaller for
detections with small profile widths than measured in the WSRT CVn survey.

The bi–variate distributions of the H I parameters constructed by combining the new
measurements for 23 objects and the survey measurements for the remaining 47 objects
show the same trends as the distributions constructed using the parameters from the
survey only. The H IMF constructed by combining the data from the follow–up study
and the survey agrees within the 1σ errors with the H IMF estimate using the survey
data only. However, applying the same completeness correction to the combined data, the
best-fit Schechter function steepens by 0.15 with respect to the adopted best-fit Schechter
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function constructed from the WSRT CVn survey.
From the figures containing global profiles, XV diagrams and velocity fields of the H I

gas, we conclude that 20 of the detections show a presence of rotation component. For 7
of these detections, velocity gradient have not been seen in the WSRT CVn survey data.

4.5 Atlas of the detections
In this Section we present the 4–panel figures for each of the 23 detections studied.
Individual panels have been described in Subsection 4.3.1. The top-left panel shows the
H I contours of the detection on top of the B band optical counterpart obtained from the
XDSS database. Velocity field of a detection has been presented on the top-right, global
H I profile on the bottom-left and XV diagram on the bottom-right.

When comparing the results presented in figures in this Chapter in Section 4.5, and
at the end of Chapter 2 in Section 2.7, it should be kept in mind that datacubes used for
the data analysis have been given with respect to different centres of coordinate systems
and using different definitions of velocity. The velocities presented in Section 2.7 in
Chapter 2 are given in the topocentric coordinate system, using the radio definition of
velocity. Velocities in the Figures presented here are given in the barycentric coordinate
system and use the optical definition of velocity. Data in the individual channels in
the follow-up data are more noisy, what is especially visible in the global profiles of the
datacubes produced with the highest velocity resolution.
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WSRT-CVn-7

WSRT-CVn-9
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WSRT-CVn-11

WSRT-CVn-12
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WSRT-CVn-13

WSRT-CVn-17
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WSRT-CVn-24

WSRT-CVn-25
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WSRT-CVn-26

WSRT-CVn-28
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WSRT-CVn-31

WSRT-CVn-34
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WSRT-CVn-41

WSRT-CVn-42
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WSRT-CVn-44

WSRT-CVn-45
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WSRT-CVn-47

WSRT-CVn-49
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WSRT-CVn-50

WSRT-CVn-51
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WSRT-CVn-52

WSRT-CVn-57
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WSRT-CVn-58
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5
Optical and H I properties of galaxies
detected in the WSRT CVn survey

We present broad-band photometry of galaxies detected in the WSRT CVn survey
with obvious optical counterparts (69 galaxies). For all galaxies we retrieved g, r
and i images from the Sloan Digital Sky Survey (York et al. 2000) Data Release 4
(Abazajian et al. 2005) archive. In addition, we obtained deeper B and R images
for 29 galaxies. The absolute magnitudes of the galaxies span a range from -11.3 to
-21.2 in the g-band. The median central surface brightness in the g-band is 22.4 mag
arcsec−2.
We combine the photometric and H I properties of galaxies to examine various scaling
relations. Faint galaxies generally have smaller H I masses and higher H I mass-to-
light ratios and their optical diameters are smaller than those of the brighter galaxies.
A possible interpretation may be that these small galaxies are less efficient in turning
gas into stars over their lifetime.
The Tully-Fisher (TF) relations constructed with the galaxies detected in the WSRT
CVn survey have substantially more scatter then the TF relations from the literature
as obtained for more massive and brighter galaxies, but the overall agreement between
the WSRT CVn and the literature TF estimates is very good. The scatter is also
large when constructing the Baryonic Tully-Fisher relation (BTF). Our data do not
indicate a break in the (B)TF relations established by more massive and brighter
galaxies. This may rule out the presence of strong feedback which is supposed to
expel the baryons from the dwarf galaxies (whose profile widths are larger than 15
km s−1).
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5.1 Introduction
When characterised by properties such as morphology, colours, total luminosity, stellar or
gas mass, galaxies follow a range of relationships. Amongst others, these include colour-
morphology (Holmberg 1958; Roberts & Haynes 1994) and colour-magnitude relations
(for early type galaxies Faber 1973 and Chester & Roberts 1964 for late-type galaxies).
Studies concerning relations which include the gas properties of galaxies, and its most
dominant component neutral hydrogen, reveal a correlation between H I and morpho-
logical type, with early type galaxies being generally H I poor (e.g. Roberts & Haynes
1994). The H I mass-to-light ratio shows a dependence on magnitude (luminosity), cen-
tral surface brightness and colour (e.g. Haynes & Giovanelli 1984; de Blok et al. 1996;
Geha et al. 2006).

The information obtained from various relations between a galaxy’s properties (which
are sometimes very simple) is indispensable in building a consistent picture of the evo-
lution of galaxies. Not to lessen the importance of establishing (and understanding)
relations between the various properties of galaxies, an important question to add is how
dwarf galaxies fit into these relations.

Dwarf galaxies are objects with low mass, low luminosity, low metallicity and small
size (Grebel 2001a). Depending on the author, dwarf galaxies are defined as objects
with an absolute magnitude greater than -16, -17, or even -18 (Skillman 1996). Galaxies
can be considered dwarf galaxies (or dwarf galaxy candidates) if their profile widths are
narrower than 130 km s−1 (Duc et al. 1999). Because of their extreme properties, the
smallest mass or the lowest luminosity galaxies are more difficult to detect, and they
are underrepresented in a number of studies. There is a possibility that they do not
follow the trends and relations established by samples of more luminous or more massive
galaxies.

Two main reasons can be listed to emphasise the importance of studying dwarf galax-
ies. First, these smallest systems have the shallowest potential wells, and therefore they
are most sensitive to the physical processes regulating the baryonic content, such as the
star formation feedback or ram pressure stripping. These processes are essential ingredi-
ents in the galaxy formation models and dwarf galaxies can very well test their effects.
Second, the number of dwarf galaxies proves to be a challenge for the standard cosmolog-
ical model. Based on the shape of the observed luminosity function, dwarf galaxies are
the most numerous type of galaxies in the Universe. Despite this fact, the known number
of such systems is at least ten times smaller than the number of small dark matter haloes
predicted to exist in the ΛCDM Universe (e.g. Klypin et al. 1999).

Dwarf galaxies come in a variety of types: dwarf irregular (dIrr) , blue compact
dwarf (BCD), dwarf elliptical (dE) and dwarf spheroidal (dSphs) galaxies (e.g. Ferrara
& Tolstoy 2000; Grebel 2001a define also type of dwarf spiral galaxies.) These four basic
types can be broadly divided in the class of late (dIrr and BCD) and early type (dE and
dSph) dwarf galaxies. The major difference between the two classes of dwarf galaxies
appears to be their star formation histories (Ferrara & Tolstoy 2000), which will leave
imprints in their H I content. Late-type dwarfs are gas-rich and star-forming galaxies,
with higher star-formation rates occurring in BCDs. Early-type dwarf galaxies usually
have no gas (down to the limits of the H I observations) and typically they are not forming
stars. It has been suggested that there might be a reservoir of gas outside of the central
parts of dSph galaxies, caused by supernova explosions and stellar outflows (Puche et al.
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1992; Bowen et al. 1997; Carignan et al. 1998).
In a dark matter dominated Universe, dwarf galaxies represent the type of galaxies

with the highest dark matter fractions (e.g. Persic & Salucci 1988; Pryor & Kormendy
1990; Mateo et al. 1993), with dynamic mass-to-light ratios as high as that of groups and
poor clusters (Carignan & Freeman 1988). The smallest galaxies known, such as Draco
and Ursa Minor, contain at least 99% of dark matter (Pryor & Kormendy 1990; Kleyna
et al. 2002).

Dwarf galaxies have been studied in great detail in the Local Group (Mateo 1998;
Grebel et al. 2003; Dolphin et al. 2005), where the faint end of the luminosity function is
constrained down to MR ∼ -9 (Trentham et al. 2005). Most of the observations of dwarf
galaxies were carried out in clusters (Binggeli et al. 1985; Ferguson & Sandage 1991).
These results indicate that the low luminosity galaxies in clusters tend to be red and to
have exponential light profiles (Barazza et al. 2003). Deady et al. (2002) report a new
population of dwarfs spectroscopically confirmed in the Fornax cluster - ultra compact
dwarfs (UCDs), which are very red and small for their (small) luminosities. In other
environments, the lowest luminosity galaxies are usually selected by selecting low surface
brightness (LSB) galaxies or galaxies which show some irregularities (Impey et al. 1996;
Schombert et al. 2001; Hunter & Elmegreen 2004). Karachentsev et al. (2004) released
a catalogue of nearby galaxies selected from the literature, which contains galaxies with
luminosities as low as MB ∼ -8. Unbiased samples of low luminosity galaxies are collected
from the wide field optical spectroscopic surveys, such as the still ongoing Sloan Digital
Sky Survey (SDSS, York et al. 2000).

The lowest luminosity galaxies which contain H I tend to have the highest gas mass-
to-light ratios when compared to more luminous objects (e.g. Warren et al. 2006). This
opens another window to search for the lowest luminosity (and mass) galaxies using
blind H I surveys. Many objects with low luminosities and low surface brightness have
been revealed by the H I Parkes All Sky Survey (HIPASS, Meyer et al. 2004) by cross-
correlating the HIPASS detections with the SDSS (West 2005).

Our blind H I survey of the nearby Universe (WSRT CVn survey, see Chapter 2) has
proven to be very sensitive to objects with low H I masses. From 70 objects detected in
the survey, a fraction of 53% has H I masses below 108 M� (based on the survey data)
and 86% have profile widths less than 130 km s−1, measured at 50% of the maximum in
the global profile obtained from the survey data. This makes the objects detected to be
good candidates for very low mass and low luminosity galaxies.

In this chapter, we present the photometric properties of objects detected in the
WSRT CVn survey and combine them with the H I properties. Special attention is given
to the question whether objects with the smallest H I masses or profile widths follow
the same relations established by more H I massive galaxies or galaxies with broader
profile widths. In Section 5.2 we describe the H I properties of the sample (used in this
chapter). In section 5.3 we present the optical data for the WSRT CVn galaxies. We de-
scribe the observations and literature data obtained, the data reduction and photometric
analysis, and we present the results relevant for the scientific goals in this chapter. In
Section 5.4 we combine the H I and optical data of the WSRT CVn galaxies and discuss
the relations obtained. In Section 5.5 we present the Tully-Fisher relations of the various
subsamples constructed from the WSRT CVn galaxies, while we present the Baryonic
Tully-Fisher relations in Section 5.6. We present our final conclusions in Section 5.7.
Throughout this chapter, we use value of Hubble constant H0 = 70 km s−1 Mpc−1,
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without implicit specification.

5.2 H I data
We have carried out a blind extragalactic 21-cm emission survey to make an inventory
of objects with small H I masses (smaller than 108 M�). The survey is targeted in the
region of the Canes Venatici (CVn) groups of galaxies, known to contain a large number
of dwarf and gas-rich galaxies (e.g. Binggeli et al. 1990; Kraan-Korteweg et al. 1999). The
observations were carried out with the Westerbork Synthesis Radio Telescope (WSRT)
during 2001, 2002 and 2004 with a total integration time of 60 × 12 hr. The survey covers
a region of approximately 86 deg2 on the sky and about -450 to 1330 km s−1in velocity.
In total, 70 detections have been found in the H I data. Only one of the detections,
WSRT-CVn-61, a few arcmin away from WSRT-CVn-62 (NGC4822), does not have an
optical counterpart. The survey and the resulting H IMF are presented in Chapter 2 and
Chapter 3, respectively.

We obtained H I follow-up data for 23 galaxies detected in the WSRT CVn survey.
The observations were carried out with WSRT during the spring of 2005 (10 × 12 hr).
These galaxies have H I masses in the range from 4.4 × 106 to 1.6 × 108 M�. The noise
per adopted channel width is similar to the noise achieved in the WSRT CVn survey.
The velocity resolution in the follow-up observations is, however, much higher than the
velocity resolution in the survey. After smoothing the data, the velocity resolution ranges
from 4.1 to 10.3 km s−1 in the follow-up observations, compared to the resolution of 33
km s−1 in the WSRT CVn survey. The follow-up observations and the H I parameters
obtained are presented in Chapter 4.

We will not use the WSRT-CVn-61 detection (no obvious optical counterpart), and
therefore in this chapter the WSRT CVn sample contains 69 galaxies. The H I proper-
ties of galaxies used in this chapter are from the combined H I sample. This sample is
constructed from combining the H I parameters obtained from the follow-up data for 23
galaxies (Chapter 4) and the H I parameters obtained from the WSRT CVn survey data
for the remaining 46 galaxies (Chapter 2). The same holds for the distances. If available
we use distances determined from primary or secondary distance indicators (excluding
Tully-Fisher relation). The choice for the distances adopted to the WSRT CVn detections
is justified in Subsection 3.3.1 in Chapter 3.

The profile widths observed in the survey and in the follow-up studies are corrected for
the finite resolution of the correlator. In both cases, we used the formalism of Bottinelli
et al. (1990) to carry out this correction, which is expressed as

W res
20 = W obs

20 − 0.55R (5.1)

W res
50 = W obs

50 − 0.13R (5.2)

for the widths at 20% and 50% of the maximum in the global profile, respectively. The
parameter R is the instrumental velocity resolution in km s−1.

To relate the observed profile width of a galaxy to its rotation properties, the res-
olution corrected profile widths have to be corrected for the broadening of the profile
caused by turbulent motions of the H I gas. The profile widths obtained in the WSRT
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CVn survey were corrected for this effect by applying the correction proposed by Tully
& Fouque (1985):

W 2
l = (W res

l )2 + W 2
t,l[1− 2e

−(
Wres

l
Wc,l

)2

]− 2W res
l Wt,l[1− e

−(
Wres

l
Wc,l

)2

], (5.3)
where the subscript l refers to the velocity widths at the levels l = 20% or l = 50% of
the maximum in the profile. We used values Wc,20 = 120 km s−1 and Wc,50 = 100 km
s−1 which are generally adopted in the literature. These values mark the occurrence of
the change in the profile shape from Gaussian (narrower profile widths) to boxy (broader
profile widths). There are no studies in the literature which provide specific values for
the Wt,20 parameters for narrow line systems. We adopted values of Wt,20 = 22 km s−1

and Wt,50 = 5 km s−1 which are directly related to the amount of turbulent motions.
These values are obtained by Verheĳen & Sancisi (2001) after applying the correction
for instrumental broadening by Bottinelli et al. (1990). For the instrumental broadening
method of Verheĳen & Sancisi (2001), the obtained Wt,l values are Wt,20 = 22 km s−1

and Wt,50 = 2 km s−1. In the case of the WSRT CVn galaxies, the majority of galaxies
have Gaussian-type profiles. For those galaxies, the maximum velocity which we measure
corresponds to a lower limit of the maximum rotation velocity in the case that galaxy
would have had an extended H I disk.

We apply the same procedure to the 20 detections from the follow-up sample to correct
the profile widths for broadening due to turbulent motions of the gas. For galaxies with
the WSRT-CVn indexes 9, 25 and 57 we adopt a different value for Wt,20. The main
reason is that using Wt,20=22 km s−1 gives a negative profile width for W res

20 WSRT-CVn-
25, while the W20 obtained for WSRT-CVn-9 and WSRT-CVn-57 is smaller than W50.
For these three objects, we use Wt,20 = 17 km s−1 and calculate their W20 widths using
equation 5.3. The chosen Wt,20 value corresponds to a gas velocity dispersion of 4.74
km s−1, as compared to 6.13 km s−1 for Wt,20=22 km s−1 as proposed by Verheĳen &
Sancisi (2001). This change in the velocity dispersion has physical justification, because
the velocity dispersion becomes smaller for the slowest rotators (but the relative influence
becomes larger).

In Chapter 4 we compared the profile widths measured from the survey and from the
follow-up data. We briefly mentioned that the systematic offset between the measured
profile widths reflects the insufficiency of the method of Bottinelli et al. (1990) which was
applied to correct for instrumental broadening. Verheĳen & Sancisi (2001) introduce an
other method to correct for the instrumental broadening. The correction is given by

W res
20 = W obs

20 − 35.8

√
1 +

(
R

23.5

)2

− 1

 (5.4)

W res
50 = W obs

50 − 23.5

√
1 +

(
R

23.5

)2

− 1

 . (5.5)

The meaning of parameters in the last equation is the same as discussed in the previous
text.

Here, we discuss the differences in the profile widths obtained by applying the two
different corrections for the instrumental broadening which we discussed above. We
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Figure 5.1: Comparison of the profile widths corrected for the instrumental broadening using
the method by Bottinelli et al. (1990) (open circles) and by Verheĳen & Sancisi (2001) (solid
triangles). Profile widths are measured at the 20% of the maximum in the profile and indexes “S”
and “F” refer to the measurements obtained from the survey and follow-up data, respectively.

present the relative differences between profile widths measured from the follow-up study
and the survey as a function of the follow-up and as a function of the survey values in the
left and right panel of Figure 5.1, respectively. The profile widths are corrected for the
instrumental broadening using the correction by Bottinelli et al. (1990) (open circles) and
by Verheĳen & Sancisi (2001) (solid triangles). When using the Bottinelli et al. (1990)
correction for the instrumental broadening, we observe a systematic relative difference
in the ratio of the difference between the follow-up and the survey measurements and
the follow-up W res

20 values, more pronounced for narrow profile widths. This effect is not
present when using the corresponding correction by Verheĳen & Sancisi (2001) instead,
suggesting a better performance of the correction method for instrumental broadening
given by Verheĳen & Sancisi (2001).

We also present here a comparison between the profile widths measured at 20% of
the maximum in the spectra corrected for both instrumental broadening and turbulent
motion, calculated by using the two methods to correct for the instrumental broadening
(Figure 5.2). We use Tully & Fouque (1985) method to correct for the turbulent motions
(equation 5.3). The values of Wt,20 parameters in the case when Bottinelli et al. (1990)
correction for instrumental broadening is applied are discussed above for all WSRT-CVn
objects. When applying correction for the instrumental broadening given by Verheĳen
& Sancisi (2001), we obtain Wt,20 values using the same reasoning as for the case of Bot-
tinelli et al. (1990) correction, described above. We used the correction for instrumental
broadening by (Verheĳen & Sancisi 2001) in combination with Wt,20 = 22 km s−1 and
Wt,50 = 2 km s−1 for the majority of objects, adopted from Verheĳen & Sancisi (2001).
For the objects with the WSRT-CVn id’s 25 and 43 we adopted Wt,20=17 km s−1. The
reason for this is that parameter Wt,20=22 km s−1 gives the negative value of the fi-
nal W20 for object WSRT-CVn-25, and it gives W20 much smaller than W50 for object
WSRT-CVn-43.

The profile widths corrected for the instrumental broadening using the correction by
Bottinelli et al. (1990) and using Wt,20 = 22 km s−1 in Tully & Fouque (1985) correction
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Figure 5.2: Comparison between W20

values calculated when using the cor-
rection for the instrumental broadening
by Bottinelli et al. (1990) and Verhei-
jen & Sancisi (2001). Galaxies for which
only survey data are available are pre-
sented with open circles. The values
of 23 galaxies for which the follow-up
data are obtained, are presented with
solid circles and crosses for the mea-
surements from the survey and follow-up
data, respectively.

for turbulent motion deviates systematically from the profile widths obtained using the
correction for the instrumental broadening by Verheĳen & Sancisi (2001) and using Wt,20

= 22 km s−1 value in Tully & Fouque (1985) correction for turbulent motion. The
profile widths obtained with the correction by Bottinelli et al. (1990) are larger for the
measurements from the data of lower velocity resolution (33 km s−1) and smaller for the
measurements from the data of higher velocity resolution (from from 4.2 to 12.4 km s−1),
than the profile widths obtained with the correction by Verheĳen & Sancisi (2001).

For the profiles measured at 20% of the maximum in the spectra in the follow-up
and survey data, the differences between the individual final profile widths are about 5
km s−1 (profile widths are smaller when using correction by Bottinelli et al. 1990) and
about 7.5 km s−1 (profiles are narrower when using correction by Verheĳen & Sancisi
2001), respectively. This is a major concern when studying individual objects. However,
we study only the statistical properties of the whole WSRT CVn sample of galaxies. We
will show later that the slope, zero-point and scatter of the TF relation constructed from
the WSRT CVn galaxies is not significantly different whether using either the Bottinelli
et al. (1990) or the Verheĳen & Sancisi (2001) correction for the instrumental broadening.
Also, the differences in the internal extinction corrections of the photometric quantities
(for which calculation we use the W20,i parameter) are negligible. Therefore, to be
consistent with our previous results, we will present our results in this chapter using the
correction by Bottinelli et al. (1990) to correct the profile widths for the instrumental
broadening. For a comparison with the literature results, however, we will use the same
corrections as the corrections applied to the literature samples.

We discussed the uncertainties in the H I parameters obtained from the data collected
as part of the survey and follow-up observations in Chapter 2 and Chapter 4, respectively.
We obtain the errors in MHI by assuming the uncertainties in the integrated flux only.
We use an error of 0.24 Jy km s−1 for the integrated fluxes measured from the survey
data (estimated in Subsection 2.4.1 in Chapter 2). For the remaining 23 detections of
the follow-up data, we use the errors in the integrated fluxes as listed in Column(7) of
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Table 4.4.
For the further calculations and discussion in this chapter, we will only use profile

widths measured at the 20% level of the maximum in the profile (so we will only discuss
errors in W20). For the profile widths measured from the survey data, we use an error
of 8.35 km s−1 for W20 (estimated in Subsection 2.4.1 in Chapter 2). This error is
approximately equal to half a channel width in the survey data. It is obtained from
Monte Carlo simulations, by using various objects and different positions of the objects
in the datacubes. The errors for the profile widths measured from the H I follow-up
data of the individual detections are listed in Column(5) of Table 4.4. These errors
reflect only the noise in the datacube around individual detections, and sometimes they
are very small. To take into account variations of the noise throughout a datacube, we
compare the values of errors given in Column(5) of Table 4.4 with the value of half of the
channel width for each of the detections with the follow-up measurement. Finally, we
adopt the larger of these two values to be the value of the error in W20 measured from
the follow-up data as more realistic.

5.3 Optical data
Three different types of optical data have been collected for the WSRT CVn galaxies. For
a sample of 29 galaxies detected in the WSRT CVn survey, we obtained broad band B
and R imaging data. For rest of the sample of galaxies detected in the WSRT CVn survey
we collected B magnitudes from the literature (available for an additional 29 galaxies).
The area of the WSRT CVn survey overlaps with the SDSS (York et al. 2000), first time
published in Data Release 4 (DR4, Abazajian et al. 2005). In the DR4 only imaging
data are available for the WSRT CVn area. In the following text we will indicate data
obtained from the SDSS database as SDSS data and data obtained from other sources
as literature data.

5.3.1 Data from the Isaac Newton Telescope
Observations and data reduction

During four nights in March and April 2005, we obtained broad band images in Harris
B and R filters for a sample of 22 pointings selected from the area covered by the WSRT
CVn survey. The primary goal was to obtain photometry for the 20 galaxies selected for
the H I follow-up observations (see Table 4.1 in Chapter 4), which could be observed using
18 pointings. In addition we used three pointings to observe WSRT-CVn-25, WSRT-CVn-
42 and WSRT-CVn-55 which have narrow profile widths and small H I masses. The last
pointing was on WSRT-CVn-61 and WSRT-CVn-62.

The data were obtained using the Wide Field Camera (WFC) on the Isaac Newton
Telescope (INT), La Palma, Canary Islands (from now on INT data). The WFC is a
mosaic with four thinned EEV 4K × 2K CCDs with a pixel size of 0.33 arcsec and a
total sky coverage of 0.29 deg2. All images were taken in B and R bands for 1800 s,
using three dithered exposures of 600 s each. Shorter dithered exposures of typically 300
s each, were taken for fields in which the targeted galaxy was in the vicinity of a very
bright star. For the photometric calibration, standard Landolt (1992) fields Sa101, Sa104
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and Sa107 have been observed several times during each night. Bias frames and evening
twilight flats have been taken every night.

The entire data reduction was carried out in the Astro-Wise system (www.astro-
wise.org), the Python-based software developed by OmegaCEN. The data reduction pro-
cess contained standard steps for the photometric data reduction. The data reduction
process has been carried out for each of the CCDs individually and separately for every
night. As a first step, the raw data were ingested into the database. From the biases
obtained, a master bias frame has been derived and subtracted from the images. After
that, images were flat-fielded using the twilight-flats. Images in the R pass-band were
corrected for fringing.

The observations were calibrated to Johnson B and Kron-Cousins R filters,
using stars in the standard Landolt fields (for the details in photometry see
www.astro.rug.nl/∼verdoes/blankenberge/verdoes1.pdf). Each of the standard frames
was astrometrically calibrated using the Leiden Data Analysis Center (LDAC) astrom-
etry solution (Deul 1998), enhanced in the Astro-Wise system. The solution is based
on pairing the input position catalogue (USNO-A2) with the catalogue of the objects
extracted from the standard frames. The extinction was derived from the two standard
field observations taken at two different airmasses during the night of 2 April 2005 for
each CCD individually and then averaged. Zero-point values are derived for an airmass
of 1.0, including the effect of extinction. For quality control we deduced the zero-point
values for 3-4 observations per night for each of the chips. By analysing these zero-points
over the whole observing run, we concluded that conditions were photometric and in-
strument was stable. We adopted a single representative zero-point and airmass unity
extinction for the whole run. The zero-points derived for the night of 2 April 2005 was
judged to be best representative and used for all data. The standard deviation of the
magnitudes of stars used for the photometric calibration is of the order 0.1 mag.

Science frames were astrometrically calibrated following the same procedure as the
frames containing the standard Landolt fields. The background in the individual ex-
posures has been subtracted using background map produced by SExtractor (Bertin &
Arnouts 1996), which is a bicubic-spline interpolation between the grid points. The val-
ues in grid points are locally estimated by combining σ clipping and mode estimation.
Final images are produced by combining all reduced exposures of one pointing from all
4 CCDs using SWarp (ftp://ftp.iap.fr/pub/from_users/bertin/swarp/).

Determination of magnitudes

One of the main goals of the optical follow-up observations of the galaxies detected in the
WSRT CVn survey is to compare the optical luminosities to the H I mass contained in
the H I detected galaxies. Therefore, it is important to measure the total light emitted in
the pass-band observed. From various studies, as well as from the inspection of our own
INT images, it is clear that galaxies with small H I masses have irregular morphologies
and low surface brightness in the optical. The magnitude measured within the 25th
mag arcsec−2 isophote, often used, is not a good measure of the total luminosity of LSB
galaxies, as in some cases only a few percent of the total light of a galaxy is emitted within
the 25 mag arcsec−2 isophote (de Blok et al. 1995). Integrating the profile of a galaxy,
obtained by fitting ellipses to the isophotes, is another way to estimate the magnitude
of a galaxy. Fitting ellipses to galaxies with irregular morphologies and/or low surface
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brightness is not always straightforward. These galaxies often show irregularities in
the light distribution, or the galaxy does not have a well defined centre. Nevertheless,
the magnitude obtained by extrapolating and integrating the profile of a faint galaxy
to infinity provides a better estimate of the total light than the magnitude determined
inside of a fixed isophote.

For the ellipse fitting, smaller images around the targeted galaxies were cut out. These
images were inspected and bright stars and galaxies close to the galaxy of interest were
masked manually. The masking was carried out using the images in the R band and the
same masks were applied to the corresponding images in the B band. In this way the
measured photometric quantities refer to the same regions observed in both filters.

The initial position of the centre of a galaxy was obtained using the SExtractor pack-
age (Bertin & Arnouts 1996). This process failed for galaxies with a lot of substructure.
The initial position of these galaxies was estimated by eye. The ellipse fitting was carried
out using the GALPHOT package (Franx et al. 1989; Jorgensen et al. 1992). The ellipse
parameters were determined with logarithmic steps in radii. We started fitting at the
innermost radius of 0.33 arcsec, growing the radius in each consecutive step by 1.1 times
the size of the previous radius. The radius r of each ellipse is defined as r =

√
ab, where

a and b are the major and minor axis of the ellipse, respectively.
The ellipse fitting was done in two steps. In the first step of the fitting process, the

centres, position angles and ellipticities of ellipses were allowed to vary. In the second
step, all three parameters were fixed, and their values were chosen from the values of the
outer isophotes. The outer isophote was chosen after visual inspection of the modelled
galaxy, such that typically the relative error in intensity averaged over an annulus was
less than 15%. The error corresponds to the standard deviation of the intensities in
each pixel within the annulus. The selected values of the centre, position angle and
ellipticity were used as fixed parameters for the second iteration of the ellipse fitting
process. The orientation parameters found in the R-band were then used to extract the
B-band azimuthally averaged profiles as well.

Most of the galaxies do not show a clear central concentration of light, so we did not
make any attempt to make a decomposition into a disk and a bulge components. The
surface luminosity profiles of late-type galaxies can be approximated by an exponential
disk of the form

I(r) = I0exp
(
− r

h

)
, (5.6)

where the parameter I is the central luminosity of the disk expressed in linear units (L�,λ

pc−2), and h is the exponential scale length of the disk (de Vaucouleurs 1959). When
expressed in magnitudes, this become a linear relation

µ(r) = µ0,extr + 1.086
( r

h

)
. (5.7)

Here, the central surface brightness µ0 of the disk is in logarithmic units (mag arcsec−2).
The total integrated magnitude of an exponential disk, extrapolated to infinity, can be
calculated using

mexp = µ0,extr − 2.5log(2πh2), (5.8)
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where h is obtained along r =
√

ab. The central surface brightness µ0 and the scale
length h of the galaxies observed with the INT were obtained by fitting a straight line
to the surface brightness profiles, excluding the innermost and outermost points. The
innermost points with r ≤ 2.5 arcsec were excluded from the fit. In the outer part, we
did not use points beyond radius at which the surface brightness in the annulus drops
below 1% of the sky brightness. We used values of 21.3 and 22.4 mag arcsec−2 as the
approximate values of the sky brightness in the R and B pass-bands, respectively. If the
corresponding radii were different in the R and B pass-bands, the smaller radius was
adopted to define the last reliable point in the galaxy profile in both of the pass-bands.

The central surface brightness µ0,extr used for the calculation of the total extrapolated
magnitude mexp is however, just the extrapolated value from the linear fit to the measured
reliable points. It will differ from the real central surface brightness if the profile has a
central peak or flattening. To take this into account, we used a more general method to
calculate the total magnitude, assuming that light falls exponentially only in the outer
part of a galaxy profile. We calculated the total magnitudes mtot in two steps. First, we
summed the average fluxes determined in each of the fitted ellipses multiplied with the
area of that annulus to a radius determined by the last reliable point in the profile. This
magnitude was corrected by adding the contribution of the light from the outer part of
the galaxy beyond the reliable points. This contribution was calculated by extending the
profile to infinity by fitting a linear function to the last 6 reliable points in the profiles
(see de Jong & van der Kruit 1994). (We used the same conditions to adopt the last
reliable point in the profile as for the mexp calculation.)

For comparison, we measured also the isophotal magnitudes at the surface brightness
of 25 mag arcsec−2, m25. Following Swaters & Balcells (2002), we also measured the
observed central surface brightness µ0,obs from a linear extrapolation of the points with
r ≤ 3 arcsec to r = 0 arcsec. In most cases, galaxies detected in the WSRT CVn survey
have an exponential inner profile, and this is a reasonable approximation to the real
central surface brightnesses.

Extinction and inclination corrections

The observed surface brightnesses and magnitudes are affected by extinction from the
presence of dust in both our Galaxy and in the galaxy itself. We corrected for Galactic
foreground extinction AG,λ using the values based on dust maps of our Galaxy provided
by Schlegel et al. (1998).

The correction for internal extinction Aint,λ is more uncertain. The well known cor-
rection from Tully & Fouque (1985) assumes the same relation between disk scale height
and optical depth for all galaxies. In the literature several extinction corrections have
been proposed: as a function of morphological type (Valentĳn 1990; Han & Mould 1992;
Giovanelli et al. 1994; Gavazzi & Boselli 1996), absolute magnitude or rotation velocity
(Tully et al. 1998). Here, we use the correction suggested by Tully et al. (1998) which is
expressed as

Aint,λ = γλlog(a/b) (5.9)

where (a/b) is the observed optical axis ratio and γλ is a function of line width depending
on the observed wavelengths λ as:
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γB = 1.57 + 2.75(logW20,i − 2.5) (5.10)

γR = 1.15 + 1.88(logW20,i − 2.5). (5.11)

for the inclination corrected profile width

W20,i =
W20

sini
, (5.12)

where we used the W20 parameter from the combined H I sample. The inclination i has
been calculated from the ellipticity ε adopted for that galaxy using

cos2i =
(b/a)2 − q2

0

1− q2
0

(5.13)

where q0, the edge-on axial ratio of the disk, is taken to be 0.2. In the case when W20,i

< 85 km s−1, we take γλ = 0.
The corrected apparent magnitudes then are

mc
λ = mmeas,λ −AG,λ −Aint,λ, (5.14)

where index meas stands instead of exp and tot. The surface brightnesses need an
additional correction for the inclination to get the face-on value:

µc,i
λ = µmeas,λ −AG,λ −Aint,λ − 2.5log(b/a) (5.15)

assuming a transparent stellar disk after applying the Galactic foreground and internal
extinction corrections. Index meas stands instead of extr and obs.

The sample of galaxies studied is in the nearby Universe, at distances less than 20
Mpc, so no k-correction is necessary.

Sample properties

This chapter mainly focuses on how the light relates to the H I properties of the H I
selected galaxies. Briefly, we present here the differences between the photometric quan-
tities measured using different techniques and the distribution of parameters derived
from the profile fitting analysis. We discuss these issues using the measurements in the
B-band only. Index “Gc” denotes that photometric quantities are corrected only for
Galactic extinction.

The left panel of Figure 5.3 shows the difference between mGc
tot and mGc

exp magnitudes,
while the right panel of Figure 5.3 shows comparison of µGc,i

0,extr and µGc,i
0,obs values. The

µGc,i
0,obs values are systematically smaller than the µGc,i

0,extr values, indicating that the major-
ity of galaxies from the INT sample shows a central flattening. We have not investigated
further how much of this effect is caused by seeing. However, there is no systematic
offset between the mGc

tot and mGc
exp magnitudes, indicating that the total light of galaxies

can be well retrieved when the distribution of light in galaxies is approximated with an
exponential function.

In Figure 5.4 we demonstrate the importance of calculating the total magnitude in-
stead of using the 25th isophotal magnitude in order to measure the total light emitted by
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Figure 5.3: Left: Comparison between the total and exponential disk magnitudes for the INT
B-band data. Magnitudes are corrected for Galactic foreground extinction. Right: Comparison
between the extrapolated and observed central surface brightnesses for the INT B-band data.
Central surface brightnesses are corrected for Galactic foreground extinction and inclination.

Figure 5.4: Comparison between the total magnitudes and magnitudes within the 25-th
isophote for the INT B-band data. The difference is presented as a function of the total mag-
nitude (left) and the extrapolated central surface brightness (right). Magnitudes are corrected
for Galactic foreground extinction. Central surface brightnesses are corrected for Galactic fore-
ground extinction and inclination.

a galaxy. Magnitudes measured within the 25th isophotes systematically underestimate
the amount of light present as measured by total magnitudes. The difference between
these two magnitudes becomes larger for fainter galaxies and galaxies with lower surface
brightness, and may reach up to more than 2 mag.

Some properties obtained from the ellipse and profile fitting are presented in Fig-
ure 5.5. The position angles PA are presented in the upper left panel. This distribution
is consistent with being flat, as expected for a sample of randomly oriented galaxies.
The distribution of ellipticities ε is presented in the lower left panel. The gap in the
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Figure 5.5: Properties of the INT B-band sample. Distributions of position angles, B-band
scalengths, ellipticities and B-band central surface brightnesses corrected for Galactic extinction
and inclination for 29 galaxies with the available INT photometry are presented in the top-left,
top-right, bottom-left and bottom-right panels, respectively.

distribution at low ε values indicates the shortage of galaxies with circular disks. The
gap at high ε values is due to the finite thickness of the disk. The distribution of disk
scale lengths h(B) recalculated here along the major axis a (by multiplying “h” from the
fit in equation 5.7 by

√
1/(1− ε)) is shown in the upper right panel. The galaxies in the

INT sample have generally small disk scale lengths, ranging from 0.1 to 1.1 kpc, with a
median value 0.41 kpc. The distribution of extrapolated surface brightnesses is shown
in the lower right panel. These values are corrected for Galactic foreground extinction,
internal extinction and inclination. The parameter µGc

0,extr,B ranges from 20.6 to 25.0 mag
arcsec−2, with a median value of 23.2 mag arcsec−2.

5.3.2 SDSS data
Total magnitudes and extinction corrections

The SDSS is surveying one quarter of the sky at optical wavelengths, using a dedicated
2.5 m telescope at Apache Point Observatory, New Mexico (York et al. 2000). The
SDSS data is taken in five photometric pass-bands: u, g, r, i and z, where the limiting
magnitude for a point source is 22, 22,2, 22,2, 21,3 and 20.5 at the 95% completeness
level, in the five given pass-bands respectively. The pixel scale is 0.396” per pixel and
the average seeing is 1.4”. The uncertainty in the overall photometric calibration are 2%,
3%, 2%, 2% and 3% for r, u − g, g − r, r − i and i − z, respectively (Abazajian et al.
2005).

Raw SDSS data is reduced using specialised automatic pipelines (Lupton et al. 2001;
Stoughton et al. 2002; Pier et al. 2003; Tucker et al. 2006) and the products are stored
in tables. The photometric parameters for all SDSS objects are stored in an on-line
database, but these data are unreliable for galaxies with large angular extents (West
2005). To be able to use the photometric data for the latter galaxies, collected as a part
of the SDSS, a new set of techniques optimised for reducing large galaxy photometry
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using the SDSS imaging data is developed by West (2005, see especially Chapter 3
and Appendix A of his thesis). Three major problems are identified in the SDSS data
reduction connected to the reduction of large galaxies. These are deblending, inclination
effects and sky subtraction.

The photometric parameters available through the SDSS on-line database at the
positions of the WSRT CVn galaxies cannot be used as they measure only a bright
(star-forming) region of a galaxy, or multiple bright regions spread throughout a galaxy.
To make use of the SDSS imaging data available for the WSRT CVn galaxies, A. West
applied his software tools on the SDSS imaging data containing galaxies detected in the
WSRT CVn survey and kindly provided the reduced images for our use. Sky subtraction
was performed on each individual SDSS field containing a sample galaxy. The SDSS
corrected frames (fpC files) were used for this procedure. All objects in a field were
masked out and a tilted plane was fit to the remaining sky pixels. Each field was then
converted to “nano-maggies” (“maggy” is the ratio of the flux density of the object to a
standard flux density) using the appropriate tsField file (a fits binary table which contains
parameters relevant for the entire field). For more details see West et al. (in prep). In
the case where a sample galaxy crossed multiple fields, the fields were sky subtracted
and then mosaicked. (For the explanation of the terms see http://www.sdss.org).

The “new” photometrically calibrated SDSS images are available for all 69 galaxies
detected in the WSRT CVn survey in five SDSS bands. After a visual inspection of the
images, we decided to use only data in g, r and i pass-bands, because of the very low
signal-to-noise ratio of the faint galaxies in u and z pass-bands. The SDSS data are much
less deep than the INT data, and we used the images obtained in the g pass-bands for
masking and selection of the orientation parameters, since they are the most sensitive
(the g filter is the broadest of the SDSS filters), although light in this pass-band is more
affected by dust than in the r or i pass-bands.

We carried out the surface photometry analysis of these images following the surface
photometry analysis of the INT data. Images in the g pass-band were inspected visually
and bright stars and other objects around the targeted galaxies were masked. The
GALPHOT package was used to carry out the ellipse fitting, following the same two-step
fitting process as for the INT data, starting the fitting at radius of 0.396 arcsec. The
masks and orientation parameters obtained from the images in the g pass-band were used
to carry out the ellipse fitting procedure in the r and i pass-bands.

In each of the three pass-bands, three magnitudes were measured for each of the 69
galaxies: mGc

exp, mGc
tot and mGc

25 and two central surface brightnesses: µGc
0,extr and µGc

0,obs.
For the profile fitting, the first reliable point was adopted at a radius r > 2.5 arcsec. The
last reliable point was adopted at a radius for which the estimated relative error in the
intensity averaged over an annulus is less or equal than 15% for most of the galaxies. For
galaxies with the WSRT-CVn id’s 2, 8, 28, 31, 43 and 68 the maximum error allowed was
taken to be 20% and for galaxies with the WSRT-Cvn id 30 the maximum error allowed
was 40%. The reason for the greater maximum error accepted in the average intensity is
the larger errors in some of the points near to the centre of a galaxy.

The extinction correction was applied using the same formalism as for the INT data.
Schlegel et al. (1998) provide the Galactic foreground extinction values also for the SDSS
filters. That is not the case for the γλ parameter used in the internal extinction cor-
rection model from Tully et al. (1998). To estimate the γλ values in the g, r and i
pass-bands, we first obtain the Galactic extinction values in these pass-bands relative to
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the I pass-band using the results from Schlegel et al. (1998). The internal correction
found by Tully et al. (1998) is “redder than the Galactic reddening law”. We obtain
the additional amount of reddening with respect to the Galactic extinction in g, r and
i pass-bands by interpolating the amount of reddening in the pass-bands given in Tully
et al. (1998). First, we calculate the difference between the ratios of the coefficients for
the internal and Galactic absorption in the I and B pass-bands, ∆Aint/G,I−B. For the
g-band, we obtain the additional reddening by scaling the difference ∆Aint/G,I−B with
a ratio of the differences in the effective wavelengths of the filters λeff,I - λeff,B and
λeff,I - λeff,g. Using the effective wavelengths of the r and i pass-bands, we obtain the
additional reddening by calculating corresponding fractions of ∆Aint/G,I−B. By adding
this additional correction to the ratios between Galactic extinction in the I and in the
g, r and i pass-bands, we calculate the internal extinction values for g, r and i relative
to the I pass-band to be γg/γI = 1.57, γr/γI = 1.28 and γi/γI = 1.05, respectively. For
the I pass-band, Tully et al. (1998) provide

γI = 0.92 + 1.63(logW20,i − 2.5). (5.16)

The profile widths W20 are from the combined H I sample, corrected for inclinations
obtained from the optical images. For galaxies for which the INT photometry is avail-
able, we used the inclination from these data. For the rest of the galaxies, we used the
inclination derived from the SDSS images.

Sample properties

The comparison between the magnitudes and central surface brightnesses calculated using
two methods for each quantity is presented in Figure 5.6. The photometric quantities
used here are corrected only for Galactic extinction. In the left panel a comparison
between mGc

tot and mGc
exp in the g-band is presented. There is no obvious systematic offset

between those two quantities, what suggests that profiles of galaxies from the WSRT CVn
sample can be reasonably well modelled assuming an exponential distribution of light in
the disk, for the purpose of obtaining the total light emitted by a galaxy. The image
in the right panel suggests that µGc

0,extr
i overestimates the real central surface brightness

approximated with µGc
0,obs

i for most of the galaxies from the WSRT CVn sample. As
mentioned earlier, this effect may be caused by seeing. Even though the differences in
the observed and extrapolated central surface brightnesses can reach up 3 mag arcsec−2,
the general consistency between the mGc

tot and mGc
exp magnitudes reflects the fact that

central part of galaxies in the observed sample does not constitute a significant fraction
of the total light emitted. This may also correspond to the case that these galaxies do not
have well defined centres (but still their light distributions is reasonably well described
with the exponential profiles).

The sample of all WSRT CVn galaxies includes also galaxies which are more bright
than only galaxies in the INT sample. Still, the magnitudes measured within the 25th
mag arcsec−2 g-band isophote systematically underestimate the light emitted as mea-
sured by the total magnitudes for almost all galaxies. The difference between the total
and isophotal magnitude (measured within the 25th mag arcsec−2 g-band isophote) is
presented in Figure 5.7 as a function of total magnitude (left) and extrapolated central
surface brightness (right). The difference becomes larger for fainter galaxies and galaxies
with lower surface brightnesses and reaches a maximum value of -3.12 magnitudes.
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Figure 5.6: Left: Comparison between the total and exponential disk magnitudes for the SDSS
g-band data. Magnitudes are corrected for Galactic foreground extinction. Right: Comparison
between the extrapolated and observed central surface brightnesses for the SDSS g-band data.
Central surface brightnesses are corrected for Galactic foreground extinction and inclination.

Figure 5.8 shows four distributions of parameters obtained from the ellipse and pro-
file fitting procedures. The open histograms represent the distribution of all 69 galaxies
from the WSRT CVn survey. Shaded histograms mark the distributions of parameters
obtained from the SDSS data for galaxies for which INT data are also available. The
upper left panel shows the distribution of PA angles. This distribution appears almost
flat. The distribution of ellipticities ε, presented in the lower left panel, shows an absence
of circular disks at low ellipticities and an absence of infinitely thin disks at high elliptici-
ties. The scale length distribution h(g) along major axis a is presented in the upper right
panel. The values of h(g) range from 0.1 to 6.3 kpc, with a median value 0.64 kpc. For
the subsample of galaxies with the INT data, h(g) lies in the interval from 0.1 to 5 kpc,
with the median value of 0.53 kpc. The extrapolated central surface brightness µGc,i

0,extr(g)
is presented in the lower right panel. The distribution spans a range from 19.1 or 20.3 to
25.2 mag arcsec−2 for all galaxies and for galaxies with the INT data, respectively. The
median µGc,i

0,extr is 22.4 and 22.6 for the same two samples, respectively.

5.3.3 Total optical sample
Absolute magnitudes of galaxies in all pass-bands are calculated using the distances
to the galaxies from the combined H I sample. To obtain luminosities, solar absolute
magnitudes of 5.47 and 4.46 in Johnson B and Kron-Cousins R pass-bands, respectively,
have been adopted (Cox 2000; Bessell 1979). For the SDSS pass-bands, we assumed
solar absolute magnitudes of 5.15, 4.67 and 4.56 in g, r and i respectively, following
Bell et al. (2003). For 29 galaxies with available INT data, we adopt the ellipticities
and inclinations from those measurements. For the remaining 40 detections we used the
ellipticities and inclinations obtained from the SDSS data.

For 43 galaxies from the WSRT CVn sample (29 galaxies additional to the B-band
INT sample), HYPERLEDA provides B-band total apparent magnitudes. We collect
the magnitudes already corrected for Galactic extinction. We correct these magnitudes
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Figure 5.7: Comparison between the total magnitudes and magnitudes at the 25-th isophote
for the SDSS g-band data. The difference is presented as a function of the total magnitude
(left) and the extrapolated central surface brightness (right). Magnitudes are corrected for
the Galactic foreground extinction. Central surface brightnesses are corrected for the Galactic
foreground extinction and inclination.

Figure 5.8: Properties of the SDSS g-band sample. Distributions of position angles, g-band
scalengths, ellipticities and g-band central surface brightnesses corrected for Galactic extinction
and inclination for 69 galaxies with the available SDSS photometry are presented in the top-
left, top-right, bottom-left and bottom-right panels, respectively. The smaller dashed histograms
corresponds to the same distributions obtained by including only galaxies for which the INT
data are available.

for internal extinction following the same prescription as for the INT B-band data. The
inclinations, profile widths and distances for these galaxies are taken from our sample.

In Figure 5.9 we present a comparison between the photometric quantities measured
from the INT and SDSS data sets for 29 galaxies: total apparent magnitudes, ellipticities,
position angles and scalelengths. We compare the total apparent magnitudes obtained
from the INT data in R and the from the SDSS data in r. There is an overall good
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Figure 5.9: Comparison of photometric quantities derived from the INT and SDSS data
sets. Comparison between the R and r-band apparent magnitudes, ellipticities, position
angles and scale lengths measured from the INT and SDSS data for 29 WSRT CVn
galaxies are presented in the upper-left, upper-right, lower-left and lower-right panels,
respectively.

agreement between these red magnitudes. However, for two galaxies, WSRT-CVn-40
and WSRT-CVn-47, the differences in magnitudes are larger than 1 mag, reflecting the
poor fit to the SDSS data of these two galaxies. In addition the ellipticities, position
angles and scale lengths obtained from the two data sets are generally consistent with
each other. The ellipticities measured from the INT data tend to be higher than the
ellipticities obtained from the SDSS data. There is a substantial difference in the scale
lengths measured in the R and r pass-bands for WSRT-CVn-40 again. Due to the poor
fit, we exclude objects WSRT-CVn-40 and WSRT-CVn-47 from any further consideration
when using the SDSS data (except when using the optical diameters, which are measured
directly from the data).

Errors in magnitudes were derived by propagating the formal errors in the average
intensities obtained during the ellipse fitting process. For the INT data, the mean error
in magnitude is 0.04 in both B and R pass-bands. For the SDSS data, mean errors in
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the magnitudes are 0.05, 0.05 and 0.06 in the g, r and i pass-bands, respectively. For
43 galaxies with the literature B-band magnitudes, the mean value of the errors in the
magnitudes is 0.35. We neglect the uncertainties in distances in calculating the errors
in absolute magnitude, as we have neglected them in the calculation of the errors in the
H I mass. The errors in magnitude do not include the uncertainty in the photometric
calibration (in the zero-point value).

The errors in inclination are estimated as the standard deviation of the inclinations
measured at the last six reliable ellipses, obtained in the ellipse fitting process, with
respect to the inclination adopted for each galaxy. In this way, errors in inclinations for
galaxies for which there is no change in the ellipticity in outer ellipses are consistent with
null error. Even in the case of small errors, fitted models (produced by GALPHOT) do
not necessary match the true properties of galaxies. We described in Subsection 5.3.1 and
Subsection 5.3.2, while describing the ellipse fitting method, which points in the surface
brightness profiles of the individual galaxies are considered to be reliable for the INT
and SDSS data, respectively. The mean errors in those inclinations that are considered
reliable are 5 and 7 degrees in the INT and SDSS data, respectively (see Table 5.B2 and
Table 5.B3).

We estimate the stellar masses of the galaxies using their colour, following the method
described in Bell et al. (2003). We use only photometric parameters obtained from the
SDSS data for all 69 WSRT CVn galaxies. Specifically, we estimate the stellar masses
using

log(M∗/Li) = −0.222 + (0.864× (g − r)). (5.17)
To assign an error to the stellar mass, we only use the errors in the photometric

parameters and we do not include any uncertainties from the Bell et al. (2003) model.

5.4 Comparing the optical and H I properties of de-
tected galaxies

The neutral hydrogen in galaxies can be used as an indicator of the reservoir of material
for potential star formation, while on the other hand, the luminous matter in a galaxy
is a measure of all star formation which has occurred in the past. Combination of these
two quantities may give us some clues about the evolutionary state of galaxies. Simple
relations have been found from comparing the H I and luminous properties of galaxies,
such as H I mass-to-light ratio or baryonic mass-to-light ratio as a function of various
photometric quantities (e.g. magnitude, surface brightness).

The sample we investigate contains 67 galaxies. Given the small size of the dataset,
one should bear in mind that we can only look for trends. There have been only 4
detections in the whole sample which have not been catalogued previously to the WSRT
CVn survey in at least one optical pass-band [ignoring the fact that due to the deblending
problems of the SDSS photometric pipeline West (e.g. 2005), (bright) parts of these 4
detections have been included in the SDSS DS4 release and various databases as separate
galaxies). The population of H I selected galaxies detected in the WSRT CVn survey does
not include objects which are left undetected in optical observations. What makes this
sample unique is the large fraction of detections with small H I masses: 34 out of 69
galaxies have MHI ≤ 108 M�.
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Figure 5.10: Correlation between H I
mass and optical diameter. The continu-
ous line is the least-square fit to isophotal
diameters measured at the 25th isophote
in g for the WSRT CVn galaxies (pre-
sented with circles). The dotted, short-
dashed and long-dashed lines are MHI −
Dc

25,B relations obtained by Broeils &
Rhee (1997), Noordermeer et al. (2005)
and Verheĳen et al. (2001), respectively.

H I masses versus optical diameters

A correlation has been seen earlier between H I mass and optical diameter measured
at the 25th isophote (Broeils & Rhee 1997; Verheĳen & Sancisi 2001). In Figure 5.10
we present the relation between H I mass and the optical diameter measured at the 25th
isophote in the g pass-band . We use the optical diameter, Dc

25,g, corrected for absorption
and projection effects following Tully & Fouque (1985), who specify this correction only
for diameters measured in the B-band. Given that the term dealing with the pass-band
is proportional to 0.094×AG,B , we use the ratio between the coefficients of the Galactic
extinction in different pass-bands provided by Schlegel et al. (1998) and multiply this
term by 1.14, to apply this correction in g. For the relation between the optical diameters
and H I masses of the WSRT CVn galaxies we find:

log(MHI/M�) = 1.80log(Dc
25,g) + 7.16. (5.18)

For completeness, minding the uncertainty in the correction applied to the optical diam-
eters, we calculate the relation between optical diameters measured at the 25th isophote
corrected for the galactic foreground in the g-band (neglecting the internal extinction
and projection effects) and the H I masses of the WSRT CVn galaxies. The least-square
fit of this relation yields a slope of 1.72 and a zero-point of 7.08.

For comparison, in Figure 5.10 we present similar relations obtained by Broeils &
Rhee (1997), Noordermeer et al. (2005) and Verheĳen & Sancisi (2001). The optical
radii used in these studies are obtained at the absorption corrected 25th mag arcsec−2

B-band isophote, and the overall agreement is good, except for the relation obtained
by Verheĳen & Sancisi (2001). According to the relation found by Verheĳen & Sancisi
(2001), galaxies with the same optical radii as measured in the WSRT CVn survey should
be on average about a factor three more massive.

Swaters et al. (2002) argue that the isophotal diameter is not a suitable parameter to
compare the optical size of galaxies with different surface brightnesses. Therefore they
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Figure 5.11: Correlation between H I
mass and 6.4h-diameter. The continuous
line is the least-square fit to diameters
defined at 6.4h in g for the WSRT CVn
galaxies (presented with circles). The
dotted line is the relation obtained by
Swaters et al. (2002).

use an optical diameter defined as 6.4h (for h measured along the major axis) for a sample
of late-type dwarf galaxies. Such diameter is defined with respect to the central surface
brightness and for bright galaxies with a central surface brightness of 21.65 mag arcsec−2,
D6.4 in a given pass-band it is approximately equal to the diameter measured at the 25th
isophote. We investigated the relation between MHI and optical diameters defined as 6.4h
in g (where h is measured along major axis) for the WSRT CVn galaxies (excluding here
WSRT-CVn-40 and WSRT-CVn-47). Results are presented in Figure 5.11. The relation
established by the WSRT CVn galaxies is placed systematically below the relation found
by Swaters et al. (2002). At the moment, from the comparison of the samples of galaxies
and methods used to obtain their H I and optical properties, we do not find any obvious
explanation for this discrepancy. The MHI − D6.4h relation which we obtained differs
only a little from relation 5.18 (the new slope is 1.75 and the zero-point is 6.98).

H I mass versus luminosity

The most obvious relation, linking the H I and optical (or infrared) properties of galaxies,
is a relation between the H I mass and the absolute magnitude or luminosity of a galaxy.
There clearly is a correlation between the gaseous and stellar content of a galaxy (Fig-
ure 5.12): fainter galaxies have smaller H I masses while brighter galaxies have higher
H I masses. Or vice-versa, galaxies less massive in H I are also less luminous. There is
a change of the slope of this relation from the B to r or i pass-band (the slopes of the
least-squares fits to all available points are -0.35 in B and -0.3 in r and i), implicating
that galaxies with small H I masses are bluer.

The MHI/Lλ ratio is a classical measure to express the gas-richness of a galaxy. When
plotted as a function of absolute magnitude in the corresponding band, a trend is visible:
fainter galaxies generally have higher MHI/Lλ ratios than brighter galaxies (Figure 5.13).
The relation becomes steeper when going from the B towards i band (the slopes of the
least-square fits to the all data points available in each of the pass-bands are 0.05 in B,
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Figure 5.12: H I mass versus absolute
magnitude. Results are shown in three pass-
bands: B (top), r (middle) and i (bottom).
Galaxies with H I masses below 108 M� are
presented with crosses. Galaxies with H I
masses equal or larger than 108 M� are pre-
sented with open circles. The dotted line is
the least-square fit to galaxies observed with
the INT. The dashed line is the least-square
fit to 67 galaxies with the SDSS data.

Figure 5.13: MHI/Lλ ratio versus abso-
lute magnitude in the same pass-band. Re-
sults are shown in three pass-bands: B (top),
r (middle) and i (bottom). Galaxies with
H I masses below 108 M� are presented with
crosses. Galaxies with H I masses equal or
larger than 108 M� are presented with open
circles. The dotted line is the least-square
fit to galaxies observed with the WFC INT.
The dashed line is the least-square fit to 67
galaxies with the SDSS data.

and 0.10 in r and i). Considering the general trends of the previous relations (H I-mass
- optical diameter and H I mass - absolute magnitude) the MHI/Lλ trend implies that
the smaller galaxies are more gas-rich. One of the possible explanations of the relation
seen is that small galaxies are less efficient in converting gas into stars.

Using an optically selected H I sample of galaxies, Roberts & Haynes (1994) found
that the median value of MHI/LB increases with Hubble type. For a roughly flux-limited
sample of galaxies selected from the UGC and RC3 catalogues, Roberts & Haynes (1994)
obtained an average of MHI/LB = 0.29, or MHI/LB = 0.31, after excluding E and S0
types of galaxies. The subsample of Scd-Sd galaxies has an average MHI/LB of 0.36
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and the subsample of Sm-Im galaxies an average MHI/LB of 0.66. Slightly higher values
have been obtained for a roughly volume-limited sample of galaxies selected from the
RC3 with cz < 3000 (Roberts & Haynes 1994). This sample has an average MHI/LB

of 0.39 for all galaxies, or 0.44 after excluding E and S0 galaxies. Average MHI/LB of
0.53 and 0.85 were found for subsamples of Scd-Sd and Sm-Im galaxies, respectively.
The median MHI/LB from the blind 21-cm Arecibo Slice Survey (AHISS) is MHI/LB =
0.790.78

0.46 (Zwaan 2000). The median MHI/LB obtained by Minchin (2001) from the other
blind 21-cm survey (the DEEP survey) is MHI/LR = 0.75+1.83

−0.44. Using an average colour
of B−R ≈ 1.07 for late-type galaxies from de Jong (1996), Minchin (2001) translates the
median value of the H I selected galaxies from the DEEP survey into MHI/LB = 0.80.
Using B − R = 0.8, Swaters et al. (2002) obtained an average MHI/LB ratio of 1.5 for
their sample of late-type dwarf galaxies.

The median value of MHI/LB for 29 galaxies detected in the blind 21-cm WSRT
CVn survey which have B-band INT data available is 0.91, with values of MHI/LB

ranging from 0.38 to 2.74. The median MHI/LB ratio of the WSRT CVn subsample of
galaxies with INT data is larger than that from the two blind surveys mentioned above,
but smaller than the MHI/LB ratio obtained from the sample of optically selected late-
type dwarf galaxies of Swaters et al. (2002). The median value of gas-richness of 67
galaxies from the WSRT-CVn sample with the SDSS data is 0.89 and 0.81 in the r and i
pass-bands, respectively. Galaxies detected in the WSRT CVn survey are more gas-rich
than the optically selected late-type galaxies, but they do not represent a (new) class
of extremely gas-rich galaxies. From the studies of galaxies selected by their apparent
high H I mass-to-light ratio from HIPASS Bright Galaxy Catalog (Koribalski et al. 2004),
Warren et al. (2006) conclude that those type of galaxies (MHI/LB > 5 M�/L�,B) are
rare in the Local Universe. They further speculate that these galaxies are underluminous
for the amount of baryons which they contain, and that the high H I mass-to-light ratios
reflect the minimum quantity of stars which galaxy produces in order to keep the H I
disk stable.

There is no clear correlation between gas richness and central surface brightness of
galaxies in our sample, except in the B-band (Figure 5.14). This result is not in agreement
with previous studies, given that a tight correlation between the gas-richness and surface
brightness has been found in samples of galaxies obtained in two blind H I surveys,
AHISS (Zwaan 2000) and DEEP (Minchin 2001). One of the possible explanations
for the scatter is that the majority of the galaxies in the WSRT CVn sample have an
irregular appearance in the optical. For these galaxies, the central surface brightness
obtained by extrapolating the azimuthally averaged profile to the centre of the galaxy
may not have a real physical meaning, while the total magnitude still would give a good
estimate of the total light emitted by a galaxy (see also Zwaan 2000). The chosen centre
of a galaxy may not be the real centre, or the profile can have various features (such as
kinks). In this case selection of different points in the fitting process may significantly
change the extrapolated central surface brightness. We have already shown in the right
panels in Figure 5.3 and Figure 5.6 that there is a difference between the central surface
brightness extrapolated using all “good” points and using only the few innermost points.
The “observed” central surface brightness may provide a better description of the inner
galaxy.

Finally, even though the scatter in the gas-richness - central surface brightness relation
of the galaxies from the WSRT CVn sample is large, the trend seen here is consistent
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Figure 5.14: MHI/Lλ ratio versus extrap-
olated central surface brightness in the same
pass-band. Results are shown in three pass-
bands: B (top), r (middle) and i (bottom).
Galaxies with H I masses below 108 M� are
presented with crosses. Galaxies with H I
masses equal or larger than 108 M� are pre-
sented with open circles. The dotted line is
the least-square fit to galaxies observed with
the WFC INT. The dashed line is the least-
square fit to 67 galaxies with the SDSS data.

Figure 5.15: Mbar/Lλ ratio versus abso-
lute magnitude in the same pass-band. Re-
sults are shown in three pass-bands: B (top),
r (middle) and i (bottom). Galaxies with
H I masses below 108 M� are presented with
crosses. Galaxies with H I masses equal or
larger than 108 M� are presented with open
circles. The dotted line is the least-square
fit to galaxies observed with the WFC INT.
The dashed line is the least-square fit to 67
galaxies with the SDSS data.

with previous findings that galaxies with lower surface brightness tend to be more gas
rich.

In addition to examining the H I gas mass to luminosity ratio one can also consider
the total baryonic mass to luminosity ratio. Normally the baryonic mass is dominated by
stars, but in low mass galaxies the gas contributes significantly. We therefore must add
this contribution to the stellar mass. The total baryonic mass of a galaxy, Mbar, is then
obtained by adding the H I mass, corrected for the presence of helium by multiplying MHI

with 1.4, to the estimated stellar mass. We do not correct for the molecular hydrogen (H2)
or for the ionised gas masses, since their values are generally unknown. We do not expect
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Figure 5.16: Gas fraction as a function of galaxy colour (left) and absolute magnitude
(right). Galaxies with the H I masses above 108 M�are presented with open circles.
Galaxies with the H I masses below 108 M�are presented with crosses.

a large amount of H2 in dwarf galaxies (which constitute the majority of the WSRT CVn
sample), given that the value of the H2/ H I ratio is much lower in dwarf galaxies than in
luminous spirals (Leroy et al. 2005; Taylor et al. 1998). A correlation emerges between
Mbar/Lλ and absolute magnitude in each of the pass-bands (Figure 5.15). The slopes of
the logarithm of Mbar/Lλ versus Mλ ratios are 0.06 in B and 0.03 in r and i pass-bands.
A relation between Mbar/Lλ and Mλ has the smallest change over the studied range
of quantities, when compared to the changes in any of the three correlations discussed
previously. This correlation spans a range of 10 magnitudes in Mi, over which Mbar/Lλ

of bright galaxies increases by a factor 2.5 towards the faint galaxies. Over the same
interval MHI/Lλ increases by a factor 12.5 when going from bright to faint galaxies.

In recent work (e.g. West 2005; Geha et al. 2006) another parameter has been used to
describe the gas-richness, a gas fraction, defined as Mgas/Mbar, where Mgas is a cold gas
mass calculated as 1.4 MHI. In Figure 5.16 we present the relation between Mgas/Mbar

and Mi, and the relation between gas-richness and g − r colour. Galaxies which we
study have gas fractions as high as 90%, while on the other hand, gas fractions of some
WSRT CVn galaxies are as low as 3%. The mean value of gas fractions of the WSRT
CVn galaxies is 50%. A clear trend is visible between the gas fraction and g − r colour:
bluer galaxies are more gas rich. This can be related either to internal (star formation
rate, outflows) or external processes (environment). Geha et al. (2006) found that gas
fractions of blue galaxies (with gas fractions higher than 40%) do not depend on distance
to the nearest neighbour, while red galaxies (with gas fractions below 40%) only exist
near other luminous galaxies. Similar conclusion is obtained by Grebel et al. (2003) from
studies of dwarf galaxies in the Local Group, who found that isolated dSph galaxies
should not exist outside of groups or clusters of galaxies.

When described as a function of absolute magnitude, gas fractions are more spread for
the given magnitude. Faint galaxies generally have higher gas fractions than the brighter
ones. Geha et al. (2006) constructed a gas fraction - Mr relation by combining dwarf
galaxies (−13.5 > Mr − 5logh70 > −16) from their optically selected sample of galaxies
and brighter galaxies from the literature (up to Mr = −24). They conclude that faint
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galaxies (Mr ∼ −16) may have all possible gas fractions, while for the brighter galaxies
an upper limit, dependent on absolute magnitude, exists. This has already been noted
by several authors (McGaugh & de Blok 1997; Schombert et al. 2001; Lee et al. 2002).
Gas fractions of the faint WSRT CVn galaxies are not evenly spread in the range of all
possible fractions. This reflects the H I selection of galaxies in our sample, biased against
detecting faint, gas-poor dEs or dSphs galaxies which would fill the left part of Mgas/Mbar

- Mi relation towards lower gas fractions. To summarise, the two relations containing
the gas fractions provide more direct evidence of the conclusions already presented using
the classical MHI/Lλ ratio (gas-rich galaxies are bluer and less efficient in the turning
gas into stars over their lifetimes).

5.5 Tully-Fisher relation
Tully & Fisher (1977) noted that there is a well defined relation between luminosity and
profile width, corrected for a galaxy’s inclination. Since then, this empirical relation,
now widely known as the Tully-Fisher (TF) relation, became the most common and most
widely used method to independently estimate the distances to galaxies. The TF relation
has been used to address a number of important astronomical problems, amongst others
the derivation of peculiar velocities with respect to the Hubble flow (as H I measurements
provide both the systemic velocity and the profile width of a galaxy) in order to probe
the large scale distribution of (dark) matter and as a tool to test theories of the formation
of disk galaxies (Mo et al. 1998; Cole et al. 2000; Navarro & Steinmetz 2000; van den
Bosch 2000).

It is believed that the TF relation reflects a physical relation between a galaxy’s total
mass and its rotation velocity (e.g. Freeman 1999). Line width is a good measure of the
rotation velocity of a spiral galaxy, but this is not necessarily the case for dwarf galaxies.
We use the sample of galaxies revealed by the WSRT CVn blind 21-cm survey to construct
the TF relation. The WSRT CVn sample consists of 69 galaxies. We have measured
total magnitudes for all the galaxies in the g, r and i pass-bands using SDSS data. For
29 of them we have INT photometry in B and R at our disposal. For an additional
29 galaxies HYPERLEDA provides B-band total apparent magnitudes. We combine
the INT data and literature data to produce a larger B-band sample. To construct
the TF relation, we use W20 profile widths at 20% of the maximum in the integrated
spectrum from the combined sample (Chapter 2 and Chapter 4). These values have been
corrected for the velocity resolution of the final datacubes and for turbulent motions. The
additional correction which has to be applied is a correction for the inclination, following
equation 5.12. Inclinations have been obtained from the combined optical sample.

We then can determine the TF relation of the WSRT CVn galaxies in B, g, r and i,
enlarging the B-band sample with the INT and literature data. We only use galaxies for
which the adopted inclination is between 400 and 850 (we address them as the inclination
selected sample). From the SDSS data, we exclude galaxies with WSRT-CVn id’s 40 and
47, for which linear fits to the profiles are unreliable. This reduces the total number of
galaxies to 44 and 51 in the B and SDSS pass-bands, respectively. The TF relations of
the inclination selected WSRT CVn galaxies are presented in Figure 5.17. The relation
presented covers a range of approximately 1.5 decades in profile width and about 10
magnitudes in luminosity. The fit to the data points has been performed using the bi-
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Figure 5.17: TF relations of the galaxies detected in the WSRT CVn survey. The B-band
TF relation (top-left) is constructed from the unified sample of the B-band INT data, shown
with the empty circles, and the additional HYPERLEDA B-band data, shown with the solid
circles. The TF relations are also fitted to the subsamples of the WSRT CVn galaxies in the
g (top-right), r (bottom-left) and i (bottom-right) pass-bands. In all subsamples, only galaxies
with inclinations in the range 450 < i < 850 are considered. The continuous line is the bi-sector
fit to the data points in each of the subsamples. The adopted errors in the data points are
presented in the lower right corners in each of the panels.

sector fit (Akritas & Bershady 1996), weighting each point with the standard deviation
of the errors of the W20,i and the standard deviation of the errors in absolute magnitude.

There obviously is a relation between W20,i and the absolute magnitude in all four
pass-bands studied. However, the scatter of the data points with respect to the best-fit
TF relation is large: 1.43, 1.41, 1.44 and 1.50 in B, g, r and i, respectively. The scatter
has been obtained by calculating

σ2 =
1

N − 1
ΣN

i=1[Mi − (a + blogWi)]2. (5.19)
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Figure 5.18: The errors of the parameters in B (left) and i (right) pass-bands are overplotted
for reference.

Parameters a and b are the zero-point and the slope of the TF fit obtained. Their values
are given in Table 5.1.

For reference, the errors of the individual points used to construct the TF relation
have been overplotted in Figure 5.18.

Influence of the instrumental and internal corrections

In Section 5.2 we discussed two different corrections available in the literature used to
correct observed profile widths for instrumental broadening, given by Bottinelli et al.
(1990, equation 5.1) and Verheĳen & Sancisi (2001, equation 5.4). Even though there
is a systematic offset between the profile widths when using one or the other correction,
depending on the resolution of the observations, the overall effect on the TF relation
fitted to the data is negligible. The slopes and and zero-points of the TF relation fitted
to the data points correcting the profiles widths for instrumental resolution following the
procedure outlined by Bottinelli et al. (1990) and Verheĳen & Sancisi (2001) agree within
the 1σ error within each other. The resulting data points and the TF relation fitted to
the data are presented in Figure 5.19. Slopes, zero-points and scatter in the TF relations
are given in Table 5.1.

Given the large uncertainty when correcting for the internal extinction, we recalcu-
lated the TF relation in the i band, using total magnitudes corrected only for the Galactic
foreground extinction. This TF estimate has been done using the sample of inclination
selected galaxies. The resulting fit and data points are shown in Figure 5.20, while slopes,
zero-points and scatter in the TF relation are given in Table 5.1. The effect on the re-
sulting TF relations when using or ignoring the internal correction is negligible. From
now on in this chapter, we will always use magnitudes corrected both for the Galactic
foreground and internal extinction.
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Figure 5.19: The B (left) and i-band (right) TF relations of the galaxies detected in the
WSRT CVn survey obtained using two procedures to correct observed profile widths for the
instrumental broadening. Data points corrected using the Bottinelli et al. (1990) correction
are presented with open circles and the bi-sector fit to these data points is presented with
the continuous line. Data points corrected using the Verheĳen & Sancisi (2001) correction are
presented with crosses and the bi-sector fit to these data points is presented with the dotted
line. Samples contain inclination selected galaxies. The sample in B include both the INT and
HYPERLEDA data.

Understanding the scatter: measurement errors

To produce the TF relation presented above, all galaxies with inclinations in the selected
interval were used. One possible explanation of the large scatter in the TF relations is that
we included galaxies with large measurement errors. In order to check this we constructed
subsamples of galaxies by omitting those that have the largest measurement errors. We
use i-band data only. From the sample of inclination selected galaxies, we construct four
subsamples including only galaxies which satisfy the following criteria: ∆W20/W20 ≤
15% (EW subsample), ∆sini/sini ≤ 15% (EI subsample), ∆W20,i/W20,i ≤ 25% (EWI
subsample). The fourth subsample contains only galaxies with magnitudes which deviate
less than 1σMi (σMi is the standard deviation of errors in Mi of all 69 galaxies) from the
mean photometric error of all WSRT CVn galaxies, σmean,Mi = 0.059 (EM subsample).
The EW , EI, EWI and EM subsamples contain 41, 43, 37 and 46 galaxies, respectively.
We fit a TF relation to each of them.

The resulting relations are presented in Figure 5.21. The bi-sector fit to the data
points in the individual subsamples is shown as a continuous line. The bi-sector fit to
all data points from the inclination limited WSRT CVn sample in the i pass-band is
presented as a dotted line. The difference in slope of the TF relation based on the incli-
nation selected WSRT CVn sample of galaxies and any of the four subsamples produced
by excluding the galaxies with large errors is very small. For the WSRT CVn galaxies,
we do not find evidence that galaxies with large measurement errors are the cause of the
large scatter in the TF relation.
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Figure 5.20: TF relation constructed
from the inclination selected WSRT CVn
galaxies in the i band, neglecting the
internal correction. The corresponding
data are presented with open circles.
The continuous line is the bi-sector fit
to all data points presented. The doted
line is the TF relation obtained for the
same sample of galaxies, but correcting
the magnitudes for the internal extinc-
tion. The adopted errors in the data
points are presented in the lower right
corner.

Understanding the scatter: intrinsic properties

Since the scatter in the TF relation appears not to be dominated by the galaxies with
large measurement errors, we investigated whether there is a correlation between the TF
residuals and the intrinsic properties of the galaxies. We investigate the TF residuals in
the two most different pass-bands, B and i. We use the B-band sample of 44 (INT and
HYPERLEDA data) and i-band sample of 51 (SDSS data) inclination selected WSRT
CVn galaxies and the corresponding TF fit (shown in the top-left and bottom-right
panels in figure 5.17, respectively). The difference of the absolute magnitude from the
value implied by the fitted TF relation is examined as a function of distance d to the
object, cos(i), µi

0,extr,λ, g − r, MHI/Lλ and MHI/Mbar. The results are presented in
Figure 5.22. The error in each of the residuals includes the errors in Mλ and W20,i.

The TF residuals show a similar behaviour in both pass-bands investigated. There
only appears to be a weak correlation between the TF residuals and the MHI/Lλ and
MHI/Mbar ratios. According to these trends, gas-rich galaxies and galaxies with high H I
fractions in the total baryonic mass lie below the TF relation. Verheĳen (2001) has seen a
similar trend between the TF residuals in the B-band and MHI/LK′ ratios for the sample
of UMa galaxies. In the UMa sample all but one galaxy have MHI/LK′ ratios smaller
than 1. On the other hand, UMa galaxies do not show any trend when examining TF
residuals in the K ′ pass-band as a function of MHI/LK′ . Verheĳen (2001) interprets the
different behaviour of residuals in the different pass-bands as a consequence of different
stellar populations of early and late type spiral galaxies of the same luminosity, and not
as a result of different rotation velocities of these galaxies.

Understanding the scatter: kinematic properties

In a physical sense, the TF relation links the luminous properties of a galaxy to its ro-
tation, where the velocity is approximated by twice the profile width. Verheĳen (2001)
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Figure 5.21: TF relations of the galaxies detected in the WSRT CVn survey, excluding the
galaxies with large (formal) measurements errors from the WSRT CVn sample. All galaxies
have inclinations in the range 450 < i < 850. In addition to this, only galaxies which satisfy
∆W20/W20 ≤ 15% (EW subsample), ∆sini/sini ≤ 15% (EI subsample), ∆W20,i/W20,i ≤ 25%
(EWI subsample) are presented in the top-left, top-right and bottom-left panels, respectively.
In the bottom-right, only galaxies which deviate less than 1σMi from the mean photometric
error are presented. In all panels, continuous line is the bi-sector fit to the data points from the
given subsample. The dotted line is the bi-sector fit to the subsample of 51 galaxies inclination
selected. All data points and fits are given in the i-band. Weights of the data points are
represented in the lower right corner in each of the panels.

made an extensive study of the influence of the different tracers of the rotation velocity
of a galaxy when constructing the TF relation. The study is based on a complete and
volume limited sample of galaxies with optical (B, R, I), infrared (K ′) and 21-cm syn-
thesis imaging data (the same data set as mentioned above). Verheĳen (2001) identified
three types of rotation curves: flat, rising and declining, from which the velocity at which
the rotation curve becomes flat (Vflat) and/or at which it reaches the maximum (Vmax)
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were measured. The TF relation between the luminosity and the W20,i of the subsample
of galaxies with flat rotation curves (RC/FD sample) has a steeper and tighter correla-
tion, than the TF relations obtained using all galaxies with measurable rotation curves
(RC/FD sample) or galaxies with good synthesis imaging data (SI sample). When using
2Vmax instead of W20,i to construct the TF relation, either for a sample of galaxies with
measurable rotation curves or for the sample of galaxies whose rotation curves show flat-
tening, the scatter in the TF relation increases while the slope remains the same within
the errors. For the sample of galaxies with flat rotation curves, the TF relation is the
steepest and has the smallest scatter when compared to the slope and the scatter of the
TF relation obtained using W20,i or 2Vmax instead of 2Vflat.

We discussed the rotation properties of the 23 galaxies with H I follow-up data in
Chapter 4 and we classified the type of rotation of the galaxies by inspecting their global
profiles, XV diagrams and velocity fields. Using the global profiles and XV diagrams from
the WSRT CVn survey data presented in the last section in Chapter 2, we characterise the
rotation curve of the remaining 46 galaxies for which only the survey data are available.
The majority of our galaxies is not sufficiently resolved to properly characterise the
rotation curve.

From this analysis we conclude that 51 galaxies from the WSRT CVn sample show
a clear sign of rotation, of which 41 galaxies fall within the adopted inclination limits.
From the latter, 26 galaxies have rising rotation curves, 15 galaxies have rotation curves
which show a (tentative) sign of flattening at least on one side of the XV diagram, and/or
have a double horned shape of the global profile. We do not measure the velocity widths
from the XV diagrams. We use W20,i measured from the integrated profile of a galaxy
and corrected for the velocity resolution used and for turbulent motions. The random
velocities may contribute significantly to the kinematics of small galaxies, so that the
latter correction has the largest uncertainty. Tully & Fouque (1985) proposed to use
a dynamical profile of a galaxy to avoid the uncertainty in interpreting W20,i for small
galaxies. They defined a dynamical profile width WD,i as

WD,i =
√

W 2
l,i + 4σ2 (5.20)

which should account for the large amount of random motions in the small galaxies
and secure the link to the dynamical properties of galaxies (total mass). In the last
equation, Wl,i is the classical profile width, corrected for the resolution limitations and
turbulent motions, measured at the l-percent level of the integrated profile maximum.
The symbol i in the index of these two profiles denotes that profiles are corrected for the
inclination. The parameter σ is the velocity dispersion of random motions. Dynamical
profile widths of large galaxies will be practically the same as the profile widths measured
at the l-percent level of the integrated profile maximum.

We define three subsamples of the WSRT CVn galaxies in the inclination range
400 < i < 850 to study the influence of the kinematic properties of galaxies on the TF
relation. One subsample contains only galaxies which show a sign of rotation (R sample),
the second subsample contains galaxies with rising rotation curves (RR sample) and the
third subsample is made up of galaxies whose rotation curve shows a sign of flattening
(RF sample). We also investigate the TF relation using the dynamical profile widths
instead of the classical profile widths. All relations are studied in the i-band.

There is no significant change in the slope and zero-point of the TF relation when
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Figure 5.23: TF relations of the galaxies detected in the WSRT CVn survey - selection on
the rotation velocity. All data and relations are in the i-band. In all panels, galaxies from
the given subsample are presented with circles. Left panel: The TF relation obtained when
using the dynamical profile widths instead of the classical profile widths. The continuous line
is the bi-sector fit to all data points in the sample, the dotted line is the bi-sector fit of the
classical TF relation for the inclination limited sample, the dashed line is the bi-sector fit to
the subsample of galaxies with a sign of rotation. Solid circles correspond to galaxies which
show a sign of rotation. Error is given for the whole sample. Middle panel: The TF relation
for the subsample of galaxies which show a sign of rotation. The continuous line is the bi-sector
fit to galaxies from the R sample, the dotted line is the bi-sector fit for the inclination only
selected galaxies. Error is given for the sample of all galaxies which show a sign of rotation.
Right panel: The continuous line is the bi-sector fit to the R sample of galaxies, the dotted
line is the bi-sector fit to galaxies from the RR sample, the dashed line is the bi-sector fit to
galaxies from the RF sample. The circles are solid for galaxies from the RF sample. Error-left
and error-right correspond to standard deviation of all errors of galaxies from the RR and RF
samples, respectively.

using the dynamical profile widths instead of the classical profile widths for both, the
sample of all inclination selected galaxies or only galaxies with a sign of rotation. The
slope of the TF relation constructed from galaxies whose rotation curves show flattening
is steeper and the scatter in the relation observed is smaller when compared to the slope
and the scatter of the TF relation obtained for the sample of galaxies which show a sign
of a rotation. The latter TF relation has a slope and a scatter smaller than the TF
relation fitted to the sample of galaxies which have rising rotation curves. The difference
between the slopes of TF relations of the galaxies with rising and flat rotation curves is
more than 5σ. The slopes and the zero-points, as well as the scatter in the individual
relations, are provided in Table 5.1.

Resolution effects

We used the H I combined sample of the WSRT CVn galaxies to derive the TF relation.
The slope of the relation is consistent (within the 1σ errors) for the TF relations obtained
from the various subsamples of the WSRT CVn galaxies. It proves to be difficult to
identify the reason for the typical scatter of about 1.3-1.4 magnitudes in these relations.



194 chapter 5: Properties of the WSRT CVn detections

Figure 5.24: Comparison between the i-band TF relations where the kinematic data are
obtained from the H I combined sample and from the WSRT CVn survey. Each data point from
the inclination limited sample is presented with a circled symbol: solid symbols correspond to
detections for which we obtained the H I follow-up data. Galaxies which are only observed in
the survey are presented with open symbols. The bi-sector fit to the sample of galaxies with
the profile width measured from the combined H I sample is presented with the continuous line.
The bi-sector fit to the points when using the profile widths from the WSRT CVn survey is
presented with the dotted line. The values of profile widths from the combined H I sample and
only from the survey data for the individual data points are used in the left and right panel,
respectively. In the lower right corner in each of the panels standard deviation of errors in the
data points is presented.

Removing the galaxies which did not satisfy certain criteria from the fitting process did
not (substantially) reduce the scatter. Now, we will test the influence of the velocity
resolution of the observed data on the TF relation.

In the inclination selected sample of galaxies, 20 galaxies have profile widths measured
from the follow-up H I data and the scatter of only these points around the i-band TF
relation is 1.70 magnitudes. The remaining 31 galaxies have profile widths measured
from the survey data and their scatter around the i-band TF relation is 1.39 magnitudes.
Data from both the follow-up and survey observations are distributed with a large scatter
around the best-fit TF relation. Using only one type of data will not produce a (much)
tighter TF relation.

If we use the profile widths measured from the survey data for all 51 galaxies from
the inclination limited subsample, the increase in the scatter is negligible (1.53 compared
to 1.50 in the i-band TF relation of the H I combined sample). What does change when
using the profile width measured from the survey data is the slope of the TF relation,
which steepens to the value of -9.0 (see Figure 5.24). At the same time, this is the steepest
relation of the all TF relations fitted to the various subsamples selected from the WSRT
CVn galaxies. We identify this steepening as a consequence of using the correction for
the instrumental broadening of Bottinelli et al. (1990). The majority of galaxies with
Mi < −14 and W20,i measured from the survey (8 from 11) appears to be under-luminous
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with respect to the i-band TF relation of galaxies obtained when using their kinematic
properties from the combined H I sample. Details on the fitted parameters of the TF
relation are presented in Table 5.1.

Comparison with the literature TF relations

The TF relation, obtained from an inclination limited sample of galaxies taken from the
21-cm WSRT CVn survey, has a slope of -7.9 in the B pass-band and a slope of -7.8 in the
i pass-bands. It is straightforward to compare the slope (and the zero-point) obtained
in the B-band with other TF slopes from the literature. The situation is different for
the slopes in the Sloan pass-bands - only a few studies exist which can be used. We do
not make any attempt to transform the observed magnitudes in the Sloan pass-bands to
the Johnson-Cousins pass-bands. From the three SDSS pass-bands used in our analysis,
we only choose the TF relation in the i-band for direct comparison to the TF relation
obtained in the I-band.

Three studies of the TF relation have been selected from the literature for a compar-
ison of results. The selected literature results are based on the sample of UMa galaxies
from Verheĳen (2001), the sample of early-type disk galaxies from Noordermeer (2006)
combined with Verheĳen’s (2001) UMa sample of galaxies and finally the sample of late-
type galaxies from Sakai et al. (2000), whose distances are obtained using Cepheids.

To be able to carry out a proper comparison of the TF relations, the data on which
the TF relations are based need to be corrected following the same procedures. The
photometric data in all four samples (three literature samples and the inclination selected
subsample of the WSRT CVn galaxies) have been corrected for Galactic and internal
extinction. The internal correction is based on the Tully et al. (1998) recipe using a
correction dependent on W20,i in all works. However, the final profile widths used to
determine the TF relation are a result of the different corrections applied to the observed
profile widths. Verheĳen (2001) and Noordermeer (2006) corrected the profile widths for
the finite resolution of the instrument and turbulent motions of gas. Both authors used
the correction for instrumental broadening introduced by Verheĳen & Sancisi (2001),
given by equation 5.4 and the correction for turbulent motions given by equation 5.3.
On the other hand, Sakai et al. (2000) do not correct the profile widths for the turbulent
motions, arguing that no physical evidence exists for such a correction. Their statement
is strengthened by one of the arguments used to introduce a correction for the turbulent
motions - minimisation of the scatter in the TF relation. In the sample of Sakai et al.
(2000) the profile widths of all galaxies used to determine the TF relation exceeds log
W res

20,i = 2.37 (the smallest one), and in this regime a correction for the turbulent motions
is not substantial in any case. Profile widths used in Sakai et al. (2000) are corrected
for instrumental broadening using the correction by Bottinelli et al. (1990), here by
equation 5.1 (H I data of Sakai et al. 2000 are described in Macri et al. 2000).

A comparison of the TF relations in the B and i pass-bands constructed from the
WSRT CVn galaxies with the results obtained by Verheĳen (2001) and Noordermeer
(2006) is presented in Figure 5.25. Generally, the values of the WSRT CVn galaxies are
scattered around the various literature relations, without severe systematic offset. While
there may be a trend of narrow line galaxies with B-band magnitudes fainter than -14 to
lie below the B-band TF relations by Verheĳen (2001) and Noordermeer (2006), a similar
offset is not visible in the i-band. There is an excellent agreement in the i/I-band TF
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Figure 5.25: TF relations of the galaxies detected in the WSRT CVn survey compared to
the TF relations from literature (using the Verheĳen & Sancisi 2001 correction for instrumental
broadening). The continuous line represents the bi-sector fit to the data points in each of the
panels. In the first three panels (top-left, top-right and bottom-left), the data are obtained
from the inclination limited subsamples. In the bottom-right panel only galaxies with a with
sign of rotation are presented. Top-left: The dotted line represents the B-band TF relation for
the SI sample from Verheĳen (2001). The dashed line represents the B-band TF relation from
Noordermeer (2006). WSRT CVn galaxies with the B-band magnitudes from the INT data
are presented with open circles. Galaxies with the B-band magnitudes from the HYPERLEDA
are presented with solid pentagons. Top-right: The dotted and dashed lines correspond to the
RC/FDR and RC/FD samples of galaxies from Verheĳen (2001). The circled symbols represent
the WSRT CVn galaxies from the inclination limited subsample which shows a sign of rotation.
Circles are solid for the case that the rotation curve of a galaxy is flat. Crosses represent galaxies
from the inclination selected subsample of galaxies without a clear sign of rotation. Bottom-
left: The dotted and dashed lines represent the TF fit to the SI sample from Verheĳen (2001)
and a sample from Noordermeer (2006) in I, respectively. Bottom-right: The WSRT CVn TF
relation in the i band of the R subsample (continuous line) and of the RF subsample (long-
dashed line) from the WSRT CVn galaxies, the TF relation of the RC/FDR sample (dotted
line) from Verheĳen (2001) and the TF relation of the RC/FD sample of galaxies (dashed line)
from Verheĳen (2001) are presented. Only galaxies which show a sign of rotation are presented
with circles; circles are filled if rotation curve shows a sign of flattening.
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relations constructed from all three samples. It is interesting to note that the scatter in
the TF relation of the WSRT CVn galaxies is larger than the scatter of galaxies in the
comparison samples. For example, Verheĳen (2001) measures a scatter of 0.48 and 0.49
magnitudes in the B and I pass-bands, respectively, when using all galaxies with synthesis
imaging data available. We measure a scatter of 1.43 and 1.50 magnitudes in the B and i
pass-bands, respectively. When splitting the sample of WSRT CVn galaxies into a subset
of rotating galaxies (R sample) and a subset of galaxies whose rotation curves show a
sign of flattening (RF sample), a good agreement in the i-band remains between our
data and TF relation constructed from the RC/FDR sample of UMa galaxies (Verheĳen
2001). The i-band TF relation constructed from the RC/FD sample of Verheĳen (2001)
would underestimate the luminosities of narrow-line galaxies. The majority of galaxies
in our sample has rising rotation curves, and the profile widths may be a poor tracers
of rotation of a galaxy, what would explain this effect. The agreement in the B-band
between the WSRT CVn galaxies and TF relation constructed from the RC/FD sample
of Verheĳen (2001) is only artificial, having in mind the offset seen between our sample
and the literature TF relations in B (visible in the top-left panel in Figure 5.25).

Similar trends are visible when comparing the TF data of the WSRT CVn galaxies
and the TF relations from Sakai et al. (2000), presented in Figure 5.26. While the
WSRT CVn galaxies of MB < −14 mag show a tendency to lie below the B-band TF
relation constructed from galaxies presented in Sakai et al. (2000), an excellent agreement
between our i-band TF data (and the fit) and I-band TF relation from Sakai et al. (2000)
is noticeable.

Putting the both comparisons together, we conclude that there is an overall good
agreement between our data (and our TF fits) and the TF relations fitted to the brighter
and faster rotating galaxies as obtained from the three literature samples discussed above.
There is an indication that WSRT CVn galaxies are under-luminous for the B-band TF
relations from the presented literature samples. The agreement between the TF relation
of the WSRT CVn galaxies and the three literature samples used is remarkable in the i-
band. In previous studies a steepening of the slope of the TF relation has been measured
when moving from blue to red and infrared pass-bands. The TF relations from our data
do not follow this trend, explaining the observed change in relative agreement between
the WSRT CVn data (and slope) and the TF relations from the literature. It is difficult
to judge how significant this is, given that the difference of the slopes of the TF relation
in the most extreme pass-bands (B and i, respectively) is about four times smaller than
the typical error in the slope obtained from fitting. Physically, an explanation could be
that the literature samples do not include such blue and narrow-line galaxies as we have
in our sample, but more bright and faster rotating galaxies whose magnitudes change
by a larger amount when going from one to the other band (or simply they are redder),
causing steepening of the slope from blue to red pass-bands. Verheĳen (2001) has already
noted that in the B-band bluer galaxies (using B − I colour) and galaxies of types later
than Sc have positive residuals of the TF relations fitted to all galaxies. Therefore the
observed trend can be caused by different stellar populations of galaxies in the different
samples.
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Figure 5.26: TF relations of the galaxies detected in the WSRT CVn survey compared
to the TF relations from literature (using Bottinelli et al. 1990 correction for instrumental
broadening). The continuous line is the bi-sector fit to the inclination selected sample of the
WSRT CVn galaxies in the B and i pass-bands in left and right panels, respectively. The
dashed line represents the B and I-band TF relations from Sakai et al. (2000) in the left and
right panel, respectively. Profile widths are corrected for the instrumental resolution only, using
the correction for instrumental broadening as given by Bottinelli et al. (1990) and inclination.
In the left panel, INT data are marked with open circles, the HYPERLEDA data are marked
with solid pentagons.

5.6 Baryonic Tully-Fisher relation
The classical TF relation was obtained for bright spirals, whose baryonic content is
dominated by stars. Romanishin et al. (1982) were one of the first to speculate that
LSB galaxies lie below the extrapolated TF relation constructed from bright galaxies.
According to some studies (e.g. McGaugh 2005), when using a stellar mass-rotation ve-
locity relation instead of luminosity-rotation velocity relation, a break around a rotation
velocity of about 90 km s−1 becomes visible. The linear relation can be restored when
using the baryonic mass instead of only stellar mass.

The baryonic TF relation (BTF) then is the relation between the sum of stellar and
gas mass and the corrected profile width (rotation velocity). It can be expressed as

Mbar = AV x
rot (5.21)

where A is a normalisation and x the slope. When one compares x to the traditionally
used slopes b expressed in magnitude units, they are related as b = −2.5x.

If the TF relation reflects a correlation between the maximum rotation velocity of a
dark matter halo, which could be traced by the measured rotation velocity of a galaxy,
and the total baryonic mass inside of that halo (e.g. Verheĳen 2001), the BTF relation
then is a more fundamental relation than the classical TF relation.

We construct first the stellar mass-profile width relation, using the stellar masses from
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Sample Pass-band Number zero-point slope scatter
mag mag

incl B 44 -0.18 ± 1.74 -7.86 ± 0.89 1.43
incl g 51 -0.86 ± 1.56 -7.70 ± 0.80 1.41
incl r 51 -0.81 ± 1.58 -7.89 ± 0.82 1.44
incl i 51 -1.19 ± 1.63 -7.80 ± 0.84 1.50
incl, no Aint i 51 -1.46 ± 1.61 -7.64 ± 0.83 1.49
EW i 41 -0.58 ± 1.72 -8.07 ± 0.86 1.51
EI i 43 -2.43 ± 1.51 -7.12 ± 0.78 1.45
EWI i 37 -1.73 ± 1.58 -7.42 ± 0.80 1.41
EM i 46 -1.52 ± 1.75 -7.61 ± 0.89 1.47
R i 41 -1.75 ± 1.54 -7.61 ± 0.78 1.32
RR i 26 -0.67 ± 2.28 -8.27 ± 1.20 1.41
RF i 15 -2.17 ± 2.20 -7.31 ± 1.06 1.25
D i 51 -0.61 ± 1.52 -8.06 ± 0.78 1.47
DR i 41 -1.12 ± 1.55 -7.90 ± 0.79 1.31
survey i 51 1.37 ± 1.45 -9.00 ± 0.75 1.53
W-V&S2001 B 44 0.40 ± 1.62 -8.23 ± 0.84 1.47
W-V&S2001 i 51 -1.07 ± 1.46 -7.95 ± 0.76 1.54
W-V&S2001+R i 41 -1.56 ± 1.60 -7.78 ± 0.82 1.42
W-V&S2001+RF i 15 -2.32 ± 2.28 -7.30 ± 1.09 1.34
W-Res B 44 2.13 ± 1.59 -8.77 ± 0.80 1.36
W-Res i 51 1.15 ± 1.53 -8.72 ± 0.77 1.45

Table 5.1: Results of the bi-sector fits to the TF relations of various subsamples selected
from the WSRT CVn galaxies. Galaxies in all subsamples satisfy the inclination criteria 450 <
i < 850 (incl). In addition, EW , EI, EWI and EM subsamples exclude galaxies with large
measurements errors in profile widths, inclinations, inclination corrected profile widths and
magnitudes, respectively. Subsample R contains only galaxies which show a sign of rotation,
limited additionally to contain only galaxies with the rising rotation curves (RR) or only galaxies
with the flat rotation curves (RF ). Galaxies in the subsample D have kinematic information
expressed using the dynamical profile widths, where only part of them which show a sign of
rotation make sample DR. Galaxies in the “survey” subsample have profile widths measured
using the survey data. For “W-VS2001” subsample of galaxies, profile widths have been corrected
for the instrumental resolution following the method of (Verheĳen & Sancisi 2001). For “W-Res”
subsample, profile widths have been corrected only for the instrumental broadening.

the scaling relations of Bell et al. (2003), based on stellar population models. We use
the same line widths W20,i as used for the classical TF relation (using the correction for
instrumental broadening by Bottinelli et al. 1990). The resulting relation is presented
in Figure 5.27. Our data are scattered around bi-sector linear fit with slope 3.31±0.36
(3.10±0.44 when using only galaxies with flat rotation curves), but the data by themselves
do not indicate any break from the linear fit (within the scatter). There are not many
stellar TF relations in the literature that are suitable for comparison. For example, West
(2005) estimates a stellar TF relation using galaxies detected in HIPASS. The obtained
slope is 3.43±0.19, in excellent agreement with our result. West (2005), however, does
not provide a zero-point, and we can not make a direct comparison. Therefore we use
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Figure 5.27: Stellar TF relation con-
structed from the inclination selected
WSRT CVn galaxies. The circles rep-
resent the WSRT CVn galaxies from the
inclination limited subsample of galax-
ies which show a sign of rotation. Cir-
cles are solid for galaxies with flat rota-
tion curves. Crosses represent galaxies
from the inclination selected subsample
of galaxies without a clear sign of ro-
tation. The continuous line is the bi-
sector fit to all data points presented.
The dashed line is the stellar TF rela-
tion obtained by Bell & de Jong (2001).

the stellar TF relation obtained by Bell & de Jong (2001), constructed using the sample
of galaxies from Verheĳen (1997) and using new distance estimate (slope of this stellar
TF is 4.49). Bell & de Jong (2001) use the rotation velocities measured directly from
the flat part in the rotation curve (Vflat). It is therefore not surprising that our data
points lie to the left of this relation, suggesting that for the smaller galaxies the profile
widths do not measure the full rotation curve. There is no evidence that our data points
should fall systematically below the presented stellar TF relation, contrary to the claim
by McGaugh (2005, see left panel of Figure 6 in his paper).

We proceed with constructing the BTF relation using the baryonic masses Mbar for
the WSRT CVn galaxies as calculated in Section 5.4: Mbar = 1.4MHI + M∗ and the
line widths W20,i corrected for instrumental broadening using the procedure of Bottinelli
et al. (1990). The BTF relation is fitted to the data points using a bi-sector fit, weighting
each point with the standard deviation of the individual errors in Mbar and W20,i for the
galaxies used to construct the specific BTF relation.

We define four subsamples of the WSRT CVn galaxies to which to fit the BTF. Exclud-
ing galaxies with inclinations smaller than 450 and larger than 850, the sample reduces
to 51 galaxies (standard inclination limited subsample). In addition, we obtain the BTF
relation by using only galaxies from the inclination limited sample with ∆W20,i/W20,i ≤
25% (EWI subsample), ∆Mbar/Mbar ≤ 10% (EMB subsample) and galaxies which
show a sign of rotation (R subsample). Results are presented in Figure 5.28. There is no
significant reduction in the scatter in the individual BTF relations, neither a big change
in the fitted slopes in the different subsamples. The maximum change in the slopes fit-
ted is 0.4 (difference between the slopes of the BTF relation fitted to the EMB and R
subsamples), still less than the 1σ error in the individual slopes. Results obtained in the
fitting process are summarised in Table 5.2.

In the literature, the BTF relation has been derived for a number of galaxy samples.
The slopes found span a range of values, from 2.2 (Gurovich et al. 2004), 2.52 (West 2005),
3.5 (Bell & de Jong 2001), 3.7 (Geha et al. 2006) to 4 (McGaugh 2005). The range in
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Figure 5.28: The BTF relations of the galaxies detected in the WSRT CVn survey. The
bi-sector fit to the inclination limited sample of galaxies is presented in the top-left panel with
the continuous line. For comparison, the same fit is presented in the rest of the panels with
the dotted line. The EWI and EMB subsamples of galaxies and the corresponding bi-sector
fits are presented with the continuous line in the top-right and bottom-left panel, respectively.
The BTF relation obtained using the WSRT CVn galaxies which show sign of rotation, the R
subsample, is presented in the bottom-right panel with a continuous line. Here, galaxies whose
rotation curves show flattening are marked with solid symbols. The adopted errors in the data
points are presented in the lower right corners in each of the panels.

BTF slopes obtained from the subsamples of the WSRT CVn galaxies, from 2.80 to
3.17, fall in the range of the BTF slopes previously measured. However, this comparison
of slopes derived from the various literature samples and our sample is only tentative,
given that in the studies mentioned different methods have been used to estimate stellar
masses and/or rotation velocities. For his BTF, West (2005) uses SDSS data, as we do,
and the same formalism (equation 5.3.3), to obtain stellar masses for the subsample
of galaxies detected in HIPASS (although he uses different initial mass function). He
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Figure 5.29: BTF relations of
the galaxies detected in the WSRT
CVn survey. Measured errors in
the points have been overplotted for
reference.

obtains a scatter in the BTF of 0.37 (logM�)−1, slightly smaller than the scatter in the
BTF measured by us, which ranges from 0.47 to 0.55 (logM�)−1.

Figure 5.30: Comparison of the BTF
relation defined by the WSRT CVn
galaxies with the literature BTF rela-
tions. The circles represent the WSRT
CVn galaxies from the inclination lim-
ited subsample which show a sign of rota-
tion. Circles are solid for cases in which
the rotation curve of a galaxy is flat.
Crosses represent galaxies from the in-
clination selected subsample of galaxies
without a clear sign of rotation. The con-
tinuous line is the BTF of the combined
sample of galaxies in Geha et al. (2006).
The dotted line is the BTF relation to
the sample of dwarf galaxies presented
in Geha et al. (2006). The dashed line is
the BTF relation derived by McGaugh
(2005). In the right corner the adopted
error in the data points is shown.

Geha et al. (2006) derived the BTF relation from a sample of galaxies spanning a
range in baryonic masses from approximately 108 to 1011 M�. The sample used by Geha
et al. (2006) is constructed by combining their new sample of dwarf galaxies with four
literature samples for which H I and optical measurements are available: Haynes et al.
(1999), Verheĳen (2001), Matthews et al. (1998) and McGaugh et al. (2000). We note
that Geha et al. (2006) do not discuss the different corrections applied to the data from
the various literature samples. It is not clear if they recalculated data to one uniform
system. Given the limited number of studies of the BTF relation, we will simply use these
results for a comparison, noting that some change in the slopes can arise from different
procedures used to correct the photometric and kinematic data. Galaxies from the WSRT
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Sample Number zero-point slope scatter
(logM�)−1 (logM�)−1

stellar 51 1.97 ± 0.69 3.31 ± 0.36 0.64
incl 51 2.80 ± 0.58 3.05 ± 0.30 0.55
EWI 37 3.16 ± 0.56 2.82 ± 0.28 0.49
EMB 41 2.77 ± 0.61 3.10 ± 0.31 0.48
R 41 3.17 ± 0.55 2.90 ± 0.28 0.47

Table 5.2: Results of the bi-sector fits to subsamples of the WSRT CVn galaxies from which
the stellar TF and four BTF relations are constructed. Galaxies in all subsamples satisfy the
inclination criteria 450 < i < 850 (incl). For the BTF, EWI and EMB subsamples exclude
galaxies with large measurements errors in the inclination corrected profile widths and baryonic
masses, respectively. Subsample R contains only galaxies which show a sign of rotation.

CVn sample are scattered around the BTF relation obtained from the combined sample
by Geha et al. (2006), but the WSRT CVn systems with baryonic masses below 109 M�
tend to have more baryonic mass than this BTF relation would predict (see Figure 5.30).
However, if we consider the BTF relation of Geha et al. (2006), derived using only their
sample of dwarf galaxies with the baryonic mass in the range from 108 to 109 M�, the
offset of the WSRT CVn galaxies disappears - our galaxies show the same trend as galaxies
with the smallest baryonic masses in the sample of Geha et al. (2006). This new sample
in Geha et al. (2006) spans a range in absolute magnitude of −13.5 > Mr−5logh70 > −16
and a range of profile widths from 20 to 80 km s−1, measured from single dish H I data
(dotted line in Figure 5.30). By including the WSRT CVn galaxies, the BTF relation
of the combined sample of galaxies in Geha et al. (2006) can be extended to baryonic
masses as low as 107 M�. An important point to emphasise here is that the BTF does
not appear to have any break within four decades of baryonic mass.

McGaugh (2005) derived a BTF relation including only those galaxies in the sample
whose rotation curve shows flattening, and measured the rotation velocities from the
rotation curves. The majority of our galaxies lie to the left of this relation. We basically
see the same effect as noted when comparing the WSRT CVn stellar TF relation to the
literature TF relation obtained using 2Vflat: we are tracing only the inner part of a galaxy
when measuring the profile width.

5.7 Summary and conclusions
Comparison of the gaseous and stellar properties of galaxies allows a better understanding
of the evolutionary state of a galaxy. In this Chapter we compared the H I properties of
galaxies detected in the blind 21-cm WSRT CVn survey with their properties obtained
from broad-band photometry.

For 29 galaxies selected from the WSRT CVn survey we obtained B and R images
using the WFC on the INT. For 69 galaxies (all galaxies detected in H I in the WSRT
CVn survey with an obvious optical counterpart) we obtained SDSS images, reduced in
a way suited to galaxies of large angular extent. To measure the photometric properties,
we applied an ellipse fitting procedure to derive surface brightness profiles of all galaxies
in the g, r and i pass-bands, and B and R pass-bands whenever possible.
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We showed that for these galaxies, taken from the blind H I survey, it is of essential
importance to extrapolate the light (or surface brightness) profiles to infinity to account
for the total light: isophotal magnitudes measured within the 25th mag arcsec−2 isophote
are systematically smaller than the total magnitude calculated by extrapolating the pro-
file to infinity. This difference becomes larger for galaxies with fainter magnitudes and
lower central surface brightnesses.

While a substantial fraction of galaxies detected in the older blind H I surveys was
uncatalogued prior to the H I survey, this is not case any more. For example, (Zwaan
2000) detected 66 galaxies in AHISS, from which 34 galaxies had not been catalogued
prior to this H I survey. The optical counterparts of 69 H I detections from the WSRT
CVn survey have already been catalogued, even though the properties for four of them
have not been properly measured. The question of whether they represent a special class
of galaxies remains still open. Zwaan et al. (2005b) summarise that the population of
objects detected in blind H I surveys follow the properties of galaxies detected in optical
surveys, weighted towards late-type galaxies. The H I population tends to follow the
spatial distribution outlined by the cosmic web of the objects detected in the optical.

An ideal test to examine whether the H I detected sample of objects is somehow
extraordinary would be to have a complete sample of all optical detections in the same
volume. Unfortunately, we do not have such a sample. West (2005) studied the optical
properties of galaxies detected in HIPASS which have an optical counterpart in the area
covered by the SDSS. A comparison of the properties between the H I selected galaxies
and the galaxies selected from the SDSS showed that the H I selected galaxies may
be significantly different than a complete sample of galaxies with similar morphologies.
While the gas content in a galaxy can be used as a good indicator of the optical properties
of the same galaxy, the reverse does not necessarily hold. West (2005) advises caution
when using the various scaling relations to infer the gas properties of galaxies using only
their optical properties.

We presented various scaling relations combining the properties of gas and stars of the
WSRT CVn galaxies. A correlation has been seen between the H I mass and the optical
radius (in g-band), and between the H I masses, (MHI/Lλ) or (Mbar/Lλ on one side
and absolute magnitudes on the other. These correlations indicate that (optically) faint
galaxies generally have lower H I masses, and their gas and baryonic fractions in units
of luminosities are higher than the values of the corresponding parameters for brighter
galaxies. Galaxies with lower H I masses have smaller optical diameters than galaxies
with larger H I masses. More scattered relations have been seen between the mass-to-
light ration and extrapolated central surface brightnesses and between gas fractions and
g − r colours, indicating that galaxies with lower central surface brightnesses and bluer
colours have higher mass-to-light ratios and higher gas fractions. These relations suggest
that fainter and smaller galaxies are less efficient in turning gas into stars.

We constructed TF relations for the WSRT CVn galaxies using their total magnitudes
and profile widths corrected for the instrumental broadening and turbulent motions.
The TF relations obtained for the various subsamples of the WSRT CVn galaxies show
substantial scatter when compared to the TF estimates from the literature. We showed
that excluding galaxies with the largest measurement errors does not reduce the scatter
in the TF relations. The usage of dynamical profile widths or including only galaxies
whose detailed kinematics data indicate that they rotate, does not reduce the scatter
significantly either. The smallest scatter is obtained when constructing the TF relations
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for a subsample of 15 galaxies for which an indication exists that their rotation curves
reach the flat part (with the additional inclinations selection).

We find a good agreement when comparing the TF relations obtained from the WSRT
CVn sample and the literature TF relations. The data points used to construct the TF
relation in the B and i pass-bands are scattered around the various TF relations from
the literature. Our data may indicate a trend that galaxies with narrow profile widths
and faint B-band magnitudes (fainter than -14 mag) fall below the B-band TF relations
from literature. On the other hand, there is a remarkable agreement of the i-band WSRT
CVn sample of galaxies (and the fitted-slope) with the I-band literature TF relations.
The different position of the WSRT CVn galaxies with respect to the TF relations from
the literature in the B and I pass-bands, just reflects the fact that we do not see the
steepening of the slopes when moving from blue to red pass-bands, as this has been seen
in some of the previous work (e.g. Pierce & Tully 1992; Tully & Pierce 2000; Verheĳen
2001; Noordermeer 2006) (keeping in mind that almost all slopes derived from the various
subsamples of the WSRT CVn galaxies are consistent within 1σ errors with each other).
Physically, this may reflect different stellar populations of galaxies in our sample and
samples from the literature.

We do not find any evidence for a break in slope of the TF or stellar TF relation
in the range of narrow profile widths (below 100 km s−1) and faint magnitudes (below
-14) or small stellar masses. A similar conclusion holds when constructing the BTF
relations: detections with the narrowest profile widths do not contain relatively less
baryonic material than detections with larger profile widths. Moreover, detections with
the narrowest profile widths tend to rotate too slow for their luminosity. This probably
reflects the fact that their rotation curves do not reach the flat part, therefore profile
widths measured are only lower limits of the true rotation velocities.

One may argue that strong feedback in dwarf galaxies may remove a large fraction
of the gas. If gas is preferentially removed from the outer parts where the potential
is shallower, a result may be that the flat part of the H I rotation curve can no longer
be measured. Then dwarf galaxies will not only move below the BTF established by
more massive galaxies, but they will also move towards lower W20,i values. However,
there are no studies in the literature which explore the effect of the feedback on the H I
profile specifically. Still, at least galaxies, which kept their H I gas up to the radius where
the rotation curve flattens, should then fall below the BTF relation established by more
massive galaxies. The BTF relation of McGaugh (2005), which was constructed using
only galaxies whose rotation curves reach the flat part and then using these velocities to
construct the BTF, agrees very well with the BTF established by more massive galaxies.
This makes us fairly confident that galaxies detected in the WSRT CVn survey, which
generally lay above the BTF relation of McGaugh (2005), do not show any break in the
BTF relation. This implies that (the majority of) galaxies with narrow profile widths did
not loose significantly larger relative amounts of baryons than the more massive galaxies.
For a more specific statement it would be necessary to carry out detailed modelling of
the change in H I profile caused by the feedback.

This brings us back to the issue of the discrepancy at the faint end of the luminosity
and H I mass functions, which are much flatter than the low-mass end of the mass function
of the dark matter haloes (see Subsection 1.3.1 in Chapter 1). As discussed before, the
majority of solutions that address this discrepancy rely on the strong feedback needed
to give rise to a mass dependent mass-to-light ratio, higher for the lowest-mass galaxies
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(e.g. Mayer & Moore 2004). Strong feedback will practically remove most of the gas in
the dwarf galaxies, placing them below the BTF relation. That is clearly not what we
observed. Moreover, the slope of the BTF relation which we measure is about 3, which is
in excellent agreement with the slope obtained from the virial theorem (equal to 3), and
slightly lower than the slope of 3.5 predicted from the cosmological simulations (Bullock
et al. 2001; Kravtsov et al. 2004). Keeping in mind that we probably only measure
velocities in the inner parts of dwarf galaxies, the similarity of the BTF slope measured
and predicted argues against a strongly mass dependent baryonic mass-loss rate.
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Appendix 5.A Photometric data - figure examples
We present here examples of the data and derived profiles used to obtain photometric
quantities in this chapter. For two objects, we show four-panel figures. In the top-left
and bottom-left we present the INT B-band and SDSS g-band images, respectively. In
the top-right and bottom-right, we present profiles obtained from the ellipse fitting using
the B and R images, and using the g, r and i images, respectively.

Figure 5.A1: WSRT-CVn-11.
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Figure 5.A2: WSRT-CVn-50.

Appendix 5.B Large tables

Table 5.B1 contains H I quantities used in this chapter. The data are taken from
Chapter 2 and Chapter 4, and the combined H I sample is described in Section 5.2.

Column(1) WSRT CVn index.
Column(2) Name of the galaxy associated with the H I detection, taken from NED.
Column(3) Adopted distance to the object, in Mpc.
Column(4) Logarithm of H I mass in M� units.
Column(5) Logarithm of the error in H I mass (where H I mass is in M� units).
Column(6) Profile width measured at the 20% level W20 in km s−1 corrected for the
instrumental broadening (following Bottinelli et al. 1990) and the turbulent motions.
Column(7) Uncertainty in W20 in km s−1.
Column(8) Value of the Wt,20 parameter in km s−1, used to correct the profile width
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for the turbulent motions.
Column(9) Flag indicating a type of rotation: “F” indicates that a rotation curve
reaches the flat part; “R” indicates rising rotation curve; “0” stands for no visible sign
of rotation.

What follows is a description of the tables with photometric quantities, measured
from the INT data (Table 5.B2) and SDSS data (Table 5.B3). The quantities are
corrected for Galactic absorption, where applicable. This is marked with the index Gc.
The quantities in Column(2) to Column(6) are derived from R-band photometry for the
INT data, and from g-band photometry for the SDSS data. Column(7) to Column(16)
are measured for each individual pass-band.

Column(1) WSRT CVn id of the object.
Column(2) Observed pass-band.
Column(3) Position angle (PA) in degrees.
Column(4) Ellipticity (ε).
Column(5) Inclination in degrees, derived assuming disk thickness q = 0.2. For galaxies
with (b/a)2 ≤ q2

0 we adopted i = 900.
Column(6) Error in inclination in degrees, reflecting the quality of the ellipse fitting.
The errors in inclination are estimated as the standard deviation of the inclinations
measured at the last six reliable ellipses, obtained in the ellipse fitting process, with
respect to the inclination adopted for each galaxy. For galaxies with (b/a)2 ≤ q2

0 we can
not estimate the error and use the value 9999 (which does not have any meaning).
Column(7) Scale length h in arcsec (along major axis).
Column(8) Diameter measured at the 25th isophote in arcsec, D25 (along major axis).
Column(9) Extrapolated central surface brightness in mag arcsec−2, µGc

0,extr (from the
linear fit to the surface brightness profile, using all reliable points).
Column(10) “Observed” central surface brightness in mag arcsec−2, µGc

0,obs (from the
linear fit to the surface brightness profile, using the reliable points on the distance from
the adopted centre less than 3 arcsec).
Column(11) Apparent magnitude measured within the 25th isophote expressed in
mag, mGc

25 .
Column(12) Extrapolated magnitude in mag, mGc

exp. The derivation of this magnitude
is described in Subsection 5.3.1 for the INT data and in Subsection 5.3.2 for the SDSS
data.
Column(13) Total magnitude in mag, mGc

tot. The derivation of this magnitude is
described in Subsection 5.3.1 for the INT data and in Subsection 5.3.2 for the SDSS
data.
Column(14) Absolute magnitude derived from the total magnitude expressed in mag,
MGc

tot , derived using distances given in Column(3) in Table 5.B1.
Column(15) Error in the total magnitude expressed in magnitudes, ∆mtot. The errors
are obtained by propagating the errors in the surface brightness profile.
Column(16) Galactic foreground extinction in mag, AG, calculated following Schlegel
et al. (1998).
Column(17) Internal extinction in mag, Aint, calculated following Tully et al. (1998).
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Table 5.B1: H I sample.

WSRT NED name D log(MHI/M�) log(∆MHI/M�) W20 ∆W20 Wt,20 Rotation
CVn ID - Mpc - - km s−1 km s−1 km s−1 -

1 NGC4359 17.4 9.15 7.24 185.2 8.3 22 F
2 UGC07698 6.1 8.50 6.32 59.6 8.3 22 F
3 UGC07428 15.9 8.76 7.15 67.7 8.3 22 F
4 NGC4509 13.1 8.37 6.99 72.7 8.3 22 R
5 MCG +06-28-022 12.6 7.57 6.96 40.1 8.3 22 0
6 KDG178 10.8 8.07 6.82 70.1 8.3 22 R
7 FGC1497 7.1 7.32 5.81 88.2 4.1 22 F
8 UGCA292 3.1 7.52 5.74 38.5 8.3 22 R
9 CG1042 9.7 7.25 6.56 22.9 1.8 17 R
10 MAPS-NGP O_267_0609178 14.8 7.43 7.09 59.8 8.3 22 0
11 KUG1230+334A 11.4 7.59 6.35 27.9 2.1 22 R
12 KUG1230+336 11.8 8.03 6.49 47.7 2.1 22 R
13 MAPS-NGP O_268_1525572 7.5 7.19 5.91 54.4 3.0 22 R
14 NGC4395 4.6 9.14 6.08 110.1 8.3 22 F
15 MAPS-NGP O_267_0529325 8.0 6.90 6.56 31.0 8.3 22 0
16 UGC07916 8.7 8.59 6.63 64.8 8.3 22 F
17 KUG1216+353 10.7 7.59 5.90 64.6 3.1 22 R
18 UGC07427 10.3 7.95 6.78 47.5 8.3 22 R
19 MAPS-NGP O_268_1082578 12.6 7.20 6.95 71.6 8.3 22 0
20 NGC4534 11.5 9.32 6.87 116.4 8.3 22 F
21 UGC07605 4.4 7.45 6.05 46.8 8.3 22 0
22 KUG1230+360 11.7 7.51 6.89 91.7 8.3 22 0
23 UGC07949 10.4 8.62 6.79 34.0 8.3 22 R
24 UGC07559 4.9 8.20 5.78 66.4 2.1 22 F
25 - 12.6 6.84 6.23 10.3 6.9 17 0
26 UGC07599 6.9 8.12 6.28 69.2 2.1 22 F
27 UGC07699 7.2 8.55 6.47 180.9 8.3 22 F

Continued on next page
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Table 5.B1: H I sample.

WSRT NED name D log(MHI/M�) log(∆MHI/M�) W20 ∆W20 Wt,20 Rotation
CVn ID - Mpc - - km s−1 km s−1 km s−1 -

28 KDG105 8.3 7.46 6.16 47.0 1.5 22 R
29 BTS133 9.3 7.62 6.69 53.0 8.3 22 R
30 BTS142 10.3 7.11 6.78 66.8 8.3 22 0
31 BTS146 6.5 6.78 5.34 35.0 8.1 22 0
32 KUG1218+387 8.3 7.79 6.59 47.7 8.3 22 0
33 IC3687 4.6 7.99 6.07 55.7 8.3 22 R
34 UGCA290 6.7 7.20 6.24 49.0 2.5 22 0
35 UGC07719 10.0 8.41 6.75 76.4 8.3 22 R
36 NGC4369 15.0 8.37 7.10 103.4 8.3 22 R
37 MCG+07-26-024 9.7 8.10 6.72 51.5 8.3 22 R
38 UGC07678 10.0 8.19 6.76 60.1 8.3 22 R
39 UGC07774 7.9 8.58 6.55 191.3 8.3 22 F
40 - 14.8 7.80 7.09 73.5 8.3 22 R
41 UGC07751 9.1 7.72 6.42 45.9 1.5 22 R
42 - 6.2 7.00 5.61 17.4 1.4 22 R
43 MAPS-NGP O_218_0298413 8.5 6.48 6.62 21.7 8.3 22 0
44 MCG +07-26-011 6.3 7.50 5.59 66.6 2.6 22 R
45 MCG +07-26-012 6.8 7.48 5.82 44.4 1.5 22 R
46 UGC07690 8.2 8.53 6.58 84.6 8.3 22 F
47 [KK98]133 8.4 6.89 5.94 43.9 5.6 22 R
48 UGC07608 8.3 8.65 6.59 60.9 8.3 22 R
49 UGC07577 2.5 7.57 4.74 37.1 1.5 22 F
50 LEDA166142 4.9 6.64 5.38 29.1 4.1 22 R
51 MAPS-NGP O_172_0310506 7.9 7.14 5.58 43.1 4.5 22 R
52 UGC07320 8.3 7.53 5.79 70.0 2.6 22 F
53 NGC4460 9.6 7.93 6.72 120.0 8.3 22 R
54 UGC07827 8.6 8.10 6.62 49.2 8.3 22 R

Continued on next page
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Table 5.B1: H I sample.

WSRT NED name D log(MHI/M�) log(∆MHI/M�) W20 ∆W20 Wt,20 Rotation
CVn ID - Mpc - - km s−1 km s−1 km s−1 -

55 - 17.3 8.15 7.23 64.9 8.3 22 R
56 NGC4242 8.1 8.65 6.57 117.2 8.3 22 F
57 UGC07391 11.1 7.90 6.20 67.7 2.6 17 F
58 UGC07408 7.3 8.03 5.82 34.3 1.5 22 R
59 NGC4389 11.0 8.20 6.84 148.6 8.3 22 F
60 UGC07301 10.8 8.13 6.82 127.9 8.3 22 F
62 NGC4288 8.4 8.73 6.60 169.5 8.3 22 F
63 NGC4656 8.9 9.75 6.65 162.7 8.3 22 F
64 NGC4631 8.2 9.89 6.58 286.7 8.3 22 F
65 NGC4618 8.1 8.97 6.57 108.1 8.3 22 R
66 NGC4625 9.1 8.88 6.67 69.0 8.3 22 F

67A NGC4490 8.7 9.75 6.63 214.5 8.3 22 F
67B NGC4485 7.5 8.59 6.50 153.9 8.3 22 F
68 NGC4449 4.2 9.00 6.00 129.0 8.3 22 R
69 NGC4244 4.5 9.23 6.06 176.6 8.3 22 F



214 chapter 5: Properties of the WSRT CVn detections



5.B
:

Large
tables

215
Table 5.B2: Photometric quantities measured from the INT data.

Id Band PA ε i ∆i h D25 µGc
0,extr µGc

0,obs mGc
25 mGc

exp mGc
tot MGc

tot ∆mtot AG Aint

6 B 89 0.50 62 2 11.2 32 22.16 22.31 15.80 15.46 15.59 -13.78 0.03 0.06 0.03
R 89 0.50 62 2 12.4 60 22.16 22.31 15.80 15.59 15.59 -14.58 0.02 0.04 0.00

7 B 161 0.84 90 999 10.2 55 21.25 21.69 16.26 16.09 16.15 -12.20 0.03 0.06 0.03
R 161 0.84 90 999 10.8 71 21.25 21.69 16.26 16.15 16.15 -13.10 0.03 0.04 0.09

9 B 82 0.35 50 2 8.7 27 21.92 22.55 15.64 15.41 15.50 -13.70 0.04 0.08 0.04
R 82 0.35 50 2 9.9 54 21.92 22.55 15.64 15.50 15.50 -14.44 0.04 0.05 0.00

11 B 120 0.49 61 1 5.9 29 20.67 21.12 15.38 15.35 15.26 -14.21 0.03 0.07 0.03
R 120 0.49 61 1 6.5 50 20.67 21.12 15.38 15.26 15.26 -15.02 0.03 0.04 0.00

12 B 156 0.57 67 1 12.4 34 21.96 22.29 15.46 15.26 15.32 -14.23 0.04 0.08 0.04
R 156 0.57 67 1 13.3 69 21.96 22.29 15.46 15.32 15.32 -15.03 0.03 0.05 0.00

17 B 6 0.55 65 2 4.5 31 20.83 21.96 16.40 16.28 16.27 -13.17 0.06 0.06 0.06
R 6 0.55 65 2 4.8 35 20.83 21.96 16.40 16.27 16.27 -13.87 0.05 0.03 0.00

24 B 52 0.57 67 4 39.8 35 22.71 23.28 14.20 13.80 13.92 -13.92 0.07 0.06 0.07
R 52 0.57 67 4 36.8 146 22.71 23.28 14.20 13.92 13.92 -14.52 0.05 0.04 0.00

25 B 98 0.43 56 2 2.4 28 21.61 22.49 18.09 17.87 17.87 -11.91 0.06 0.05 0.06
R 98 0.43 56 2 3.0 18 21.61 22.49 18.09 17.87 17.87 -12.63 0.04 0.03 0.00

26 B 35 0.51 62 1 19.1 32 21.81 22.24 14.46 14.23 14.35 -14.08 0.04 0.07 0.04
R 35 0.51 62 1 18.7 100 21.81 22.24 14.46 14.35 14.35 -14.84 0.04 0.05 0.00

28 B 12 0.46 59 6 16.0 33 23.99 24.36 18.24 16.77 17.15 -12.48 0.04 0.08 0.04
R 12 0.46 59 6 15.1 29 23.99 24.36 18.24 17.15 17.15 -12.44 0.04 0.05 0.00

31 B 23 0.47 59 2 6.8 32 22.94 23.61 17.80 17.20 17.30 -10.99 0.04 0.07 0.04
R 23 0.47 59 2 7.7 29 22.94 23.61 17.80 17.30 17.30 -11.77 0.04 0.05 0.00

32 B 138 0.37 52 3 7.9 26 20.97 21.59 14.88 14.81 14.73 -14.61 0.03 0.08 0.03
R 138 0.37 52 3 8.6 62 20.97 21.59 14.88 14.73 14.73 -14.87 0.03 0.05 0.00

34 B 134 0.48 60 22 7.6 29 21.61 21.72 15.58 15.53 15.47 -13.50 0.07 0.06 0.07
R 134 0.48 60 22 9.1 53 21.61 21.72 15.58 15.47 15.47 -13.66 0.06 0.04 0.00

40 B 2 0.68 75 10 10.0 40 22.35 22.20 17.08 16.66 16.08 -14.16 0.05 0.12 0.05
R 2 0.68 75 10 9.7 45 22.35 22.20 17.08 16.08 16.08 -14.76 0.05 0.07 0.00
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Table 5.B2: Photometric quantities measured from the INT data.

Id Band PA ε i ∆i h D25 µGc
0,extr µGc

0,obs mGc
25 mGc

exp mGc
tot MGc

tot ∆mtot AG Aint

41 B 88 0.57 67 3 9.3 33 21.23 21.95 15.32 15.23 15.25 -13.94 0.04 0.12 0.04
R 88 0.57 67 3 9.6 61 21.23 21.95 15.32 15.25 15.25 -14.56 0.03 0.07 0.00

42 B 174 0.52 63 3 13.0 34 23.25 23.44 16.54 15.72 15.94 -11.72 0.04 0.08 0.04
R 174 0.52 63 3 18.4 56 23.25 23.44 16.54 15.94 15.94 -13.04 0.03 0.05 0.00

44 B 57 0.33 49 0 7.8 26 20.80 21.42 14.74 14.67 14.61 -13.82 0.03 0.10 0.03
R 57 0.33 49 0 8.2 60 20.80 21.42 14.74 14.61 14.61 -14.37 0.02 0.06 0.02

45 B 25 0.58 67 1 9.3 32 20.82 21.04 14.79 14.69 14.67 -13.89 0.04 0.09 0.04
R 25 0.58 67 1 10.4 80 20.82 21.04 14.79 14.67 14.67 -14.48 0.02 0.05 0.00

46 B 118 0.17 34 14 13.9 22 19.93 20.39 12.44 12.46 12.41 -16.62 0.05 0.13 0.05
R 118 0.17 34 14 13.7 123 19.93 20.39 12.44 12.41 12.41 -17.16 0.05 0.08 0.04

47 B 115 0.20 37 8 6.4 26 23.05 23.84 17.79 17.21 17.41 -11.67 0.05 0.06 0.05
R 115 0.20 37 8 6.6 24 23.05 23.84 17.79 17.41 17.41 -12.22 0.04 0.04 0.00

48 B 133 0.27 44 8 28.0 27 22.47 22.95 14.28 13.83 13.70 -15.71 0.09 0.07 0.09
R 133 0.27 44 8 25.0 99 22.47 22.95 14.28 13.70 13.70 -15.89 0.08 0.04 0.01

49 B 34 0.65 72 2 62.2 38 22.27 22.73 13.05 12.30 12.94 -13.60 0.04 0.09 0.04
R 34 0.65 72 2 66.5 224 22.27 22.73 13.05 12.94 12.94 -14.09 0.04 0.05 0.00

50 B 54 0.34 50 2 8.1 28 22.44 23.16 16.49 16.06 16.12 -11.38 0.03 0.11 0.03
R 54 0.34 50 2 9.2 41 22.44 23.16 16.49 16.12 16.12 -12.32 0.03 0.07 0.00

51 B 126 0.38 53 4 3.6 27 20.97 21.85 16.56 16.47 16.48 -12.24 0.04 0.07 0.04
R 126 0.38 53 4 4.0 28 20.97 21.85 16.56 16.48 16.48 -13.00 0.03 0.04 0.00

52 B 159 0.58 67 2 11.8 34 21.80 22.05 15.66 15.36 15.44 -13.66 0.02 0.05 0.02
R 159 0.58 67 2 12.0 65 21.80 22.05 15.66 15.44 15.44 -14.16 0.02 0.03 0.00

55 B 84 0.46 59 6 9.5 32 22.76 22.61 17.14 16.54 16.42 -13.82 0.05 0.09 0.05
R 84 0.46 59 6 9.5 39 22.76 22.61 17.14 16.42 16.42 -14.77 0.04 0.06 0.00

57 B 85 0.79 86 3 10.9 46 20.66 21.09 15.05 14.99 14.93 -14.62 0.03 0.05 0.03
R 85 0.79 86 3 11.9 97 20.66 21.09 15.05 14.93 14.93 -15.30 0.03 0.03 0.00

58 B 5 0.43 56 2 20.6 28 21.34 21.05 13.29 13.13 13.17 -15.47 0.04 0.05 0.04
R 5 0.43 56 2 23.2 146 21.34 21.05 13.29 13.17 13.17 -16.16 0.03 0.03 0.00
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Table 5.B2: Photometric quantities measured from the INT data.

Id Band PA ε i ∆i h D25 µGc
0,extr µGc

0,obs mGc
25 mGc

exp mGc
tot MGc

tot ∆mtot AG Aint

62 B 34 0.31 47 9 15.0 24 20.03 19.59 12.70 12.61 12.65 -16.44 0.07 0.06 0.07
R 34 0.31 47 9 14.6 134 20.03 19.59 12.70 12.65 12.65 -16.97 0.06 0.04 0.14
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Table 5.B3: Photometric quantities measured from the SDSS data.

Id Band PA ε i ∆i h D25 µGc
0,extr µGc

0,obs mGc
25 mGc

exp mGc
tot MGc

tot ∆mtot AG Aint

1 g 15 0.54 64 3 24.4 170 20.52 20.38 12.58 12.35 12.41 -18.29 0.06 0.09 0.32
r 15 0.54 64 3 25.3 203 20.52 20.38 12.58 12.41 12.41 -18.80 0.04 0.07 0.26
i 15 0.54 64 3 24.8 179 20.25 20.00 12.45 12.13 12.16 -19.05 0.04 0.05 0.22

2 g 82 0.29 45 7 56.6 144 23.21 23.26 13.79 12.91 12.86 -15.68 0.05 0.06 0.00
r 82 0.29 45 7 54.5 158 23.21 23.26 13.79 12.86 12.86 -16.07 0.05 0.04 0.00
i 82 0.29 45 7 50.0 144 23.01 23.24 13.96 12.89 12.86 -16.07 0.05 0.03 0.00

3 g 99 0.49 61 17 15.7 115 20.73 20.65 13.51 13.35 13.24 -17.32 0.06 0.06 0.00
r 99 0.49 61 17 16.7 132 20.73 20.65 13.51 13.24 13.24 -17.76 0.06 0.04 0.00
i 99 0.49 61 17 17.3 121 20.60 20.51 13.40 13.14 13.00 -18.01 0.06 0.03 0.00

4 g 41 0.35 50 3 6.1 58 19.62 20.50 13.99 13.95 13.90 -16.44 0.07 0.04 0.02
r 41 0.35 50 3 6.7 65 19.62 20.50 13.99 13.90 13.90 -16.69 0.06 0.03 0.01
i 41 0.35 50 3 7.1 58 19.63 20.58 13.99 13.85 13.80 -16.78 0.05 0.03 0.01

5 g 120 0.07 22 14 11.0 61 21.18 20.71 14.22 14.12 14.02 -16.04 0.05 0.06 0.01
r 120 0.07 22 14 10.7 75 21.18 20.71 14.22 14.02 14.02 -16.49 0.05 0.05 0.01
i 120 0.07 22 14 11.0 71 20.69 20.42 13.84 13.57 13.51 -17.00 0.06 0.04 0.01

6 g 85 0.54 64 1 12.7 55 22.43 22.77 16.05 15.62 15.71 -14.21 0.05 0.06 0.00
r 85 0.54 64 1 13.5 62 22.43 22.77 16.05 15.71 15.71 -14.46 0.05 0.04 0.00
i 85 0.54 64 1 14.6 57 22.37 23.24 16.12 15.40 15.53 -14.64 0.06 0.03 0.00

7 g 163 0.78 84 0 9.7 56 21.59 22.00 16.44 16.26 16.26 -12.65 0.05 0.05 0.02
r 163 0.78 84 0 9.9 63 21.59 22.00 16.44 16.26 16.26 -12.99 0.04 0.04 0.02
i 163 0.78 84 0 11.1 58 21.57 21.62 16.33 15.98 15.91 -13.34 0.05 0.03 0.01

8 g 143 0.14 31 0 16.3 29 23.52 23.98 16.93 15.56 15.41 -11.76 0.09 0.06 0.00
r 143 0.14 31 0 16.8 33 23.52 23.98 16.93 15.41 15.41 -12.05 0.10 0.04 0.00
i 143 0.14 31 0 25.5 30 24.02 26.22 17.53 15.15 15.32 -12.13 0.11 0.03 0.00

9 g 74 0.23 40 9 8.5 43 22.10 22.92 15.76 15.44 15.51 -14.10 0.04 0.07 0.00
r 74 0.23 40 9 9.8 50 22.10 22.92 15.76 15.51 15.51 -14.42 0.04 0.05 0.00
i 74 0.23 40 9 11.4 45 22.13 23.13 15.77 15.13 15.26 -14.67 0.05 0.04 0.00

10 g 81 0.49 61 15 3.2 20 21.66 21.60 17.44 17.39 17.24 -13.35 0.07 0.06 0.00
Continued on next page
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Table 5.B3: Photometric quantities measured from the SDSS data.

Id Band PA ε i ∆i h D25 µGc
0,extr µGc

0,obs mGc
25 mGc

exp mGc
tot MGc

tot ∆mtot AG Aint

r 81 0.49 61 15 4.0 26 21.66 21.60 17.44 17.24 17.24 -13.61 0.06 0.04 0.00
i 81 0.49 61 15 3.7 21 21.32 22.23 17.73 17.21 17.03 -13.82 0.07 0.03 0.00

11 g 120 0.29 45 14 6.2 38 21.08 21.42 15.58 15.38 15.27 -14.69 0.06 0.06 0.00
r 120 0.29 45 14 6.5 44 21.08 21.42 15.58 15.27 15.27 -15.01 0.05 0.04 0.00
i 120 0.29 45 14 6.8 33 20.98 21.20 15.70 15.18 15.03 -15.25 0.06 0.03 0.00

12 g 156 0.67 74 3 14.1 69 22.00 22.28 15.55 15.20 15.15 -14.79 0.04 0.07 0.00
r 156 0.67 74 3 15.9 84 22.00 22.28 15.55 15.15 15.15 -15.20 0.04 0.05 0.00
i 156 0.67 74 3 16.3 70 21.93 21.94 15.69 15.08 15.00 -15.35 0.05 0.04 0.00

13 g 169 0.65 72 0 31.6 65 22.82 22.23 16.23 14.46 14.47 -14.69 0.07 0.06 0.00
r 169 0.65 72 0 31.6 72 22.82 22.23 16.23 14.47 14.47 -14.89 0.09 0.04 0.00
i 169 0.65 72 0 36.4 65 22.48 22.01 15.89 13.82 13.91 -15.45 0.10 0.03 0.00

14 g 63 0.20 37 23 119.8 411 22.32 22.36 10.89 10.40 10.30 -17.73 0.06 0.07 0.08
r 63 0.20 37 23 107.7 430 22.32 22.36 10.89 10.30 10.30 -18.02 0.06 0.05 0.06
i 63 0.20 37 23 99.8 411 22.11 21.86 10.84 10.37 10.28 -18.04 0.06 0.04 0.05

15 g 40 0.24 41 9 3.9 25 21.60 22.48 17.02 16.64 16.76 -12.60 0.06 0.05 0.00
r 40 0.24 41 9 4.5 28 21.60 22.48 17.02 16.76 16.76 -12.76 0.06 0.03 0.00
i 40 0.24 41 9 4.8 26 21.69 22.89 17.12 16.59 16.71 -12.81 0.07 0.03 0.00

16 g 87 0.72 78 1 70.5 166 23.50 23.96 14.57 13.50 13.49 -16.11 0.07 0.07 0.00
r 87 0.72 78 1 75.5 185 23.50 23.96 14.57 13.49 13.49 -16.20 0.07 0.05 0.00
i 87 0.72 78 1 97.0 135 23.35 24.45 16.95 12.81 12.97 -16.72 0.09 0.04 0.00

17 g 4 0.50 62 3 3.6 31 20.32 22.28 16.55 16.12 16.46 -13.46 0.07 0.05 0.00
r 4 0.50 62 3 3.9 33 20.32 22.28 16.55 16.46 16.46 -13.68 0.07 0.04 0.00
i 4 0.50 62 3 4.1 27 20.37 22.13 16.66 16.08 16.37 -13.77 0.07 0.03 0.00

18 g 130 0.27 44 12 8.7 53 21.39 21.79 14.98 14.78 14.82 -14.84 0.05 0.06 0.00
r 130 0.27 44 12 9.8 65 21.39 21.79 14.98 14.82 14.82 -15.25 0.05 0.04 0.00
i 130 0.27 44 12 10.3 60 21.32 21.90 14.96 14.61 14.65 -15.42 0.05 0.03 0.00

19 g 167 0.47 59 6 3.2 18 21.61 22.56 18.06 17.70 17.78 -12.49 0.07 0.06 0.00
r 167 0.47 59 6 3.3 18 21.61 22.56 18.06 17.78 17.78 -12.71 0.07 0.04 0.00
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Table 5.B3: Photometric quantities measured from the SDSS data.

Id Band PA ε i ∆i h D25 µGc
0,extr µGc

0,obs mGc
25 mGc

exp mGc
tot MGc

tot ∆mtot AG Aint

i 167 0.47 59 6 3.7 18 21.80 22.42 18.17 17.64 17.67 -12.82 0.08 0.03 0.00
20 g 20 0.41 55 4 23.8 184 20.46 20.55 12.40 12.20 12.26 -17.74 0.04 0.04 0.13

r 20 0.41 55 4 23.4 195 20.46 20.55 12.40 12.26 12.26 -18.04 0.04 0.03 0.10
i 20 0.41 55 4 22.1 184 20.23 20.40 12.29 12.09 12.13 -18.17 0.04 0.03 0.08

21 g 109 0.39 53 5 17.6 89 22.04 22.39 14.47 14.12 13.98 -13.93 0.05 0.06 0.00
r 109 0.39 53 5 19.6 102 22.04 22.39 14.47 13.98 13.98 -14.26 0.05 0.04 0.00
i 109 0.39 53 5 20.8 95 22.03 22.38 14.53 13.98 13.82 -14.41 0.05 0.03 0.00

22 g 145 0.50 62 7 4.2 29 20.94 21.84 16.54 16.33 16.35 -13.68 0.05 0.04 0.06
r 145 0.50 62 7 4.7 34 20.94 21.84 16.54 16.35 16.35 -13.99 0.05 0.03 0.05
i 145 0.50 62 7 4.7 31 20.81 21.75 16.50 16.19 16.28 -14.07 0.06 0.02 0.04

23 g 154 0.31 47 3 28.9 85 23.30 23.70 15.13 14.24 14.36 -15.49 0.04 0.07 0.00
r 154 0.31 47 3 31.2 90 23.30 23.70 15.13 14.36 14.36 -15.72 0.05 0.05 0.00
i 154 0.31 47 3 52.3 103 23.36 23.78 14.96 13.18 13.46 -16.63 0.10 0.04 0.00

24 g 49 0.53 64 1 34.1 152 22.37 22.61 13.92 13.55 13.60 -14.67 0.04 0.06 0.00
r 49 0.53 64 1 33.8 166 22.37 22.61 13.92 13.60 13.60 -14.84 0.04 0.04 0.00
i 49 0.53 64 1 34.8 153 22.34 22.70 14.00 13.45 13.53 -14.90 0.04 0.03 0.00

25 g 83 0.39 53 16 1.5 15 18.59 22.60 18.32 16.60 18.16 -12.28 0.06 0.04 0.00
r 83 0.39 53 16 1.3 16 18.59 22.60 18.32 18.16 18.16 -12.34 0.06 0.03 0.00
i 83 0.39 53 16 27.3 15 23.88 23.11 18.37 15.24 17.57 -12.93 0.08 0.02 0.00

26 g 35 0.39 53 8 16.0 87 21.78 22.56 14.60 14.36 14.47 -14.50 0.04 0.07 0.00
r 35 0.39 53 8 15.6 90 21.78 22.56 14.60 14.47 14.47 -14.73 0.04 0.05 0.00
i 35 0.39 53 8 16.6 88 21.71 22.27 14.52 14.15 14.28 -14.92 0.04 0.04 0.00

27 g 125 0.69 76 2 27.6 216 20.52 21.16 12.59 12.55 12.52 -16.42 0.04 0.05 0.42
r 125 0.69 76 2 28.1 229 20.52 21.16 12.59 12.52 12.52 -16.78 0.04 0.03 0.34
i 125 0.69 76 2 28.7 217 20.36 20.84 12.46 12.35 12.34 -16.96 0.04 0.03 0.28

28 g 17 0.43 56 5 15.4 29 23.55 23.85 17.27 16.23 16.45 -12.91 0.06 0.07 0.00
r 17 0.43 56 5 15.4 40 23.55 23.85 17.27 16.45 16.45 -13.14 0.06 0.05 0.00
i 17 0.43 56 5 13.6 35 23.33 22.66 17.64 16.28 16.52 -13.06 0.11 0.04 0.00

Continued on next page



222
chapter

5:
P

roperties
of

the
W

SR
T

C
V

n
detections

Table 5.B3: Photometric quantities measured from the SDSS data.

Id Band PA ε i ∆i h D25 µGc
0,extr µGc

0,obs mGc
25 mGc

exp mGc
tot MGc

tot ∆mtot AG Aint

29 g 35 0.13 30 14 6.3 27 22.58 23.29 17.28 16.72 16.80 -12.92 0.05 0.04 0.01
r 35 0.13 30 14 6.4 28 22.58 23.29 17.28 16.80 16.80 -13.04 0.06 0.03 0.01
i 35 0.13 30 14 7.0 27 22.78 24.30 17.35 16.71 16.79 -13.05 0.12 0.02 0.01

30 g 5 0.06 20 18 6.0 14 23.55 25.39 18.46 17.47 17.70 -11.99 0.09 0.04 0.02
r 5 0.06 20 18 6.8 19 23.55 25.39 18.46 17.70 17.70 -12.35 0.10 0.03 0.02
i 5 0.06 20 18 7.2 7 23.70 22.92 20.26 17.48 17.70 -12.36 0.19 0.02 0.02

31 g 28 0.37 52 5 6.0 21 23.06 24.94 18.16 17.44 17.61 -11.29 0.06 0.07 0.00
r 28 0.37 52 5 6.7 23 23.06 24.94 18.16 17.61 17.61 -11.45 0.08 0.05 0.00
i 28 0.37 52 5 7.1 23 22.84 23.13 18.09 17.09 17.15 -11.92 0.12 0.04 0.00

32 g 139 0.37 52 2 7.7 60 20.48 21.10 14.54 14.40 14.40 -14.92 0.03 0.07 0.00
r 139 0.37 52 2 8.3 69 20.48 21.10 14.54 14.40 14.40 -15.20 0.03 0.05 0.00
i 139 0.37 52 2 8.6 60 20.41 21.00 14.49 14.23 14.20 -15.40 0.03 0.04 0.00

33 g 90 0.18 35 3 27.4 136 22.09 21.75 13.44 13.17 13.19 -14.88 0.04 0.07 0.01
r 90 0.18 35 3 26.8 145 22.09 21.75 13.44 13.19 13.19 -15.11 0.04 0.06 0.01
i 90 0.18 35 3 26.4 140 21.95 21.48 13.40 13.06 13.10 -15.20 0.04 0.04 0.01

34 g 135 0.56 66 7 9.5 56 21.68 22.20 15.64 15.46 15.48 -13.52 0.07 0.05 0.00
r 135 0.56 66 7 10.6 59 21.68 22.20 15.64 15.48 15.48 -13.65 0.06 0.04 0.00
i 135 0.56 66 7 10.9 56 21.66 22.17 15.65 15.38 15.44 -13.69 0.07 0.03 0.00

35 g 72 0.71 77 1 21.4 124 21.50 22.23 14.26 14.06 14.01 -15.71 0.04 0.06 0.00
r 72 0.71 77 1 22.8 139 21.50 22.23 14.26 14.01 14.01 -15.99 0.03 0.04 0.00
i 72 0.71 77 1 24.5 125 21.45 22.18 14.28 13.85 13.84 -16.15 0.04 0.03 0.00

36 g 95 0.07 22 11 15.7 142 19.48 18.41 11.40 11.57 11.37 -18.94 0.05 0.10 0.04
r 95 0.07 22 11 15.8 160 19.48 18.41 11.40 11.37 11.37 -19.51 0.04 0.07 0.03
i 95 0.07 22 11 16.0 148 19.14 18.17 11.12 11.20 11.03 -19.84 0.04 0.05 0.03

37 g 124 0.41 55 5 8.7 54 21.41 22.07 15.29 15.04 15.10 -14.54 0.06 0.06 0.00
r 124 0.41 55 5 9.7 64 21.41 22.07 15.29 15.10 15.10 -14.83 0.05 0.04 0.00
i 124 0.41 55 5 10.5 55 21.45 22.06 15.42 14.91 14.93 -15.00 0.05 0.03 0.00

38 g 179 0.39 53 3 11.3 91 20.24 20.72 13.53 13.42 13.40 -16.32 0.04 0.06 0.00
Continued on next page
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Table 5.B3: Photometric quantities measured from the SDSS data.

Id Band PA ε i ∆i h D25 µGc
0,extr µGc

0,obs mGc
25 mGc

exp mGc
tot MGc

tot ∆mtot AG Aint

r 179 0.39 53 3 11.8 102 20.24 20.72 13.53 13.40 13.40 -16.61 0.04 0.04 0.00
i 179 0.39 53 3 12.1 93 20.17 20.77 13.48 13.29 13.26 -16.75 0.04 0.03 0.00

39 g 10 0.85 90 999 27.7 183 20.63 20.88 13.70 13.54 13.60 -15.46 0.02 0.07 0.73
r 10 0.85 90 999 27.0 196 20.63 20.88 13.70 13.60 13.60 -15.89 0.02 0.05 0.59
i 10 0.85 90 999 26.7 181 20.40 20.87 13.54 13.33 13.40 -16.08 0.02 0.04 0.49

40 g 3 0.67 74 9 70.3 63 23.75 22.29 15.95 13.63 13.46 -17.08 0.07 0.11 0.00
r 3 0.67 74 9 73.2 113 23.75 22.29 15.95 13.46 13.46 -17.38 0.07 0.08 0.00
i 3 0.67 74 9 85.5 63 23.64 22.01 17.42 13.19 12.82 -18.02 0.09 0.06 0.00

41 g 86 0.58 67 3 8.2 57 21.15 22.11 15.48 15.27 15.38 -14.22 0.04 0.10 0.00
r 86 0.58 67 3 9.2 61 21.15 22.11 15.48 15.38 15.38 -14.42 0.04 0.07 0.00
i 86 0.58 67 3 10.0 57 21.14 21.67 15.42 15.08 15.20 -14.60 0.04 0.06 0.00

42 g 173 0.54 64 1 17.8 43 23.39 24.19 16.74 15.82 16.01 -12.62 0.06 0.07 0.00
r 173 0.54 64 1 19.2 55 23.39 24.19 16.74 16.01 16.01 -12.97 0.06 0.05 0.00
i 173 0.54 64 1 19.8 20 23.27 23.19 -0.04 15.63 15.83 -13.14 0.08 0.04 0.00

43 g 112 0.44 57 6 5.1 24 22.30 23.41 17.52 17.03 17.10 -12.21 0.09 0.07 0.00
r 112 0.44 57 6 6.0 28 22.30 23.41 17.52 17.10 17.10 -12.56 0.09 0.05 0.00
i 112 0.44 57 6 6.6 27 22.30 22.75 17.52 16.84 16.66 -13.00 0.11 0.04 0.00

44 g 59 0.36 51 3 8.0 53 20.92 21.39 14.94 14.78 14.77 -13.86 0.04 0.09 0.00
r 59 0.36 51 3 8.5 59 20.92 21.39 14.94 14.77 14.77 -14.21 0.04 0.07 0.00
i 59 0.36 51 3 9.2 57 20.89 21.33 14.86 14.56 14.54 -14.45 0.04 0.05 0.00

45 g 26 0.43 56 15 9.4 56 21.18 21.37 15.08 14.91 14.85 -14.22 0.04 0.07 0.00
r 26 0.43 56 15 9.5 65 21.18 21.37 15.08 14.85 14.85 -14.30 0.04 0.06 0.00
i 26 0.43 56 15 10.0 37 21.12 21.44 15.58 14.73 14.67 -14.48 0.04 0.04 0.00

46 g 117 0.17 34 3 14.3 117 20.16 20.72 12.64 12.54 12.58 -16.65 0.04 0.11 0.05
r 117 0.17 34 3 14.7 128 20.16 20.72 12.64 12.58 12.58 -16.99 0.03 0.08 0.04
i 117 0.17 34 3 15.0 118 20.06 20.71 12.54 12.39 12.42 -17.15 0.03 0.06 0.03

47 g 144 0.70 76 23 39.6 30 23.32 24.57 18.22 16.87 16.05 -13.09 0.07 0.05 0.00
r 144 0.70 76 23 14.2 32 23.32 24.57 18.22 16.05 16.05 -13.57 0.08 0.04 0.00

Continued on next page
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Table 5.B3: Photometric quantities measured from the SDSS data.

Id Band PA ε i ∆i h D25 µGc
0,extr µGc

0,obs mGc
25 mGc

exp mGc
tot MGc

tot ∆mtot AG Aint

i 144 0.70 76 23 240.8 28 24.25 23.29 18.47 11.65 13.45 -16.18 0.12 0.03 0.00
48 g 132 0.10 26 10 29.0 104 22.59 22.58 13.92 13.50 13.53 -15.82 0.04 0.07 0.00

r 132 0.10 26 10 27.7 130 22.59 22.58 13.92 13.53 13.53 -16.05 0.05 0.05 0.00
i 132 0.10 26 10 27.1 114 22.43 22.53 14.10 13.39 13.41 -16.17 0.05 0.04 0.00

49 g 35 0.44 57 3 45.3 220 21.99 22.40 12.49 12.21 12.33 -14.38 0.02 0.08 0.00
r 35 0.44 57 3 48.1 241 21.99 22.40 12.49 12.33 12.33 -14.69 0.02 0.06 0.00
i 35 0.44 57 3 49.9 221 21.85 22.27 12.42 12.00 12.22 -14.81 0.03 0.04 0.00

50 g 64 0.37 52 1 8.5 32 22.80 23.71 16.97 16.37 16.38 -11.74 0.07 0.10 0.00
r 64 0.37 52 1 9.7 38 22.80 23.71 16.97 16.38 16.38 -12.06 0.06 0.07 0.00
i 64 0.37 52 1 9.4 32 22.62 22.86 17.10 16.26 16.15 -12.29 0.07 0.06 0.00

51 g 119 0.37 52 6 3.7 26 20.94 21.78 16.73 16.47 16.65 -12.58 0.05 0.06 0.00
r 119 0.37 52 6 3.9 28 20.94 21.78 16.73 16.65 16.65 -12.83 0.04 0.04 0.00
i 119 0.37 52 6 4.3 26 21.02 22.58 16.70 16.35 16.49 -12.99 0.05 0.03 0.00

52 g 158 0.56 66 1 10.5 62 21.41 21.92 15.30 15.08 15.13 -14.03 0.03 0.05 0.00
r 158 0.56 66 1 11.1 71 21.41 21.92 15.30 15.13 15.13 -14.47 0.03 0.03 0.00
i 158 0.56 66 1 11.4 62 21.29 22.22 15.29 14.90 14.92 -14.68 0.04 0.03 0.00

53 g 128 0.68 75 3 22.9 233 18.95 18.30 11.42 11.37 11.38 -17.95 0.02 0.07 0.18
r 128 0.68 75 3 23.2 267 18.95 18.30 11.42 11.38 11.38 -18.53 0.02 0.05 0.15
i 128 0.68 75 3 22.9 241 18.67 18.23 11.17 11.11 11.12 -18.79 0.02 0.04 0.12

54 g 23 0.44 57 9 15.3 73 22.01 22.33 14.90 14.56 14.28 -15.05 0.04 0.07 0.00
r 23 0.44 57 9 16.5 81 22.01 22.33 14.90 14.28 14.28 -15.40 0.04 0.05 0.00
i 23 0.44 57 9 18.3 71 22.01 21.98 14.99 14.33 13.76 -15.92 0.04 0.04 0.00

55 g 78 0.46 59 5 11.2 28 23.23 22.95 17.56 16.50 16.39 -14.51 0.06 0.08 0.00
r 78 0.46 59 5 12.0 30 23.23 22.95 17.56 16.39 16.39 -14.80 0.07 0.06 0.00
i 78 0.46 59 5 14.7 31 23.27 23.45 17.78 16.11 15.54 -15.65 0.08 0.04 0.00

56 g 109 0.29 45 1 47.0 296 20.93 20.80 11.03 10.90 10.88 -18.14 0.02 0.05 0.11
r 109 0.29 45 1 48.0 339 20.93 20.80 11.03 10.88 10.88 -18.67 0.02 0.03 0.09
i 109 0.29 45 1 48.4 288 20.69 20.68 10.91 10.64 10.64 -18.91 0.02 0.03 0.07

Continued on next page
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Table 5.B3: Photometric quantities measured from the SDSS data.

Id Band PA ε i ∆i h D25 µGc
0,extr µGc

0,obs mGc
25 mGc

exp mGc
tot MGc

tot ∆mtot AG Aint

57 g 86 0.78 84 2 11.8 75 21.27 22.00 15.67 15.48 15.47 -14.45 0.04 0.04 0.00
r 86 0.78 84 2 12.2 84 21.27 22.00 15.67 15.47 15.47 -14.76 0.04 0.03 0.00
i 86 0.78 84 2 12.6 76 21.20 21.77 15.72 15.36 15.37 -14.86 0.05 0.03 0.00

58 g 2 0.32 48 5 26.0 135 21.83 22.12 13.37 13.13 13.06 -16.06 0.03 0.04 0.00
r 2 0.32 48 5 26.6 150 21.83 22.12 13.37 13.06 13.06 -16.27 0.03 0.03 0.00
i 2 0.32 48 5 27.5 134 21.70 22.21 13.39 12.93 12.88 -16.45 0.03 0.03 0.00

59 g 8 0.21 38 5 18.3 153 19.75 19.75 11.62 11.63 11.54 -18.07 0.06 0.06 0.12
r 8 0.21 38 5 18.9 177 19.75 19.75 11.62 11.54 11.54 -18.67 0.05 0.04 0.09
i 8 0.21 38 5 18.7 158 19.41 19.40 11.35 11.31 11.24 -18.97 0.05 0.03 0.08

60 g 171 0.87 90 999 22.9 140 21.17 21.14 14.72 14.54 14.45 -15.25 0.03 0.04 0.39
r 171 0.87 90 999 23.4 156 21.17 21.14 14.72 14.45 14.45 -15.73 0.03 0.03 0.32
i 171 0.87 90 999 23.6 141 20.99 20.85 14.64 14.35 14.23 -15.95 0.04 0.02 0.26

62 g 44 0.44 57 3 20.4 148 20.55 20.14 12.76 12.64 12.62 -16.67 0.06 0.05 0.18
r 44 0.44 57 3 20.3 157 20.55 20.14 12.76 12.62 12.62 -17.00 0.05 0.04 0.14
i 44 0.44 57 3 20.4 146 20.36 19.96 12.66 12.44 12.40 -17.21 0.05 0.03 0.12

63 g 124 0.84 90 999 85.6 714 20.36 20.69 10.89 10.77 10.75 -18.93 0.07 0.05 0.56
r 124 0.84 90 999 82.2 719 20.36 20.69 10.89 10.75 10.75 -19.00 0.06 0.04 0.46
i 124 0.84 90 999 79.0 714 20.25 20.61 10.86 10.76 10.74 -19.02 0.06 0.03 0.38

64 g 175 0.85 90 999 161.2 1086 19.84 20.11 9.08 9.02 9.05 -20.14 0.04 0.07 1.10
r 175 0.85 90 999 150.6 1152 19.84 20.11 9.08 9.05 9.05 -20.51 0.04 0.05 0.90
i 175 0.85 90 999 138.0 1087 19.48 19.71 8.90 8.85 8.84 -20.72 0.04 0.04 0.74

65 g 106 0.35 50 16 47.7 279 20.63 21.02 10.59 10.73 10.52 -18.63 0.05 0.08 0.10
r 106 0.35 50 16 47.1 301 20.63 21.02 10.59 10.52 10.52 -19.04 0.05 0.06 0.08
i 106 0.35 50 16 47.6 275 20.41 20.84 10.43 10.49 10.28 -19.27 0.05 0.04 0.07

66 g 14 0.25 42 10 17.8 117 20.02 20.01 12.20 12.12 11.65 -17.52 0.05 0.07 0.02
r 14 0.25 42 10 17.5 132 20.02 20.01 12.20 11.65 11.65 -18.15 0.05 0.05 0.02
i 14 0.25 42 10 16.4 88 19.63 19.74 12.19 11.87 11.27 -18.53 0.05 0.04 0.02

67 g 25 0.40 54 7 32.4 376 18.53 18.28 9.52 9.53 9.49 -19.89 0.04 0.08 0.27
Continued on next page
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Table 5.B3: Photometric quantities measured from the SDSS data.

Id Band PA ε i ∆i h D25 µGc
0,extr µGc

0,obs mGc
25 mGc

exp mGc
tot MGc

tot ∆mtot AG Aint

r 25 0.40 54 7 32.5 399 18.53 18.28 9.52 9.49 9.49 -20.21 0.04 0.06 0.22
i 25 0.40 54 7 32.0 376 18.34 18.17 9.37 9.38 9.34 -20.36 0.03 0.04 0.18

68 g 156 0.34 50 8 35.5 410 18.65 17.45 9.40 9.26 9.38 -18.42 0.05 0.07 0.13
r 156 0.34 50 8 37.1 448 18.65 17.45 9.40 9.38 9.38 -18.74 0.04 0.05 0.11
i 156 0.34 50 8 37.8 418 18.56 17.36 9.29 9.13 9.24 -18.89 0.04 0.04 0.09

69 g 136 0.88 90 999 132.3 965 20.02 20.28 9.92 9.86 9.88 -17.99 0.03 0.08 0.73
r 136 0.88 90 999 123.7 1036 20.02 20.28 9.92 9.88 9.88 -18.39 0.03 0.06 0.60
i 136 0.88 90 999 120.0 974 19.73 19.96 9.71 9.63 9.64 -18.62 0.03 0.04 0.49

70 g 87 0.34 50 5 18.6 177 19.66 19.71 11.75 11.66 11.66 -17.44 0.04 0.08 0.17
r 87 0.34 50 5 19.5 201 19.66 19.71 11.75 11.66 11.66 -17.72 0.04 0.06 0.14
i 87 0.34 50 5 19.7 177 19.54 19.55 11.66 11.51 11.51 -17.87 0.04 0.04 0.11



6
Summary and future prospects

This chapter summarises the work that has been carried out and which is presented
in this thesis. We will look retrospectively at the goals stated in Chapter 1 and compare
them with the achievements. For the interested reader, a more detailed summary of the
content of the individual chapters is presented in Subsections 6.1.1 to 6.1.4, where some
of the results will be repeated. After the summary, we will discuss possible projects to
carry out in the future. Most of the projects discussed are not a direct extension of
the work presented in this thesis. They can be understood as suggestion for a future
direction to interprete results obtained from the thesis project.

6.1 Summary of the main results
At the beginning of this thesis (Chapter 1) we identified three goals:

• to make an inventory of objects with H I masses in the range of about 106 to
108 M�

The WSRT CVn survey has been used to carry out an inventory of all H I objects
in the region of about 86 deg2 covering the recession velocity range from approxi-
mately -450 km s−1 to approximately 1330 km s−1. The survey was successful in
searching for the lowest mass galaxies: 37% of the detected objects has H I masses
below 108 h−2

70 M�, and about 86% of all detected galaxies have profile widths mea-
sured at the 50% level of the maximum in the integrated spectra less than 130
km s−1. We do not find any truly isolated, self-gravitating gas-clouds without
starlight.

• to construct the H IMF
70 detections from the WSRT CVn survey have been used to construct the
H IMF. A slope of the WSRT CVn survey H IMF is -1.17, significant down to
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log(h2
70MHI/M�) = 6.40. The slope of the H IMF is most sensitive to the binning

(or to the low number statistic in the individual bins), and less sensitive to the
uncertainties in the measured parameters. In all cases considered, the slope is shal-
lower than the slope of -1.8 of the halo mass function, derived analytically (e.g.
Press & Schechter 1974).

• to compare the properties of the lowest H I mass and/or narrowest profiles objects
to the properties of objects with larger H I masses and/or broader profiles
Using three or five optical pass-bands and the H I properties of the galaxies, we
conclude that galaxies with the smallest H I masses are at the same time the opti-
cally faintest systems and their optical diameters are smallest too. Galaxies with
smallest H I masses generally have the H I mass-to-light and baryonic mass-to-
light ratios higher than galaxies with larger H I masses. Their total gas fractions,
Mgas/(Mgas +M∗), are distributed over the whole range of possible fractions (rang-
ing from 0% to 100%), and their g− r colours cover the whole range of colours cov-
ered by the galaxies with all H I masses. The Tully-Fisher (TF) and Baryonic TF
(BTF) relations suggest that even galaxies with the narrowest profile widths follow
the (B)TF relations established by faster rotating and brighter galaxies, though
the scatter in the (B)TF relations is substantial. Our results do not support the
idea of a relatively stronger removal of the baryonic gas in the low-mass galaxies,
than in the more massive ones.

6.1.1 The WSRT CVn survey (Chapter 2)
A new extragalactic H I survey was carried out using the Westerbork Synthesis Radio
Telescope (WSRT) in the direction of the Canes Venatici (CVn) groups of galaxies. The
observations, 60 × 12h in mosaicking mode, were split in three runs during 2001, 2002 and
2004. The observations cover approximately 86 deg2 in 1372 individual pointings. The
final 1372 three dimensional (RA, Dec, V) datacubes produced by combining the data
from the individual pointings have a typical spatial and velocity resolution of 30 × 60
arcsec2 and 33 km s−1, respectively, with a typical noise of 0.86 mJy Beam−1 per velocity
resolution element.

An automated search technique was developed to find the H I emission in the dat-
acubes based on the counting of all pixels with positive and negative flux values. The
search process yielded 70 detections. Of these, 69 can be identified with galaxies pre-
viously detected in the optical wavelengths. One H I detection is without an optical
counterpart and is in the proximity of the larger galaxy NGC4288, separated by a few
arcmin on the sky and ∼ 110 km s−1 in velocity. A new population of truly isolated
self-gravitating H I clouds, without any starlight, has not been detected, in agreement
with previous blind H I surveys.

We measured the various H I properties of the detected systems, such as the integrated
flux, profile widths and the H I size. The distributions of these properties is in good
agreement with corresponding distributions of the H I parameters obtained from the H I
Parkes All Sky Survey (HIPASS, Meyer et al. 2004, the largest blind H I survey up to
date), and extend these distributions to objects with about ten times lower integrated flux
values. Our sample of detected objects is dominated with dwarf galaxies (or at least dwarf
galaxy candidates): about 86% of all detected galaxies have profile widths measured at
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the 50% level of the maximum in the integrated spectra of less than 130 km s−1.

6.1.2 The H IMF in the volume probed by the WSRT CVn survey
(Chapter 3)

It is straightforward to calculate the H I mass of an objects when the integrated flux and
the distance to the object is known. Using the three models of the velocity field and
64 detections with independently estimated distances in the larger area covered by the
CVn constellation (limits given by Karachentsev et al. 2003b), we conclude that recession
velocities follow the Hubble flow fairly well (in the Local Group frame), with a dispersion
of about 103 km s−1 for the detections at distances below 10 Mpc and a higher dispersion
of about 290 km s−1 for objects detected at distances between 10 and 20 Mpc. We derive
the distances to the objects assuming a Hubble flow with H0 = 70 km s−1 Mpc−1 or
adopting the independently estimated distances from the literature, whenever possible.
The H I masses calculated span a range from 6.48 to 9.89 expressed in logarithmic units
of h−2

70 M�. A fraction of 37% of the detected objects has H I masses below 108 h−2
70 M�,

making this the H I selected sample with the highest fraction of H I low-mass objects.
The H I mass function (H IMF) provides the space density of the H I detections per

given interval of H I mass. This distribution is described well with a Schechter function,
commonly used to approximate also optical and infrared luminosity functions. The best-
fit Schechter function describing the distribution of the H I objects detected in the volume
probed by the WSRT CVn survey has parameters α = −1.17, log(h2

70M
∗
HI/M�) = 9.57

and φ∗ = 0.125h3
70 Mpc−3 dex−1. Our result is valid down to log(h2

70MHI/M�)=6.40,
the lower limit of the lowest mass bin used to construct the H IMF of the WSRT CVn
survey. The resulting slope is at the lower end of the slopes established by recent H I
surveys - both blind surveys and surveys based on the optically selected galaxies.

The parameters of the fitted Schechter function are highly dependent on the binning.
After selecting a suitable binning, the slope of the H IMF may be steepen by -0.05 when
using the HIPASS H IMF value for the M∗ parameter, flatten by 0.02 when introducing
the realistic scatter in the distances and steepen by -0.04 (from the χ2-average) when
adding the typical uncertainties in the integrated fluxes.

6.1.3 More “light” on the smallest H I objects from the WSRT
CVn survey (Chapter 4)

While the spirals and large irregular galaxies are dominated by differential rotation, this
is not clear for the smallest irregular galaxies. To obtain detailed kinematic properties of
some of the smallest detected galaxies in the WSRT CVn survey, we have undertaken the
H I follow observations with the WSRT telescope. In total, we obtained useful data for
23 galaxies detected in the WSRT CVn survey. The velocity resolution of the datacubes
produced for the individual detections ranges from 4 to 12 km s−1 (compared to the
velocity resolution of 33 km s−1reached in the survey).

While the total integrated fluxes and peak fluxes (in the spatially integrated spec-
tra) and systemic velocities do not show any systematic offset when compared to these
parameters measured from the survey data, almost all profile widths obtained from the
follow-up data are narrower than when measured from the survey data, with the differ-
ence being larger for the narrower profiles. We identify this offset as the deficiency of the
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method of Bottinelli et al. (1990) to correct properly for the instrumental broadening of
the profile widths. Another important conclusion regarding the data handling is that the
traditionally used 2σ masks to identify the H I emission with the regions defined by the
pixels with flux values above or equal to 2σ in the data smoothed to the lower spatial
resolution will significantly overestimate the total integrated flux of the faint H I emitters
(below 10 Jy km s−1).

By inspecting the position velocity diagrams, velocity fields and global profiles of the
detections, we conclude that the majority of them, 20 out of 23, show a sign of rotation.
From the rotating 20 detections, 7 did not show a sign of rotation in the survey data.
Our result is in accordance with the recent finding by Begum et al. (2006, and references
therein) that the high velocity resolution and sufficient sensitivity may reveal the presence
of rotation patterns, not seen in the data observed with the lower velocity resolution.

6.1.4 Optical and H I properties of the complete WSRT CVn
sample of H I detected galaxies(Chapter 5)

Surface photometry in g, r and i (from the Sloan Digital Sky Survey, SDSS, York et al.
2000) for 69 galaxies from the WSRT CVn survey which have an obvious optical coun-
terpart, and in B and R for 29 galaxies was obtained and compared to the H I properties
of the WSRT CVn galaxies.

This comparison revealed various trends. Galaxies with smaller H I masses are fainter
in the optical than galaxies with larger H I masses. Fainter galaxies have higher H I mass-
to-light and baryonic mass-to-light ratios than brighter galaxies. The median MHI/Lλ

value of the WSRT CVn galaxies is 0.91 in the B-band (including also HYPERLEDA
data for 29 galaxies) and 0.89 in the r-band. The gas-richness in the B-band is about
two times higher than the sample of optically selected late-type galaxies by Roberts &
Haynes (1994). The bluer galaxies have higher gas fractions (defined as Mgas/Mbar) than
redder galaxies. The gas fractions of faint galaxies span a range of all possible fractions,
while for brighter galaxies there may be an upper limit in the possible gas fraction. The
various relations suggest that faint (dwarf) galaxies are less efficient at turning gas into
stars.

The TF relation has been investigated using various subsamples of the WSRT CVn
galaxy sample. The main conclusion is that the TF relation established by the WSRT
CVn galaxies follows the TF relation established by brighter and faster rotating galaxies.
Here, fainter and slower rotating WSRT CVn galaxies do not indicate any break in
these TF relations (a tendency that faint galaxies, MB < −14 mag, lie below the TF
relations of the literature B-band TF relations is seen). The scatter is higher than the
scatter of the TF relations derived from the samples which include only brighter and
faster rotating galaxies. The scatter can not be reduced by excluding detections with
the largest measurement errors. A small reduction is seen when constructing the TF
relation for the sample of galaxies for which an indication exists that the rotation curves
reached the flat part. The scatter is also large when constructing the Baryonic TF (BTF)
relation. When compared to previous estimates of the BTF relation in the literature,
our data provide no indication that galaxies with small profile widths (e.g. below 90
km s−1) lie systematically below the BTF established by larger systems. This result is
not in agreement with the models proposing the removal of baryons from galaxies with
Vmax < 100 km s−1(e.g. Dekel & Silk 1986; Dekel & Woo 2003). Removal of baryons in
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these galaxies would result in a break in the slope of the BTF relation. We obtained the
slope of the BTF relation of ∼ 3, practically equal to the slope predicted from the virial
theorem, suggesting that baryonic mass removal mechanisms are not more efficient in
dwarf galaxies than they are in more massive and luminous galaxies.

6.2 Suggestions for future work
In this thesis we presented number of results based on the observational data. To interpret
these results in the framework of the standard theoretical paradigm, an additional link
is needed. Here, we present few suggestions for future work, which could lead to a more
direct comparison between the (H I) observations and the predictions of the standard
cosmological model.

6.2.1 History of low-mass galaxies: hierarchical versus anti-
hierarchical

The data obtained from HST and VLT/FLAMES have provided significant advances
towards understanding the smallest systems. These data allow to constrain the colour-
magnitude diagrams of resolved stellar populations and derive their star formation his-
tories into great detail. These studies revealed surprising evidence of the complex and
very diverse evolution history of the dwarf galaxies, clearly different from the single-
age, single-metallicity history which is characteristic for globular clusters. Even galaxies
within the same morphological subclass differ in their properties, especially their enrich-
ment histories and/or time and duration of their star formation (Grebel 2001b). The
only common property to all Local Group dwarf galaxies studied in sufficient detail so
far is the presence of an old population (Grebel 2001a).

Use of resolved stellar population is the most accurate and reliable method to derive a
galaxy’s star formation history, but is restricted only to galaxies in the Local Group and
Local Volume (<5 Mpc). For more distant galaxies studies of star formation histories
rely on integrated photometry and spectroscopy in combination with stellar population
models.

It has been already established that relatively blue B - Hα colours of many gas-rich
LSB galaxies (e.g. Bothun & Caldwell 1984; de Blok et al. 1995) do not agree with an
exponentially declining or constant star formation history (over the last few billion years).
A recent analysis of a sample of the H I detected galaxies from HIPASS, combining their
H I and B, R and Hα properties, indicates that this sample of galaxies has a current
star formation rate which is fairly high when compared to that in the past. The colours,
equivalent widths, and star formation rates per unit H I mass of these H I selected galaxies
indicate the presence of stellar populations with young mean ages (Helmboldt et al. 2005).
It seems likely that episodic star formation events define the recent star formation history
of the typical LSB disk (Helmboldt et al. 2004). Even the smallest detected galaxies,
with H I and stellar masses of about ∼ 107 M� are blue LSB galaxies and undergo a
burst of star formation (Kovač et al. in preparation).

The size of recent redshift surveys of galaxies, such as the Two-Degree Field Galaxy
Redshift Survey (2dFGRS, Colless et al. 2001) and the SDSS, provides a means to study
statistical properties of galaxies. Using the SDSS spectra Kauffmann et al. (2003) show
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that, at stellar masses around 3 × 1010 M� galaxies separate into two distinct classes of
spectral and structural properties. The transition around this stellar mass can be seen
in the colour-magnitude diagram (Baldry et al. 2004) and it appears that there is also
a transition in gas-richness of galaxies (Kannappan 2004). This also corresponds to the
transition in galaxies with “young” and “old” populations. Faint low-mass galaxies with
low concentrations and surface mass densities have young stellar populations, ongoing
star formation and blue colours (Kauffmann et al. 2004). Using the SDSS data to re-
construct the transformation of baryons into stars over time, Heavens et al. (2004) find
that “the bigger the stellar mass of the galaxy, the earlier the stars were formed”. These
results suggest a very different formation history for low- and high-mass galaxies: while
dark matter assembly is hierarchical - small objects form first, stellar assembly history is
anti-hierarchical - large objects form their stars first (Jimenez et al. 2005).

From the above it follows that low-mass galaxies are not simple systems evolving
passively after their first burst of star formation in the dawn of the Universe. It is clear,
that more detailed studies of their star assembly histories are needed to establish their
proper place in the (star) formation models.

It is well known that the environment plays an important role in the process of star
formation. While earlier works are based on comparison of results obtained from galaxy
clusters, groups etc. large redshift surveys provide samples of galaxies selected without
respects to the environment. The additional analysis of spectra of SDSS galaxies in
Kauffmann et al. (2004) demonstrate that the star formation history is the property of
galaxies which is most sensitive to the environment (not more than 1 Mpc from galaxy).
This dependence is strongest for galaxies with stellar masses less than 3 × 1010 M� .

The star formation histories of galaxies selected at the faint end of the luminosity
and H I mass function in different environments can be studied in the nearby Universe
with the already available multi-wavelength observations.

The galaxies suitable for this kind of study can be selected from the SDSS, especially
from the “low-redshift catalogue” (Blanton et al. 2005) which contains information on
∼ 30000 galaxies detected in SDSS, second data release (Abazajian et al. 2004). These
galaxies are at distances in the range between 10 and 150 h−1 Mpc and they are of
extremely low luminosities (up to ∼ -12.5) and detected in a wide range of environments.
The catalogue is already cross-correlated with numbers of additional surveys, such that a
number of galaxies already have measured photometric properties in ugrizJHKs bands.
For some galaxies H I data might be obtained additionally. The star formation histories
of low-mass galaxies can be constrained by comparing the observed SED of the galaxy
(from continuum spectrum combined with the UV to near-IR imaging photometry) to
the modelled SED; the latter can be done using the existing population synthesis codes
(Vazdekis 2001; Bruzual & Charlot 2003) and a parametrisation of the assumed star
formation history. The optical, infrared and possible UV data of the selected low-mass
galaxies will provide information on how much mass of the galaxies is in the form of stars
formed during the past and present epochs of star formation. The H I data will provide
information on how much of the fuel is still left for this process. By carefully constructing
the star formation histories of galaxies through modelling of various physical processes,
the amount of H I during the history of a galaxy will be established.

By studying the data over a large wavelength range, different episodes in evolution
of low-mass galaxies will be addressed; that will shed more light on different roles and
types of feedback and cooling. Combining the constrained star formation histories of low-
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mass galaxies with the halo properties in which galaxies reside in different environments
will place constraints on galaxy formation process of the smallest systems. Ultimately,
one will be able to confront star and galaxy formation histories of low-mass galaxies to
establish if they are hierarchical or anti-hierarchical.

6.2.2 Haloes in a function of the environment?
To understand the role of the environment on the observed galaxy properties it is crit-
ical to understand how the physical parameters change in what is defined as different
environment. Kauffmann et al. (2004) used the GIF simulations (http://www.mpa-
garching.mpg.de/galform/virgo/hrs/) to establish the connection between the local
galaxy density and dark matter haloes. They conclude that galaxies in higher densi-
ties occupy more massive haloes. Due to the resolution limit of GIF simulations these
studies are only possible for galaxies with stellar masses above 1010 M� . It was assumed
a priori that the galaxy population in a halo of a given mass depends on the halo mass
alone, while the dependence on the environment is only a reflectance of the different
halo mass. This assumption is based on some theoretical work (e.g. Mo & White 1996)
and numerical simulations (e.g. Percival et al. 2003). It is surprising therefore that re-
cent huge Millennium simulations revealed different properties of galaxies in haloes of the
same mass in different environments (Gao et al. 2005). In the same work low mass haloes
which were formed earlier show stronger clustering compared to the haloes of the same
mass formed recently. This result contradicts the often used assumption that the galaxy
content of a halo of given mass is statistically independent of its larger scale environment.
To place the observed trends in the framework of CDM models the proper link between
the measurable parameters and dark matter and environment is needed.

To characterise environment one can assign galaxies to a halo of a certain mass
(circular velocity). This has been done for galaxies in dense environments, where there
is a sufficient number of galaxies in a virialised structure to calculate the halo mass using
the velocity dispersion of halo members. To include haloes which host only one galaxy
into this kind of analysis and use them to constrain formation models, their H I properties
can be used. Here the detected hydrogen in galaxies is the best tracer of the potential well
formed by the dark matter halo. Measuring the velocities of galaxies from the H I data (in
the best case the velocity at which the rotational curve flattens) in different environments
will give the answer on the dependence of the velocity width on the environment. Using
the relation between velocity widths from the H I observations and the circular velocity
of the dark matter haloes will give answers on the dependence of halo mass (calculated
from the circular velocity) and the environment, the important cosmological question
addressed recently. The H I data of galaxies selected in the optically different dense
environments may be used also to study correlations between H I and other galaxy’s
properties as a function of environment.

6.2.3 Linking the observed properties of galaxies to host haloes
In the current cosmological paradigm, it is well established that galaxies reside in dark
matter haloes. However, the way on which galaxies populate their hosts is still a matter of
debate. In Yang et al. (2003) three different methods to link galaxies to their dark matter
haloes have been distinguished. One of the methods is based on assigning halo properties
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based on the observed galaxy’s properties (as the proposed project discussed above). The
second method consists of building a galaxy formation model using numerical simulations
and/or semi-analytical modelling, while the third method is based on large surveys, and
a link between a galaxy and the host halo is established only in a statistical manner.

The last approach uses the so called halo occupation function (e.g. Jing et al. 1998;
Bullock et al. 2002). This function contains only information about the number of galax-
ies per halo above a certain mass. The step further is obtained with the “conditional
luminosity function” which gives the average number of galaxies in a luminosity bin as
a function of halo mass. This approach has been further explored in dividing galaxies
on central and satellite (e.g. Vale & Ostriker 2004) or early- and late-type (e.g. van den
Bosch et al. 2003).

I propose to take a similar approach and build the “conditional H I mass function”.
Due to the small numbers of galaxies observed in H I surveys, this can not be done
directly. One approach is to use scaling relations between the amount of H I detected in
the galaxy and other measured properties of the galaxy. In this case one has to be careful
how to deal with the scatter, which is typically large in relations connecting H I to other
properties (e.g. Kannappan 2004). Another way is to develop probability distributions
of the amount of H I in a galaxy as a function of the properties of the galaxy such as its
size, luminosity, colour etc. Using the existing probability function to link the luminous
content of galaxies to their hosting haloes, the multi-parameter probability function of
H I amount in the dark matter haloes will be developed.

This methodology can be explored further to link the various properties of galaxies
(such as their star formation rate, velocity width, size etc. in possible combination with
luminosity, colour and/or H I amount) to their hosting haloes. Of great importance for
this project will be the results from the discussed project Haloes in a function of the
environment? If the project reveals the halo dependence on the environment all models
of “the halo occupation function” and “the conditional luminosity function” has to be
corrected for this effect.



Nederlandse Samenvatting

Motivatie
Waterstof is het meest voorkomende element in het heelal. Neutraal waterstof (H I) zendt
fotonen uit op een golflengte van 21 cm. Deze emissie werd in 1951 voor het eerst gede-
tecteerd in onze Melkweg (Ewen & Purcell 1951; Muller & Oort 1951). Twee jaar later
werd de eerste H I emissie buiten onze melkweg waargenomen (Kerr & Hindman 1953).
Sindsdien hebben radiotelescopen duizenden objecten buiten onze Melkweg geobserveerd
op de 21 cm lĳn. Omdat, voor een waterstofatoom, de kans dat een 21 cm foton wordt
geproduceerd heel klein is en omdat moderne radiotelescopen nog steeds een beperkte
gevoeligheid hebben, is de meeste hedendaagse kennis van het heelal gebaseerd op licht
afkomstig van sterren. De H I waarnemingen bestrĳken daarom slechts het nabĳe heelal.

De eerste H I waarnemingen werden gedaan van sterrenstelsels die ook al in het zicht-
bare licht geobserveerd waren. In 1977 verrichtte Shostak de eerste “blinde” zoektocht
naar sterrenstelsels aan de hand van het detecteren van het H I signaal in plaats van het
sterlicht (Shostak 1977). Het opmerkelĳke resultaat van deze zoektocht was de detectie
van slechts één nieuw object, van (waarschĳnlĳk) galactische oorsprong. In de laatste 30
jaar zĳn meerdere blinde zoektochten verricht in de 21 cm lĳn, waardoor het aantal in
H I gedetecteerde objecten is opgelopen tot ongeveer 6000. Echter, de H I zoektochten
hebben niet geleid tot een verandering van het hedendaagse beeld aangaande de verde-
ling van H I, afgeleid van stelsels die eerst op zichtbare golflengtes zĳn waargenomen. De
populatie van de in H I gedetecteerde stelsels is in feite dezelfde als die van stelsels die in
het zichtbare licht zĳn gevonden, gewogen naar laat-type stelsels (Zwaan et al. 2005b).
De ruimtelĳke verdeling van de in H I gedetecteerde stelsels komt overeen met die van
de in het zichtbare licht gedetecteerde stelsels (Zwaan et al. 2005b), met een mate van
clustering die iets lager ligt bĳ in het H I gedetecteerd stelsels (Ryan-Weber 2006).

Als we de optische en de H I eigenschappen van stelsels vergelĳken, blĳkt dat de H I
massa-lichtkracht verhouding toeneemt voor minder heldere stelsels (Warren et al. 2006).
De minst heldere stelsels blĳken niet in staat geweest te zĳn hun gas in sterren om te
zetten, wat een verklaring zou kunnen zĳn voor hun hoge massa-lichtkracht verhoudingen.
Dit duidt op de mogelĳkheid van het bestaan van “donkere stelsels”, waarin geen enkele
stervorming heeft plaatsgevonden (Trentham et al. 2001). Echter, mochten deze donkere
stelsels over H I beschikken, dan zou hun bestaan middels blinde zoektochten van H I
kunnen worden afgeleid. De hypothese van het bestaan van donkere (H I rĳke) stelsels
kan gedeeltelĳk een oplossing vormen voor het probleem van de “verdwenen satellieten”.
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Dit is een van de voornaamste discrepanties van het standaard kosmologische model met
de waarnemingen: een (tenminste een factor 10) groter aantal kleine, donkere materie
halo’s wordt door de modellen voorspeld dan dat er door waarnemingen op zichtbare
golflengtes gevonden worden (Klypin et al. 1999).

Volgens de hedendaagse geaccepteerde CDM (Cold Dark Matter) kosmologiemodellen
onstaan verdichtingen uit Gaussische fluctuaties in de vroege materieverdeling wannneer
deze samentrekt onder invloed van de zwaartekracht. Halo’s van donkere materie groeien
hiërarchisch door onderlinge versmelting en accretie van kleinere halo’s (White & Rees
1978). In dit raamwerk vormen stelsels door koeling van baryonen die zich binnen de
donkere materie halo begeven. Verscheidene fysische processen – UV-straling, supernovae
uitbarstingen en -winden (zie Read et al. 2006 voor een recente discussie omtrent deze
onderwerpen), kunnen het gas uit de halo’s verwĳderen, zodat halo’s donker blĳven.
Echter, een enkele theorie voorspelt dat als het hoekmoment van stelsels behouden is,
het koelen van het gas en het vormen van sterren wordt tegengegaan (Verde et al. 2002).
De aard van de baryonische materie binnen de halo’s (en H I hoeveelheid) zal dan niet
veranderen.

Tot nu toe zĳn blinde H I zoektochten niet in staat geweest de hypothetische verdeling
van donkere stelsels waar te nemen. Er zĳn geen (of ten hoogste zeer weinig) geïsoleerde
H I wolken gevonden zonder sporen die duiden op het bestaan van sterren (Zwaan et al.
2005b). Nog steeds zĳn de bestaande H I zoektochten slechts volledig voor H I massa’s
die overeenkomen met die van spiraalstelsels, met slechts een handvol detecties van H I
massa’s lager dan 108 M�. Anderzĳds is een populatie hoge snelheidswolken (HVCs)
ontdekt rond het eigen Melkwegstelsels (Wakker & van Woerden 1991; Braun & Burton
2000; de Heĳ et al. 2002). Geen van deze HVCs is ook in het zichtbare licht gedetecteerd
en hun oorsprong – zĳn ze onstaan binnen of buiten het Melkwegstelsel – is, met uitzon-
dering van de grootsten, nog steeds onbekend. Omdat ook hun afstanden onbekend zĳn,
geldt dit eveneens voor de H I massa van HVCs. Voor de klasse van compacte, geïsoleerde
HVCs (CHVCs) wordt een bovengrens van een aantal 104 M� vermoed (Westmeier et al.
2005).

Het verschil in waargenomen H I massa’s tussen de HVCs en de stelsels met de laag-
ste H I massa, wordt veroorzaakt door de beperkte gevoeligheid van de huidige radio-
teleskopen. Om uitsluitsel te geven over de vraag of een aanzienlĳke populatie gasrĳke
stelsels van lage helderheid én lage oppervlaktehelderheid (zogenaamde LSB-stelsels) of
zelfs geheel donkere stelsels bestaat, is het noodzakelĳk om lagere H I massa’s te kunnen
detecteren dan in voorgaande zoektochten.

Wetenschappelĳk onderzoek in dit proefschrift
Methoden
Gedreven door hierbovengenoemde motivatie werd een nieuwe blinde zoektocht opgezet,
waarbĳ objecten met een H I massa lager dan 108 M�, tot aan 106 M�, gedetecteerd
kunnen worden. Het gebied van deze zoektocht omvat de Canes Venatici (CVn) groepen
van sterrenstelsels, waarvan bekend is dat zich hierin dwergstelsels (Binggeli et al. 1990)
en H I rĳke stelsels (Kraan-Korteweg et al. 1999) bevinden. Deze zoektocht werd uitge-
voerd met de Westerbork Synthese Radio Teleskoop (WSRT), waardoor het een van de
weinige blinde H I zoektochten is die buiten onze Melkweg met een synthese teleskoop is
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verricht. In totaal heeft deze blinde H I zoektocht 60 waarnemingen van elk 12 uur opge-
leverd, verspreid over 3 periodes in 3 jaar. Enkele van deze objecten met de laagste H I
massa zĳn nader bestudeerd. In het kader van een vervolgprogramma werden bovendien
10 extra 12-uurs waarneemingen met de WSRT en 4 nachten van goede fotometrische
kwaliteit met de “Wide Field Camera” op de Isaac Newton Telescope uitgevoerd. Voor
alle stelsels in de zoektocht die gedetecteerd werden hebben we, middels de publieke-
lĳk toegankelĳke Sloan Digital Sky Survey (York et al. 2000), fotometrische gegevens
verkregen.

Samenvatting van de belangrĳkste resultaten
De uitkomsten van dit wetenschappelĳke onderzoek kunnen onderverdeeld worden in drie
hoofdpunten. We vatten deze hieronder kort samen.

• Een inventarisatie van objecten met H I massa in het bereik van ongeveer 106 M�
tot 108 M�

De zoektocht die we hebben uitgevoerd – the WSRT CVn survey – is gebruikt voor
het zoeken naar H I objecten in een gebied van 86 vierkante graden en een bereik
in verwĳderingssnelheid van -450 km s−1tot ongeveer 1330 km s−1. De zoektocht
was geslaagd wat betreft het vinden van stelsels met lage H I massa: 37% van de
gedetecteerde objecten hebben een H I massa kleiner dan 108 M�, en circa 86%
van alle gedetecteerde stelsels hebben lĳnbreedtes die kleiner zĳn dan 130 km s−1.
We vinden geen volledig geïsoleerde, zelf-graviterende gaswolken zonder sterlicht.

• De H I massa functie
De H I massa functie (H IMF) geeft de ruimtelĳke dichtheid (in aantallen) weer
van stelsels als functie van hun H I massa. Deze wordt goed benaderd door de
zogenoemde Schechter functie, die er als volgt uitziet:

φ(MHI) =
dN

d log(MHI)
= ln(10)φ∗

(
MHI

M∗
HI

)α+1

exp
(
−MHI

M∗
HI

)
. (6.1)

De parameter α is de richtingscoefficient aan de lage H I massa kant van de functie.
M∗

HI is het karakteristieke ombuigpunt en φ∗ is de normalisatiefactor.
70 detecties van de WSRT CVn zoektocht zĳn gebruikt om de H IMF te bepalen. De
richtingscoefficient van de WSRT CVn zoektocht H IMF is α = −1.17, significant
tot aan massa’s van 106.4 M�. Vergeleken met eerdere H IMF bepalingen is dit de
laagste H I massa die bereikt is.
De richtingscoefficient van de H IMF is vooral gevoelig voor de keus in de onder-
verdeling van deze gegevens (d.w.z. de gebrekkige statistiek veroorzaakt door de
lage aantallen in de onderverdeling), en minder gevoelig voor de onzekerheid in de
bepaalde parameters. In alle gevallen geldt dat de richtingscoefficent kleiner is dan
de analytische bepaalde richtingscoefficient van -1.8 voor de halo massa functie die
voorspeld wordt door de CDM kosmologiemodellen (Press & Schechter 1974).

• Een vergelĳking tussen de eigenschappen van objecten met de laagste H I massa
(en/of de smalste lĳnen) en objecten met grotere H I massa (en/of bredere lĳnen).
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Gebruikmakend van de opnames in het zichtbare licht en de H I eigenschappen van
de stelsels, concluderen we dat stelsels met de laagste H I massa tegelĳkertĳd de
zwakste stelsels zĳn in het zichtbare licht en de kleinste optische diameters hebben.
In het algemeen hebben stelsels met de laagste H I massa ook de grootste H I massa-
lichtkracht en baryonische massa-lichtkracht verhoudingen. Hun totale gasfractie,
Mgas/Mbar, is verdeeld tussen 0% en 100% en hun g − r kleuren vullen hetzelfde
bereik als alle stelsels met andere H I massa. De Tully-Fisher (TF) en baryonische
TF (BTF) relaties doen vermoeden dat zelfs bĳ stelsels met de smalste lĳnprofilen
deze overeenkomen met de (B)TF relaties van snel roterende en heldere stelsels,
hoewel de spreiding in the (B)TF relatie aanzienlĳk is. Onze resultaten zĳn niet in
overeenstemming met het idee van één relatief grotere verwĳdering van baryonisch
gas in de lage massa stelsels in vergelĳking met de hogere massa stelsels.



Bibliography

Abazajian, K., Adelman-McCarthy, J. K., Agüeros, M. A., et al. 2004, AJ, 128, 502

Abazajian, K., Adelman-McCarthy, J. K., Agüeros, M. A., et al. 2005, AJ, 129, 1755

Akritas, M. G. & Bershady, M. A. 1996, ApJ, 470, 706

Avila-Reese, V., Colín, P., Valenzuela, O., D’Onghia, E., & Firmani, C. 2001, ApJ, 559,
516

Baldry, I. K., Glazebrook, K., Brinkmann, J., et al. 2004, ApJ, 600, 681

Barazza, F. D., Binggeli, B., & Jerjen, H. 2003, A&A, 407, 121

Barkana, R. & Loeb, A. 1999, ApJ, 523, 54

Barnes, D. G., Staveley-Smith, L., de Blok, W. J. G., et al. 2001, MNRAS, 322, 486

Becker, R. H., White, R. L., & Helfand, D. J. 1995, ApJ, 450, 559

Begeman, K. G. 1987, Ph.D. Thesis

Begum, A. & Chengalur, J. N. 2003, A&A, 409, 879

Begum, A. & Chengalur, J. N. 2004, A&A, 413, 525

Begum, A., Chengalur, J. N., & Hopp, U. 2003, New Astronomy, 8, 267

Begum, A., Chengalur, J. N., Karachentsev, I. D., Kaisin, S. S., & Sharina, M. E. 2006,
MNRAS, 365, 1220

Bell, E. F. & de Jong, R. S. 2001, ApJ, 550, 212

Bell, E. F., McIntosh, D. H., Katz, N., & Weinberg, M. D. 2003, ApJS, 149, 289

Benson, A. J., Cole, S., Frenk, C. S., Baugh, C. M., & Lacey, C. G. 2000, MNRAS, 311,
793

Berlind, A. A., Weinberg, D. H., Benson, A. J., et al. 2003, ApJ, 593, 1

Bertin, E. & Arnouts, S. 1996, A&AS, 117, 393



240 BIBLIOGRAPHY

Bessell, M. S. 1979, PASP, 91, 589

Binggeli, B., Sandage, A., & Tammann, G. A. 1985, AJ, 90, 1681

Binggeli, B., Tarenghi, M., & Sandage, A. 1990, A&A, 228, 42

Blanton, M. R., Dalcanton, J., Eisenstein, D., et al. 2001, AJ, 121, 2358

Blanton, M. R., Hogg, D. W., Bahcall, N. A., et al. 2003, ApJ, 592, 819

Blanton, M. R., Schlegel, D. J., Strauss, M. A., et al. 2005, AJ, 129, 2562

Blitz, L., Spergel, D. N., Teuben, P. J., Hartmann, D., & Burton, W. B. 1999, ApJ, 514,
818

Bode, P., Ostriker, J. P., & Turok, N. 2001, ApJ, 556, 93

Bok, B. J. 1934, Harvard College Observatory Bulletin, 895, 1

Borgani, S. & Guzzo, L. 2001, Nature, 409, 39

Bosma, A. 1978, Ph.D. Thesis

Bosma, A. 1981a, AJ, 86, 1791

Bosma, A. 1981b, AJ, 86, 1825

Bothun, G. D. & Caldwell, C. N. 1984, ApJ, 280, 528

Bottinelli, L., Gouguenheim, L., Fouque, P., & Paturel, G. 1990, A&AS, 82, 391

Bowen, D. V., Tolstoy, E., Ferrara, A., Blades, J. C., & Brinks, E. 1997, ApJ, 478, 530

Branchini, E., Teodoro, L., Frenk, C. S., et al. 1999, MNRAS, 308, 1

Braun, R. & Burton, W. B. 2000, A&A, 354, 853

Braun, R., Thilker, D., & Walterbos, R. A. M. 2003, A&A, 406, 829

Bregman, J. N. 1980, ApJ, 236, 577

Bregman, J. N. 1996, in The Interplay Between Massive Star Formation, the ISM and
Galaxy Evolution, ed. D. Kunth, B. Guiderdoni, M. Heydari-Malayeri, & T. X. Thuan,
211–+

Briggs, F. H. 1990, AJ, 100, 999

Briggs, F. H. 2004, in IAU Symposium, ed. P.-A. Duc, J. Braine, & E. Brinks, 26–+

Briggs, F. H. & Rao, S. 1993, ApJ, 417, 494

Broeils, A. H. & Rhee, M.-H. 1997, A&A, 324, 877

Bruzual, G. & Charlot, S. 2003, MNRAS, 344, 1000

Bullock, J. S., Dekel, A., Kolatt, T. S., et al. 2001, ApJ, 555, 240



BIBLIOGRAPHY 241

Bullock, J. S., Wechsler, R. H., & Somerville, R. S. 2002, MNRAS, 329, 246

Carignan, C., Beaulieu, S., Côté, S., Demers, S., & Mateo, M. 1998, AJ, 116, 1690

Carignan, C. & Freeman, K. C. 1988, ApJ, 332, L33

Chester, C. & Roberts, M. S. 1964, AJ, 69, 635

Christiansen, W. N. & Hindman, J. V. 1952, The Observatory, 72, 149

Cole, S., Lacey, C. G., Baugh, C. M., & Frenk, C. S. 2000, MNRAS, 319, 168

Colless, M., Dalton, G., Maddox, S., et al. 2001, MNRAS, 328, 1039

Côté, S., Carignan, C., & Freeman, K. C. 2000, AJ, 120, 3027

Cox, A. N. 2000, Allen’s astrophysical quantities (Allen’s astrophysical quantities, 4th
ed. Publisher: New York: AIP Press; Springer, 2000. Editedy by Arthur N. Cox. ISBN:
0387987460)

Cress, C. M., Helfand, D. J., Becker, R. H., Gregg, M. D., & White, R. L. 1996, ApJ,
473, 7

Crone, M. M., Schulte-Ladbeck, R. E., Greggio, L., & Hopp, U. 2002, ApJ, 567, 258

Croton, D. J., Springel, V., White, S. D. M., et al. 2006, MNRAS, 365, 11

de Blok, W. J. G., McGaugh, S. S., & van der Hulst, J. M. 1996, MNRAS, 283, 18

de Blok, W. J. G., van der Hulst, J. M., & Bothun, G. D. 1995, MNRAS, 274, 235

de Heĳ, V., Braun, R., & Burton, W. B. 2002, A&A, 392, 417

de Jong, R. S. 1996, A&A, 313, 377

de Jong, R. S. & van der Kruit, P. C. 1994, A&AS, 106, 451

de Vaucouleurs, G. 1959, in Flüggel S., ed., Handbuch der Physik, Vol. 53, Astrophysics
IV: Stellar Systems. Springer-Verlag, Berlin

de Vaucouleurs, G., de Vaucouleurs, A., Corwin, Jr., H. G., et al. 1991, Third Reference
Catalogue of Bright Galaxies (Volume 1-3, XII, 2069 pp. 7 figs.. Springer-Verlag Berlin
Heidelberg New York)

Deady, J. H., Boyce, P. J., Phillipps, S., et al. 2002, MNRAS, 336, 851

Dekel, A. & Silk, J. 1986, ApJ, 303, 39

Dekel, A. & Woo, J. 2003, MNRAS, 344, 1131

Deul, E. R. 1998, Pipeline Documentation Ver. 1.2. Leiden Observatory
(ftp://ftp.strw.leidenuniv.nl/pub/ldac/software/pipeline.ps)

Disney, M. & Phillipps, S. 1987, Nature, 329, 203

Disney, M. J. 1976, Nature, 263, 573



242 BIBLIOGRAPHY

Dolphin, A. E., Weisz, D. R., Skillman, E. D., & Holtzman, J. A. 2005, ArXiv Astro-
physics e-prints

Duc, P.-A., Papaderos, P., Balkowski, C., et al. 1999, A&AS, 136, 539

Efstathiou, G. 2000, MNRAS, 317, 697

Eke, V. R., Navarro, J. F., & Steinmetz, M. 2001, ApJ, 554, 114

Ekholm, T., Baryshev, Y., Teerikorpi, P., Hanski, M. O., & Paturel, G. 2001, A&A, 368,
L17

Ewen, H. I. & Purcell, E. M. 1951, Nature, 168, 356

Faber, S. M. 1973, ApJ, 179, 731

Ferguson, H. C. & Sandage, A. 1991, AJ, 101, 765

Ferrara, A. & Tolstoy, E. 2000, MNRAS, 313, 291

Franx, M., Illingworth, G., & Heckman, T. 1989, AJ, 98, 538

Freeman, K. C. 1999, in IAU Colloq. 171, The Low Surface Brightness Universe, ed. J. I.
Davies, C. Impey, & S. Phillipps, (ASP Conf. Ser. 170; San Francisco: ASP),3

Gao, L., Springel, V., & White, S. D. M. 2005, MNRAS, 363, L66

Gavazzi, G. & Boselli, A. 1996, Astrophysical Letters Communications, 35, 1

Geha, M., Blanton, M. R., Masjedi, M., & West, A. A. 2006, ArXiv Astrophysics e-prints

Giavalisco, M., Ferguson, H. C., Koekemoer, A. M., et al. 2004, ApJ, 600, L93

Giovanelli, R., Haynes, M. P., Salzer, J. J., et al. 1994, AJ, 107, 2036

Giraud, E. 1986, A&A, 170, 1

Grebel, E. K. 2001a, in Dwarf galaxies and their environment, ed. K. S. de Boer, R.-J.
Dettmar, & U. Klein, 45–+

Grebel, E. K. 2001b, Astrophysics and Space Science Supplement, 277, 231

Grebel, E. K., Gallagher, III, J. S., & Harbeck, D. 2003, AJ, 125, 1926

Groth, E. J., Juszkiewicz, R., & Ostriker, J. P. 1989, ApJ, 346, 558

Gurovich, S., McGaugh, S. S., Freeman, K. C., et al. 2004, Publications of the Astro-
nomical Society of Australia, 21, 412

Guth, A. H. 1981, Phys. Rev. D, 23, 347

Han, M. & Mould, J. R. 1992, ApJ, 396, 453

Haynes, M. P. & Giovanelli, R. 1984, AJ, 89, 758

Haynes, M. P., Giovanelli, R., Chamaraux, P., et al. 1999, AJ, 117, 2039



BIBLIOGRAPHY 243

Heavens, A., Panter, B., Jimenez, R., & Dunlop, J. 2004, Nature, 428, 625

Helmboldt, J. F., Walterbos, R. A. M., Bothun, G. D., & O’Neil, K. 2005, ApJ, 630, 824

Helmboldt, J. F., Walterbos, R. A. M., Bothun, G. D., O’Neil, K., & de Blok, W. J. G.
2004, ApJ, 613, 914

Henning, P. A. 1992, ApJS, 78, 365

Henning, P. A., Staveley-Smith, L., Ekers, R. D., et al. 2000, AJ, 119, 2686

Holmberg, E. 1958, Meddelanden fran Lunds Astronomiska Observatorium Serie II, 136,
1

Hubble, E. P. 1926, ApJ, 64, 321

Huchra, J., Davis, M., Latham, D., & Tonry, J. 1983, ApJS, 52, 89

Huchra, J. P., Vogeley, M. S., & Geller, M. J. 1999, VizieR Online Data Catalog, 212,
10287

Huchtmeier, W. K., Karachentsev, I. D., Karachentseva, V. E., & Ehle, M. 2000, A&AS,
141, 469

Hunter, D. A. & Elmegreen, B. G. 2004, AJ, 128, 2170

Impey, C. D., Sprayberry, D., Irwin, M. J., & Bothun, G. D. 1996, ApJS, 105, 209

Jarrett, T. 2004, Publications of the Astronomical Society of Australia, 21, 396

Jenkins, A., Frenk, C. S., White, S. D. M., et al. 2001, MNRAS, 321, 372

Jimenez, R., Panter, B., Heavens, A. F., & Verde, L. 2005, MNRAS, 356, 495

Jing, Y. P., Mo, H. J., & Boerner, G. 1998, ApJ, 494, 1

Jones, B. J., Martínez, V. J., Saar, E., & Trimble, V. 2005, Reviews of Modern Physics,
76, 1211

Jorgensen, I., Franx, M., & Kjaergaard, P. 1992, A&AS, 95, 489

Kamionkowski, M. & Liddle, A. R. 2000, Physical Review Letters, 84, 4525

Kannappan, S. J. 2004, ApJ, 611, L89

Karachentsev, I. D., Karachentseva, V. E., Huchtmeier, W. K., & Makarov, D. I. 2004,
AJ, 127, 2031

Karachentsev, I. D., Makarov, D. I., Sharina, M. E., et al. 2003a, A&A, 398, 479

Karachentsev, I. D., Sharina, M. E., Dolphin, A. E., et al. 2003b, A&A, 398, 467

Karachentsev, I. D., Sharina, M. E., Makarov, D. I., et al. 2002, A&A, 389, 812

Katz, N., Hernquist, L., & Weinberg, D. H. 1999, ApJ, 523, 463



244 BIBLIOGRAPHY

Kauffmann, G., Heckman, T. M., White, S. D. M., et al. 2003, MNRAS, 341, 33

Kauffmann, G., White, S. D. M., & Guiderdoni, B. 1993, MNRAS, 264, 201

Kauffmann, G., White, S. D. M., Heckman, T. M., et al. 2004, MNRAS, 353, 713

Kerr, F. J. & de Vaucouleurs, G. 1955, Australian Journal of Physics, 8, 508

Kerr, F. J. & Henning, P. A. 1987, ApJ, 320, L99

Kerr, F. J., Hindman, J. F., & Robinson, B. J. 1954, Australian Journal of Physics, 7,
297

Kerr, F. J. & Hindman, J. V. 1953, AJ, 58, 218

Kerr, F. J. & Sullivan, III, W. T. 1969, ApJ, 158, 115

Kleyna, J., Wilkinson, M. I., Evans, N. W., Gilmore, G., & Frayn, C. 2002, MNRAS,
330, 792

Klypin, A., Kravtsov, A. V., Valenzuela, O., & Prada, F. 1999, ApJ, 522, 82

Koribalski, B. S., Staveley-Smith, L., Kilborn, V. A., et al. 2004, AJ, 128, 16

Kraan-Korteweg, R. C., van Driel, W., Briggs, F., Binggeli, B., & Mostefaoui, T. I. 1999,
A&AS, 135, 255

Kravtsov, A. V. 2006, ArXiv Astrophysics e-prints

Kravtsov, A. V., Gnedin, O. Y., & Klypin, A. A. 2004, ApJ, 609, 482

Krumm, N. & Brosch, N. 1984, AJ, 89, 1461

Kulkarni, S. R. & Heiles, C. 1988, Neutral hydrogen and the diffuse interstellar medium
(Galactic and Extragalactic Radio Astronomy), 95–153

Landolt, A. U. 1992, AJ, 104, 340

Lang, R. H., Boyce, P. J., Kilborn, V. A., et al. 2003, MNRAS, 342, 738

Larson, R. B. 1974, MNRAS, 271, L676

Lee, J. C., Salzer, J. J., Impey, C., Thuan, T. X., & Gronwall, C. 2002, AJ, 124, 3088

Leroy, A., Bolatto, A. D., Simon, J. D., & Blitz, L. 2005, ApJ, 625, 763

Lilly, S. & The Zcosmos Team. 2005, The Messenger, 121, 42

Lo, K. Y., Sargent, W. L. W., & Young, K. 1993, AJ, 106, 507

Longair, M. S., ed. 1998, Galaxy formation

Loveday, J., Peterson, B. A., Maddox, S. J., & Efstathiou, G. 1996, ApJS, 107, 201

Lupton, R., Gunn, J. E., Ivezić, Z., Knapp, G. R., & Kent, S. 2001, in ASP Conf. Ser.
238: Astronomical Data Analysis Software and Systems X, ed. F. R. Harnden, Jr.,
F. A. Primini, & H. E. Payne, 269–+



BIBLIOGRAPHY 245

Lynden-Bell, D. 1981, The Observatory, 101, 111

Macciò, A. V., Governato, F., & Horellou, C. 2005, MNRAS, 359, 941

Macri, L. M., Huchra, J. P., Sakai, S., Mould, J. R., & Hughes, S. M. G. 2000, ApJS,
128, 461

Madgwick, D. S., Lahav, O., Baldry, I. K., et al. 2002, MNRAS, 333, 133

Makarova, L., Karachentsev, I., Takalo, L. O., Heinaemaeki, P., & Valtonen, M. 1998,
A&AS, 128, 459

Martin, D. C., Fanson, J., Schiminovich, D., et al. 2005, ApJ, 619, L1

Masters, K. L., Haynes, M. P., & Giovanelli, R. 2004, ApJ, 607, L115

Mateo, M., Olszewski, E. W., Pryor, C., Welch, D. L., & Fischer, P. 1993, AJ, 105, 510

Mateo, M. L. 1998, ARA&A, 36, 435

Matthews, L. D. & van Driel, W. 2000, A&AS, 143, 421

Matthews, L. D., van Driel, W., & Gallagher, III, J. S. 1998, AJ, 116, 2196

Mayer, L. & Moore, B. 2004, MNRAS, 354, 477

McGaugh, S. S. 2005, ApJ, 632, 859

McGaugh, S. S. & de Blok, W. J. G. 1997, ApJ, 481, 689

McGaugh, S. S., Schombert, J. M., Bothun, G. D., & de Blok, W. J. G. 2000, ApJ, 533,
L99

Meyer, M. J., Zwaan, M. A., Webster, R. L., et al. 2004, MNRAS, 350, 1195

Minchin, R. F. 2001, Ph.D. Thesis

Mo, H. J., Mao, S., & White, S. D. M. 1998, MNRAS, 295, 319

Mo, H. J. & White, S. D. M. 1996, MNRAS, 282, 347

Moore, B., Ghigna, S., Governato, F., et al. 1999, ApJ, 524, L19

Morrissey, P., Schiminovich, D., Barlow, T. A., et al. 2005, ApJ, 619, L7

Mould, J. R., Huchra, J. P., Freedman, W. L., et al. 2000, ApJ, 529, 786

Mowbray, A. G. 1938, PASP, 50, 275

Muller, C. A. & Oort, J. H. 1951, Nature, 168, 357

Navarro, J. F. & Steinmetz, M. 2000, ApJ, 528, 607

Noordermeer, E. 2006, Ph.D. Thesis

Noordermeer, E., van der Hulst, J. M., Sancisi, R., Swaters, R. A., & van Albada, T. S.
2005, A&A, 442, 137



246 BIBLIOGRAPHY

Oort, J. H. 1966, Bull. Astron. Inst. Netherlands, 18, 421

Oort, J. H. 1970, A&A, 7, 381

Paturel, G., Theureau, G., Bottinelli, L., et al. 2003, A&A, 412, 57

Pearce, F. R., Jenkins, A., Frenk, C. S., et al. 1999, ApJ, 521, L99

Penzias, A. A. & Wilson, R. W. 1965, ApJ, 142, 419

Percival, W. J., Scott, D., Peacock, J. A., & Dunlop, J. S. 2003, MNRAS, 338, L31

Persic, M. & Salucci, P. 1988, MNRAS, 234, 131

Pier, J. R., Munn, J. A., Hindsley, R. B., et al. 2003, AJ, 125, 1559

Pierce, M. J. & Tully, R. B. 1992, ApJ, 387, 47

Pisano, D. J., Barnes, D. G., Gibson, B. K., et al. 2004, ApJ, 610, L17

Press, W. H. & Schechter, P. 1974, ApJ, 187, 425

Pryor, C. & Kormendy, J. 1990, AJ, 100, 127

Puche, D., Westpfahl, D., Brinks, E., & Roy, J.-R. 1992, AJ, 103, 1841

Putman, M. E. & Gibson, B. K. 1999, Publications of the Astronomical Society of Aus-
tralia, 16, 70

Putman, M. E., Gibson, B. K., Staveley-Smith, L., et al. 1998, Nature, 394, 752

Putman, M. E., Staveley-Smith, L., Freeman, K. C., Gibson, B. K., & Barnes, D. G.
2003, ApJ, 586, 170

Quinn, T., Katz, N., & Efstathiou, G. 1996, MNRAS, 278, L49

Read, J. I., Pontzen, A. P., & Viel, M. 2006, MNRAS, 371, 885

Roberts, M. S. & Haynes, M. P. 1994, ARA&A, 32, 115

Roberts, M. S. & Rots, A. H. 1973, A&A, 26, 483

Rogstad, D. H. & Shostak, G. S. 1972, ApJ, 176, 315

Romanishin, W., Krumm, N., Salpeter, E., et al. 1982, ApJ, 263, 94

Romano-Diaz, E. 2004, Ph.D. Thesis

Rosenberg, J. L. & Schneider, S. E. 2000, ApJS, 130, 177

Rosenberg, J. L. & Schneider, S. E. 2002, ApJ, 567, 247

Ryan-Weber, E. V. 2006, MNRAS, 367, 1251

Sakai, S., Mould, J. R., Hughes, S. M. G., et al. 2000, ApJ, 529, 698

Sandage, A. 1986, ApJ, 307, 1



BIBLIOGRAPHY 247

Sandage, A. 1999, ApJ, 527, 479

Sandage, A. & Tammann, G. A. 1982, ApJ, 256, 339

Sandage, A., Tammann, G. A., & Hardy, E. 1972, ApJ, 172, 253

Sault, R. J., Teuben, P. J., & Wright, M. C. H. 1995, in ASP Conf. Ser. 77: Astronomical
Data Analysis Software and Systems IV, ed. R. A. Shaw, H. E. Payne, & J. J. E. Hayes,
433–+

Saunders, W., Sutherland, W. J., Maddox, S. J., et al. 2000, MNRAS, 317, 55

Schechter, P. 1976, ApJ, 203, 297

Schlegel, D., Davis, M., Summers, F., & Holtzman, J. A. 1994, ApJ, 427, 527

Schlegel, D. J., Finkbeiner, D. P., & Davis, M. 1998, ApJ, 500, 525

Schmidt, M. 1968, ApJ, 151, 393

Schneider, S. E. 1996, in ASP Conf. Ser. 106: The Minnesota Lectures on Extragalactic
Neutral Hydrogen, ed. E. D. Skillman, 323–+

Schneider, S. E., Spitzak, J. G., & Rosenberg, J. L. 1998, ApJ, 507, L9

Schombert, J. M., McGaugh, S. S., & Eder, J. A. 2001, AJ, 121, 2420

Shapiro, P. R. & Field, G. B. 1976, ApJ, 205, 762

Sharina, M. E., Karachentsev, I. D., & Tikhonov, N. A. 1999, Lett. Astron. Zh., 25, 380

Shectman, S. A., Landy, S. D., Oemler, A., et al. 1996, ApJ, 470, 172

Shostak, G. S. 1977, A&A, 54, 919

Skillman, E. D. 1996, in ASP Conf. Ser. 106: The Minnesota Lectures on Extragalactic
Neutral Hydrogen, ed. E. D. Skillman, 208–+

Solanes, J. M., Giovanelli, R., & Haynes, M. P. 1996, ApJ, 461, 609

Somerville, R. S. & Primack, J. R. 1999, MNRAS, 310, 1087

Sorar, E. 1994, Ph.D. Thesis

Spergel, D. N. & Steinhardt, P. J. 2000, Physical Review Letters, 84, 3760

Springel, V., Frenk, C. S., & White, S. D. M. 2006, Nature, 440, 1137

Springel, V., White, S. D. M., Jenkins, A., et al. 2005, Nature, 435, 629

Springob, C. M., Haynes, M. P., & Giovanelli, R. 2005, ApJ, 621, 215

Staveley-Smith, L., Wilson, W. E., Bird, T. S., et al. 1996, Publications of the Astro-
nomical Society of Australia, 13, 243

Sternberg, A., McKee, C. F., & Wolfire, M. G. 2002, ApJS, 143, 419



248 BIBLIOGRAPHY

Stoughton, C., Lupton, R. H., Bernardi, M., et al. 2002, AJ, 123, 485

Swaters, R. A. & Balcells, M. 2002, A&A, 390, 863

Swaters, R. A., van Albada, T. S., van der Hulst, J. M., & Sancisi, R. 2002, A&A, 390,
829

Szomoru, A., van Gorkom, J. H., Gregg, M. D., & Strauss, M. A. 1996, AJ, 111, 2150

Taylor, C. L., Kobulnicky, H. A., & Skillman, E. D. 1998, AJ, 116, 2746

Taylor, E. N. & Webster, R. L. 2005, ApJ, 634, 1067

Tonry, J. L., Blakeslee, J. P., Ajhar, E. A., & Dressler, A. 2000, ApJ, 530, 625

Tonry, J. L., Dressler, A., Blakeslee, J. P., et al. 2001, ApJ, 546, 681

Trentham, N., Möller, O., & Ramirez-Ruiz, E. 2001, MNRAS, 322, 658

Trentham, N., Sampson, L., & Banerji, M. 2005, MNRAS, 357, 783

Trimble, V. & Aschwanden, M. J. 2001, PASP, 113, 1025

Tucker, D. L., Kent, S., Richmond, M. W., et al. 2006, ArXiv Astrophysics e-prints

Tully, R. B. & Fisher, J. R. 1977, A&A, 54, 661

Tully, R. B. & Fisher, J. R. 1987, Annales de Geophysique

Tully, R. B. & Fouque, P. 1985, ApJS, 58, 67

Tully, R. B. & Pierce, M. J. 2000, ApJ, 533, 744

Tully, R. B., Pierce, M. J., Huang, J.-S., et al. 1998, AJ, 115, 2264

Vale, A. & Ostriker, J. P. 2004, MNRAS, 353, 189

Valentĳn, E. A. 1990, Nature, 346, 153

Valentĳn, E. A. 1994, MNRAS, 266, 614

van Albada, T. S., Bahcall, J. N., Begeman, K., & Sancisi, R. 1985, ApJ, 295, 305

van den Bosch, F. C. 2000, ApJ, 530, 177

van den Bosch, F. C., Yang, X., & Mo, H. J. 2003, MNRAS, 340, 771

Vazdekis, A. 2001, Ap&SS, 276, 921

Verde, L., Oh, S. P., & Jimenez, R. 2002, MNRAS, 336, 541

Verheĳen, M. A. W. 1997, Ph.D. Thesis

Verheĳen, M. A. W. 2001, ApJ, 563, 694

Verheĳen, M. A. W. & Sancisi, R. 2001, A&A, 370, 765



BIBLIOGRAPHY 249

Verheĳen, M. A. W., Trentham, N., Tully, B., & Zwaan, M. 2001, in ASP Conf. Ser. 240:
Gas and Galaxy Evolution, ed. J. E. Hibbard, M. Rupen, & J. H. van Gorkom, 507–+

Verheĳen, M. A. W., Trentham, N., Tully, R. B., & Zwaan, M. A. 2000, in ASP Conf.
Ser. 218: Mapping the Hidden Universe: The Universe behind the Mily Way - The
Universe in HI, ed. R. C. Kraan-Korteweg, P. A. Henning, & H. Andernach, 263–+

Verschuur, G. L. 1969, ApJ, 156, 771

Vettolani, G., Zucca, E., Merighi, R., et al. 1998, VizieR Online Data Catalog, 413, 323

Wakker, B. P. & van Woerden, H. 1991, A&A, 250, 509

Wall, J. V. & Jenkins, C. R. 2003, Practical Statistics for Astronomers (Princeton Series
in Astrophysics)

Warren, B. E., Jerjen, H., & Koribalski, B. S. 2006, AJ, 131, 2056

West, A. A. 2005, Ph.D. Thesis

Westmeier, T., Brüns, C., & Kerp, J. 2005, in ASP Conf. Ser. 331: Extra-Planar Gas,
ed. R. Braun, 105–+

White, S. D. M. & Frenk, C. S. 1991, ApJ, 379, 52

White, S. D. M. & Rees, M. J. 1978, MNRAS, 183, 341

Wilcots, E. M., Lehman, C., & Miller, B. 1996, AJ, 111, 1575

Yahil, A., Tammann, G. A., & Sandage, A. 1977, ApJ, 217, 903

Yang, X., Mo, H. J., & van den Bosch, F. C. 2003, MNRAS, 339, 1057

York, D. G., Adelman, J., Anderson, Jr., J. E., et al. 2000, AJ, 120, 1579

Young, L. M. & Lo, K. Y. 1997, ApJ, 490, 710

Zaroubi, S. 2000, in ASP Conf. Ser. 218: Mapping the Hidden Universe: The Universe
behind the Mily Way - The Universe in HI, ed. R. C. Kraan-Korteweg, P. A. Henning,
& H. Andernach, 173–+

Zaroubi, S., Hoffman, Y., Fisher, K. B., & Lahav, O. 1995, ApJ, 449, 446

Zentner, A. R. & Bullock, J. S. 2002, Phys. Rev. D, 66, 043003

Zwaan, M., Meyer, M., Webster, R., Staveley-Smith, L., & The Hipass Team. 2005a, in
IAU Symposium, ed. M. Colless, L. Staveley-Smith, & R. A. Stathakis, 196–+

Zwaan, M. A. 2000, Ph.D. Thesis

Zwaan, M. A., Briggs, F. H., Sprayberry, D., & Sorar, E. 1997, ApJ, 490, 173

Zwaan, M. A., Meyer, M. J., Staveley-Smith, L., & Webster, R. L. 2005b, MNRAS, 359,
L30

Zwaan, M. A., Staveley-Smith, L., Koribalski, B. S., et al. 2003, AJ, 125, 2842



250 BIBLIOGRAPHY



Acknowledgements

There are a lot of people involved in “producing” this PhD thesis. They all influenced
the work in one or the other way - from discussing and commenting the scientific part
or the written text, to being the one who was sharing my enthusiasm over the obtained
results or listening to my complaints.

First of all, I would like to thank my promotor, J.M. van der Hulst for the fours years
of supervision, especially for his involvement at the moment when it was most needed.
My thanks go to my copromotors T.A. Oosterloo and M.A.W. Verheĳen for the guidance
through specific scientific parts of this thesis.

There are many other people who’s scientific knowledge helped me to resolve various
issues and broaden my understanding of astronomy. I can not name all of them, but I
would like to say a special thanks to Edwin Valentĳn, Rien van de Weygaert, Reynier
Peletier and Bernard Jones.

A great deal of help with various “administrative issues” I owe to Ginneke, Hennie
and Jackie, and to Greta - she will always be in warm remembrance. Thanks for guiding
me through all the paperwork. Gosh, I just don’t understand how did I always manage
to fill one or the other form wrongly! My next thank you goes to Eite, Hans, Martin
and Wim. My second and the last computer “Tinsley” could not run so smoothly or
would not have recovered so fast after the various breakdowns (such as crashing of the
hard-disk two times and of the system disk, also two times) without your help.

Various interactions made the Institute a pleasant place to work, especially with
the fellow (PhD) students and PostDocs. Thanks to all of you, for being such nice
colleagues, and also for going out in Groningen. Thanks to my officemates: Emilio,
Willem, Chris and Matias, for sharing my different moods and awkward working hours.
Special thanks to Chris and Peter (Polko) for translating the “Dutch summary” into
“Nederlandse Samenvatting”. Bruno, thanks a lot for your engagement with the “tex”
issues of the thesis format etc. and your will to share your solutions. Jelte - as promised
- thanks for revealing the existence of (g)awk to me. I love it!

Lot of thanks go to friends outside of the Kapteyn Astronomical Institute. Ex-yu
raji u Groningenu za nezaboravne provode i večere, i igranje u Oostepoortu. Studĳskoj
generacĳi ±2 na Beogradskoj katedri za astronomĳu na iscrpnim i-mejlovima o životu
tamo i vamo. Lots of love to Yaiza and Asja - astrophysics is not the only way of life.
Thanks to Elif for listening to my various stories.

Mojej rodine s láskou ďakujem pre roky podpory, predovsetkým mojím rodičom,
sestre Kristínke a starím rodičom. Schliesslich, ein Grossteil meines Dankes geht an



252

Jakob, für seine Unterstützung und Liebe, die alles so viel besser gemacht haben.

*********************************************************************

The Leids Kerkhoven Bosscha Fonds is acknowledged for funding travels to confer-
ences and working visits.

This research is supported by The Netherlands Organisation for Scientific Research
(NWO), under Grant No. 614.031.014.


	1 Introduction
	1.1 The Universe as seen by observers
	1.2 The Universe as seen by theorists
	1.3 This thesis
	1.3.1 Scientific motivation
	1.3.2 A new HI survey
	1.3.3 Thesis outline


	2 A blind HI survey in the Canes Venatici region
	2.1 Introduction
	2.2 Description of the survey
	2.2.1 The selected volume
	2.2.2 WSRT observations
	2.2.3 Data reduction

	2.3 HI detections
	2.3.1 Searching for detections
	2.3.2 HI parametrisation

	2.4 Parameter accuracy and completeness of the survey
	2.4.1 Parameter uncertainties
	2.4.2 Completeness

	2.5 Properties of the HI detections
	2.5.1 Comparison of the detections with previous observations
	2.5.2 Distributions of HI properties of the detections
	2.5.3 Effects of the inclination

	2.6 Summary
	2.7 Atlas of HI observations

	3 The WSRT CVn HI mass function
	3.1 Introduction
	3.2 Summary of the WSRT CVn blind HI survey
	3.3 HI masses of objects detected in the blind WSRT CVn survey
	3.3.1 Distances to the objects
	3.3.2 HI masses of the objects detected in WSRT CVn survey

	3.4 The WSRT CVn HI mass function
	3.4.1 Method
	3.4.2 Completeness
	3.4.3 Result
	3.4.4 Low number statistics
	3.4.5 Uncertainties in the HI parameters

	3.5 Comparison with previous HI MF estimates
	3.6 Discussion
	3.6.1 Specifications of the surveys
	3.6.2 The influence of distance uncertainties
	3.6.3 Dependence on morphology
	3.6.4 Dependence on the environment

	3.7 Conclusions

	4 HI follow-up observations
	4.1 Introduction
	4.2 WSRT follow-up observations
	4.2.1 Sample selection
	4.2.2 Observations and data reduction
	4.2.3 Parametrisation of detections

	4.3 Results
	4.3.1 Measured HI properties
	4.3.2 Comparison of the follow-up data and the WSRT CVn survey data
	4.3.3 Distributions of the properties of the HI detections

	4.4 Discussion and conclusions
	4.5 Atlas of the detections

	5 Properties of the WSRT CVn detections
	5.1 Introduction
	5.2 HI data
	5.3 Optical data
	5.3.1 Data from the Isaac Newton Telescope
	5.3.2 SDSS data
	5.3.3 Total optical sample

	5.4 Comparing the optical and HI properties of detected galaxies
	5.5 Tully-Fisher relation
	5.6 Baryonic Tully-Fisher relation
	5.7 Summary and conclusions
	Appendix 5.A Photometric data - figure examples
	Appendix 5.B Large tables

	6 Summary and future prospects
	6.1 Summary of the main results
	6.1.1 The WSRT CVn survey (Chapter 2)
	6.1.2 The HIMF in the volume probed by the WSRT CVn survey (Chapter 3)
	6.1.3 More ``light'' on the smallest HI objects from the WSRT CVn survey (Chapter 4)
	6.1.4 Optical and HI properties of the complete WSRT CVn sample of HI detected galaxies(Chapter 5)

	6.2 Suggestions for future work
	6.2.1 History of low-mass galaxies: hierarchical versus anti-hierarchical
	6.2.2 Haloes in a function of the environment?
	6.2.3 Linking the observed properties of galaxies to host haloes


	Nederlandse Samenvatting
	Bibliography
	Acknowledgements

