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Cover – Mosaic representation of the velocity field of UGC 2953, one of the galaxies de-
scribed in this thesis (see page 61). The colours indicate the velocities with respect to the line
of sight of neutral hydrogen gas moving around the center of the galaxy, ranging from 650
(dark orange) to 1150 km/s (white). The image is composed of approximately 1000 ‘Astron-
omy Pictures of the Day’ (see http://antwrp.gsfc.nasa.gov/apod/astropix.html).
The illustration was created using Peter Kirchgessner’s Image Mosaic plug-in for the GIMP
(http://www.kirchgessner.net/photo-mosaic.html).
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1
Introduction

‘T is more between heaven and earth than meets the eye.’ Although most of-
ten used in a rather metaphysical context, this old saying has, in the course of the
last century, also acquired a firm scientific basis. It is now commonly accepted in

the astronomical community that our universe is dominated by so-called Dark Matter (DM),
matter which does not emit electro-magnetic radiation and whose presence can only be in-
ferred from its gravitational influence on its surroundings. The luminous matter which we
can observe directly, mainly in the form of stars and gas, and of which the earth and even we
ourselves are made of, constitutes only a fraction of the total mass in the universe.

1.1 Historical background

1.1.1 the discovery of dark matter

The first indications for the existence of large amounts of unseen matter in the universe came
from Oort (1932), who studied vertical motions of stars in the solar neighbourhood and found
that the visible matter could account for at most 50% of the derived surface density. In later
years, however, this discovery was heavily disputed (e.g. Kuzmin 1955; Bienaymé et al. 1987;
Kuijken & Gilmore 1989, 1991) and there seems to be little evidence left for large amounts of
dark matter in the disk of the Milky Way. Evidence for dark matter which has withstood the
test of time came from Zwicky (1933, 1937) and Smith (1936). From studies of the velocity
dispersions of galaxies in clusters, they concluded that the latter contained up to two orders
of magnitude more mass than that visible in the form of stars. Their conclusion that most
of the mass in clusters must be in invisible form has been confirmed many times afterwards
(e.g. Rood et al. 1972; Abell 1977; Bahcall 1977; Kent & Gunn 1982; Colless & Dunn 1996;
Łokas & Mamon 2003) and marks the beginning of the dark or ‘missing’ mass mystery.

In recent years, it has become clear that dark matter dominates the mass budget of the
universe at cosmological scales as well. Measurements with the WMAP satellite on the
anisotropies in the cosmic microwave background (CMB) radiation have shown that about
74% of the total energy density in the universe is in the form of a mysterious ‘dark energy’,
and that the remaining 26% consists largely of non-baryonic, i.e. dark, matter (Spergel et al.
2003). Baryonic matter only accounts for approximately 4% of the total energy budget and
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most of this is invisible too (Walker et al. 1991; Persic & Salucci 1992), so that only a fraction
of all gravitating mass in the universe can truly be called luminous.

Although it is now widely accepted that dark matter exists and has a profound impact on
the structure and evolution of the universe (but see section 1.3.1), little yet is known about
its nature. Many hypotheses have been proposed, ranging from exotic elementary particles,
such as massive neutrinos or axions, to cold gas, brown dwarfs and black holes (e.g. Trim-
ble 1987; Ashman 1992, and references therein). However, all of the proposed candidates
have in common that they either do not agree with at least some of the observational data, or
have simply never been directly detected, making their mere existence speculative and hypo-
thetical. Unveiling the true nature of dark matter remains one of the greatest challenges for
present-day astronomy and physics.

1.1.2 rotation curves and dark matter in disk galaxies

Historically, the most secure evidence for the existence of dark matter comes from the study
of rotation curves of spiral galaxies. The discovery that spiral galaxies rotate was made in
the beginning of the 20th century (Slipher 1914; Wolf 1914; Pease 1918). Since gas and
stars in normal, unperturbed spiral galaxies move on circular orbits around the center under
the influence of gravity, measurements of the radial variation of the rotational velocity (the
rotation curve) directly yield the shape of the mass profile. Babcock (1939) and Oort (1940)
noted that the shape of the rotation curves of respectively M31 and NGC 3115 were different
than expected from the observed light distributions, implying strongly increasing mass-to-
light ratios or dust absorption towards larger radii.

With more data becoming available, it became clear that most spiral galaxies have rota-
tion curves that remain flat till large radii and that no systems show a Keplerian decline in the
outer parts of their stellar disks. Freeman (1970), Einasto et al. (1974) and later Rubin and
collaborators (Rubin et al. 1978, 1980, 1982; Burstein et al. 1982; Rubin et al. 1985) inter-
preted this as evidence for large amounts of dark matter in the outer parts of spiral galaxies.
This was also inspired by the claim by Ostriker & Peebles (1973) that spiral galaxies must
be embedded in massive, more or less spherical haloes, in order for the cold stellar disks to
be stable against bar-like instabilities. However, Kalnajs (1983) and later Kent (1986, 1988)
showed that, with an appropriate choice for the mass-to-light ratios of the bulges and disks,
the shape of the optical rotation curves of many galaxies can be explained from the luminous
matter alone, once more causing doubt on whether spiral galaxies really contain additional
dark matter. Even with modern, more sensitive data, optical rotation curves do not put strong
constraints on the dark matter content of galaxies (e.g. Palunas & Williams 2000); they sim-
ply do not extend out to large enough radii.

The final, irrefutable evidence for large quantities of dark matter in spiral galaxies came
from the observations of the rotation velocities of neutral hydrogen in their extended gas
disks. Early observations of the H 21cm emission line using single dish radio telescopes had
barely enough sensitivity and resolution to derive spatially resolved rotation curves (e.g. Ep-
stein 1964; Roberts 1966), let alone to make strong statements about the total mass distribu-
tion. With the advent of synthesis radio telescopes, such as the Owens Valley interferometer
and the Westerbork Synthesis Radio Telescope (WSRT), in the late sixties and early seven-
ties, detailed observations of the kinematics of the gas in external galaxies became possible.
Rogstad & Shostak (1972), Shostak (1973) and especially Bosma (1978, 1981a,b) showed
that the rotation curves of the gas in almost all spiral galaxies remain flat even far outside
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the optical disks. Since, in general, the luminous matter is concentrated at much smaller
radii than the last measured points in their rotation curves, the rotation velocities in the outer
regions were expected to fall in near-Keplerian fashion. The observed flatness of the rota-
tion curves therefore led to the now widely accepted view that spiral galaxies contain large
amounts of unseen matter (Faber & Gallagher 1979; Bosma 1981b; van Albada et al. 1985;
van Albada & Sancisi 1986; Begeman 1987).

1.1.3 the distribution of dark matter in disk galaxies and its relation with the luminous
components

Once the presence of dark matter in disk galaxies was established, attention shifted to ques-
tions regarding its distribution and its relation with the luminous matter. One fundamental
question was whether dark matter starts to dominate the gravitational potential only at large
radii with the luminous matter dominating in the inner regions, or whether the dark matter
dominates at all radii with the luminous matter simply responding to the gravitational field of
the dark matter.

Rubin (1983), Rubin et al. (1985) and Burstein & Rubin (1985) noted that the shape and
amplitude of (optical) rotation curves are governed by the optical luminosity of a galaxy:
slowly rising and low amplitude for low-luminosity galaxies, high central gradient and high
rotation velocities for high-luminosity systems. But they found no dependence of rotation
curve shape on morphological type or on the shape of the light distribution, implying that
the luminous matter is dynamically unimportant and that dark matter dominates the gravita-
tional potential everywhere. The dependence of the shape of rotation curves on the galaxy’s
luminosities inspired Persic & Salucci (1991) to a search for a Universal Rotation Curve;
in Persic et al. (1996), they claimed that all observed rotation curves can be described as a
simple analytic formula depending only on the luminosity of the galaxies.

In contrast, van Albada & Sancisi (1986) introduced the ‘maximum-disk hypothesis’,
claiming that the luminous matter dominates the dynamics in the inner parts of galaxies, with
the dark component overtaking in the outer regions. This was inspired by, among others, the
aforementioned results of Kalnajs (1983). He showed that the shape of the rotation curves
in the inner regions, including small-scale features, can be reproduced very well by scaling
up (i.e. by assuming a suitably high mass-to-light ratio) the contributions of the luminous
matter (cf. Casertano 1983; Kent 1986, 1988). Corradi & Capaccioli (1990) and Casertano
& van Gorkom (1991) showed that the shape of rotation curves is not only related to the total
luminosity, but also to the shape of the light distribution and that, for example, early-type
spiral galaxies with concentrated light distributions have rotation curves which rise much
more rapidly than those of later-type systems and sometimes decline at large radii. This
implies that the luminous matter is dynamically important. The dependence of rotation curve
shape on the optical characteristics was also confirmed by studies by e.g. Broeils (1992a),
Swaters (1999), Verheijen (2001), Matthews & Gallagher (2002) and Sancisi (2004).

The question of whether or not disks of galaxies are ‘maximal’ has not received a satis-
factory answer yet. The maximum-disk hypothesis has proven successful in explaining the
shapes of observed rotation curves in the inner regions of many galaxies (Athanassoula et al.
1987; Begeman 1989; Sellwood & Sanders 1988; Broeils 1992a; Verheijen 1997; Sackett
1997; Swaters 1999; Palunas & Williams 2000; Weiner et al. 2001). However, there is no
conclusive evidence for the maximum-disk hypothesis. In most galaxies, the observed ro-
tation curves can equally well be fitted with a lower stellar mass-to-light ratio and a larger
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contribution of the dark matter (e.g. van Albada et al. 1985; Verheijen 1997; Swaters 1999)
and many studies have provided indications for sub-maximal disks (e.g. Kuijken & Gilmore
1989; Bottema 1993; Courteau & Rix 1999; Kranz et al. 2001; Kregel et al. 2005; Pizagno
et al. 2005). It has been suggested that there is a general trend of the relative importance of the
stellar mass with luminosity and surface brightness, in the sense that low luminosity and low
surface brightness galaxies are dominated by dark matter everywhere and high luminosity,
high surface brightness systems are ‘maximum disk’ (Persic & Salucci 1988; Ashman 1992;
Persic et al. 1996; de Blok & McGaugh 1997; Bottema 1997; Kranz et al. 2003). However,
these are only hints and the exact nature of such a trend is still unclear.

Another question which has only recently received much attention is that of the spatial
distribution of dark matter. Usually, it is assumed that the dark matter is distributed in large,
more or less spherical haloes extending far beyond the luminous disks. This is in accordance
with the claim by Ostriker & Peebles (1973) that such haloes are required to protect the
cold disks against bar-like instabilities. However, Sellwood (1985) and Hozumi et al. (1987)
showed that central bulges can do this to a large extent as well, removing at least partly the
need for spherical haloes.

From the observational point of view, little information exists regarding the distribution
of dark matter perpendicular to the disks. A variety of methods have been used to infer the
flattening of the dark matter haloes, but the constraints are usually weak and yield a wide
range of axis ratios. Sackett & Sparke (1990) and Sackett et al. (1994) used the dynamics
of the polar ring of NGC 4650A to infer a considerably flattened halo (axis ratio q ≈ 0.3 –
0.4). In contrast, Combes & Arnaboldi (1996) studied the same system and showed that a
wide range of dark halo shapes, including even prolate ones, fit the data. Sparke & Casertano
(1988) and Hofner & Sparke (1994) modelled the shapes of warps and derived only moderate
halo flattenings (q ≈ 0.6 – 1.0). Olling (1996) used the vertical flaring of the gas layer in the
outer parts of NGC 4244 to derive a highly flattened dark halo (q ≈ 0.2). The dark halo of
our own Milky Way, however, appears to be nearly spherical (e.g. Olling & Merrifield 2000,
2001; Ibata et al. 2001). In short, there is no general consensus yet on the vertical distribution
of dark matter. The common assumption of sphericity is a convenient working hypothesis,
but it should be remembered that the true shape of dark matter haloes may deviate strongly
from this idealised case.

The radial distribution of dark matter is somewhat better constrained by the observa-
tions, although the maximal-minimal disk degeneracy described above usually prevents an
unambiguous determination of the dark matter density profile. The fact that so many rotation
curves are (nearly) flat at large radii implies that the dark matter density at the corresponding
radii must fall off as 1/r2. At even larger radii, the density must fall off faster than this, other-
wise the total mass becomes unbound. However, no clear evidence for the truncation of dark
matter haloes has so far been seen in any observed rotation curve and it must occur (well)
outside the extended gas disks. The most promising method to probe the density distribution
of dark matter at large scales seems to be weak lensing. Indeed, using this method, Hoekstra
et al. (2004) claimed to have found evidence for a steepening at large radii of the dark matter
density profiles.

The shape of the dark matter density profiles in the inner parts of galaxies is still contro-
versial. Historically, most authors assumed density distributions with constant density ‘cores’
in the center. However, modern N-body simulations of structure formation and galaxy evo-
lution in a cold dark matter (CDM) universe predict that dark matter haloes have ‘cusps’,
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i.e. that the density keeps increasing as a power-law (ρ ∝ r−α) till small radii, with logarith-
mic slopes α between 1 and 1.5 (Navarro et al. 1996, 1997, 2004; Moore et al. 1998, 1999;
Hayashi et al. 2004). Some authors have recently claimed that observed rotation curves, in
particular those of low surface brightness and dwarf galaxies, are inconsistent with these pre-
dictions and that models with ‘cuspy’ dark matter haloes fit the data less well than ‘cored’
models (McGaugh & de Blok 1998a; de Blok et al. 2001a,b, 2003; Salucci 2001; Blais-
Ouellette et al. 2001; Gentile et al. 2004). Others claim that the apparent inconsistency can
largely be attributed to systematic effects and that observed rotation curves are still con-
sistent with central density cusps (van den Bosch et al. 2000; van den Bosch & Swaters
2001; Swaters et al. 2003; Spekkens et al. 2005). Clearly, if the discrepancies between the
model predictions and the observed rotation curves persist, they will force us to reconsider
our understanding of the nature of dark matter and/or the processes of galaxy formation and
evolution.

1.2 This thesis

1.2.1 motivation

For a clear picture of the systematics of the content and distribution of dark matter in galax-
ies and its relation to the luminous components, it is of crucial importance to study rotation
curves in a large sample of galaxies, spanning a range of morphological types, luminosi-
ties, surface brightnesses, environments, etc. Early work towards such an inventory was
done by Rubin and collaborators (e.g. Rubin et al. 1985; Burstein & Rubin 1985) and Kent
(1986). However, these studies were based on optical rotation curves. As was already ar-
gued above, strong constraints on the dark matter distribution can only be obtained from H
rotation curves.

Bosma (1978, 1981a,b) was the first to observe a substantial sample of spiral galaxies, of
various morphological types, in H. His discovery that H rotation curves remain flat far out-
side the optical disks provided convincing evidence that spiral galaxies contain large amounts
of unseen matter (see section 1.1.2). Bosma’s work was continued and expanded by, among
others, Casertano & van Gorkom (1991) and Broeils (1992a), who collected respectively 28
and 23 H rotation curves and investigated trends with luminosity, size and morphological
type. With increased sensitivity of modern radio synthesis telescopes, such as the WSRT and
the VLA, large surveys became feasible. Many studies have been carried out in recent years,
producing a large number of rotation curves and causing significant progress in our under-
standing of the systematics of dark matter in galaxies (e.g. de Blok et al. 1996; Swaters 1999;
Côté et al. 2000; Verheijen 2001; Gentile et al. 2004).

Most of these recent studies, however, have focused on late-type and low luminosity or
low surface brightness galaxies. Massive and early-type disk galaxies have received con-
siderably less attention since the early studies of Bosma (1978) and Broeils (1992a), which
themselves contained only a handful of such systems: only one galaxy in Broeils’ sample was
of morphological type earlier than Sb and only four had Vmax > 250 km s−1. The main reason
for this bias against early-type and high-luminosity galaxies is the fact that they generally
contain less gas than their late-type counterparts (relative to the stellar luminosity; Roberts &
Haynes 1994), making high-quality H observations much more difficult and time-consuming.
For example, van Driel (1987) studied the distribution and kinematics of H in a sample of S0
and Sa galaxies, but his study was severely hampered by the low signal-to-noise ratio of his
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data and his rotation curves were of rather poor quality compared to modern standards. The
only recent H study specifically aimed at early-type spiral galaxies was carried out by Jore
and collaborators with the VLA (Jore 1997), but they focused mainly on asymmetries and ev-
idence for interactions and mergers (Haynes et al. 2000; Kornreich et al. 2001) and presented
mass models for one Sa galaxy only (NGC 4138; Jore et al. 1996). S0 and Sa galaxies were
also severely under-represented in the study by Persic et al. (1996). Their Universal Rotation
Curve was based on the optical rotation curves of 965 Sb – Sd galaxies from Mathewson et al.
(1992), supplemented with 131 rotation curves from various sources (including a number of
H rotation curves); their final sample contained only 2 galaxies of type Sab or earlier.

Early-type disk galaxies form the high mass, high surface brightness end of the disk
galaxy population (Roberts & Haynes 1994). While the late-type spiral and irregular galax-
ies at the other end of the population are generally believed to be dominated by dark matter
(Carignan & Freeman 1988, Broeils 1992a, but see Swaters 1999), little yet is known about
the relative importance of dark and luminous matter in early-type disks. The few systems
studied in the past showed indications that the rotation curves of massive spiral galaxies (es-
pecially those with concentrated light distributions) are declining (Casertano & van Gorkom
1991; Broeils 1992a). This suggested that these systems mark the ‘end of a conspiracy’ be-
tween dark and luminous matter, which, in most spiral galaxies, conspire to form a rotation
curve that is flat out to large radii (van Albada & Sancisi 1986). Casertano & van Gorkom
(1991) and Broeils (1992a) interpreted the rotation curve shapes of these galaxies as evidence
that they were dominated by the luminous matter in the inner regions, but whether this is truly
a common feature of all early-type disks or whether the declines in the rotation curves were
a peculiarity of the galaxies studied was not clear.

This thesis aims to fill the lack of data on the relation between dark and luminous matter
in early-type disk galaxies. We have undertaken an observational study of the rotation curves
and dark matter in a sample of nearby, early-type (S0 – Sab) disk galaxies. The goal of our
study is to obtain an overview of the systematics of rotation curves in these systems and to
gain more insight in the dark matter content and distribution and its relation with the luminous
components.

1.2.2 outline of the chapters

A study of dark matter in galaxies requires several pieces of information and this thesis con-
tains the results of a number of independent observational projects. In chapter 2, we present
H observations for 68 nearby galaxies with morphological types between S0 and Sab. They
were done using the Westerbork Synthesis Radio Telescope (WSRT), in the larger framework
of the WHISP project (Westerbork H survey of spiral and irregular galaxies; Kamphuis et al.
1996; van der Hulst et al. 2001). The WSRT has recently been equipped with a more pow-
erful correlator and new cooled front-ends on all dishes, improving the sensitivity for 21cm
line observations by approximately a factor of 3. With the current sensitivity, a large number
of early-type disk galaxies could be observed in single 12 hour sessions and our study greatly
increases the number of such systems mapped in H. We present an atlas of H surface density
maps, velocity fields, global profiles and radial surface density distributions for all galaxies
in the sample and briefly discuss their basic H properties and their relation to the optical
characteristics.

In chapter 3, we study the stellar light distribution in a subsample of the galaxies pre-
sented in chapter 2. We have obtained deep, multi-colour optical images which are used
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to derive isophotal and photometric data and radial surface brightness profiles. We present
a new method to decompose our images into contributions from a spheroidal bulge with a
general Sérsic profile and an arbitrary flattening and a flat disk with an arbitrary intensity
distribution. We discuss several correlations between different bulge and disk parameters and
their implications for theories of galaxy formation.

In chapter 4, we use the H velocity fields from chapter 2 to derive rotation curves for
a subset of 19 galaxies. The H data are supplemented with optical long-slit spectroscopic
observations to resolve the steep velocity gradients which were found to be present in the
centers of our galaxies. The use of optical data ensures that our rotation curves are not affected
by beam smearing in the radio data and allows us to derive accurate rotation velocities on
scales ranging from 100 parsecs to 100 kpc. We present an extensive discussion on the shapes
of our rotation curves and correlations with the optical properties of the galaxies. We show
that the shape of the inner rotation curves is correlated with the shape of the light distribution
and interpret this as a strong indication that the dynamics in the central regions are dominated
by the stellar mass. We also show that many galaxies in our sample have declining rotation
curves at intermediate radii, but that in all cases the rotation curves flatten out at large radii.
We find no cases with a fully Keplerian decline in the outer regions, indicating that substantial
amounts of dark matter must be present in early-type disk galaxies too.

In chapter 5, we discuss the location of the galaxies from chapter 4 on the Tully-Fisher
relation. We show that massive galaxies with declining rotation curves lie systematically to
the right of the relation defined by the less massive systems, causing a ‘kink’ in the relation
around 200 km/s. We also show that this change in slope largely disappears when we use
the asymptotic rotation velocity as kinematic parameter, instead of the maximum rotation
velocity or global H line width, and that the remaining deviations from linearity can be
removed when we simultaneously use the total baryonic mass (stars + gas) instead of the
optical or near-infrared luminosity. We briefly discuss the implications of our results for
studies of galaxy evolution and for the physical basis of the Tully-Fisher relation.

In chapter 6, we combine the results from chapters 2 – 4 to create detailed mass models
for 17 early-type disk galaxies. We present a new method to deproject the observed intensity
distribution of a flattened bulge and to calculate its contribution to the observed rotation curve.
The mass models provide additional evidence that bulges dominate the gravitational potential
in the inner regions and must be at least close to ‘maximal’. We also discuss the constraints
on the disk mass-to-light ratios and on the dark matter distribution and we compare our data
to predictions from simulations of structure formation in a universe dominated by cold dark
matter.

Finally, in chapter 7, we summarise the main conclusions of the previous chapters and
give some suggestions for future work.

1.3 Subjects not covered in this study

Obtaining a PhD requires mastering the art of knowing when to stop. A number of issues
pertaining to dark matter in disk galaxies are not covered in this thesis.

1.3.1 alternatives to dark matter: MOND

A fundamental assumption in all studies mentioned so far is that the Newtonian description of
gravity (or, on cosmological scales, General Relativity) is adequate. This may not be the case
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and other explanations than dark matter have been proposed to explain the observed mass
discrepancies in the universe and in individual galaxies. In particular, Milgrom (1983) for-
mulated an alternative theory of gravity (Modified Newtonian Dynamics; MOND) in which
the normal Newtonian description breaks down at low accelerations. In MOND, rotation
curves naturally become flat at large radii and MOND has proven remarkably successful in
explaining the shape of rotation curves without the need for additional dark matter (Sanders
1996; McGaugh & de Blok 1998a; Sanders & Verheijen 1998; de Blok & McGaugh 1998;
Sanders & McGaugh 2002). MOND also naturally predicts a slope of the Tully-Fisher re-
lation of 4, very close to the observed value (McGaugh & de Blok 1998b; McGaugh et al.
2000). Nevertheless, despite its successes, MOND also suffers from some considerable prob-
lems. The most serious drawback is that, until very recently, MOND has lacked a satisfactory
theoretical basis and was not much more than an empirical fitting formula (see the review by
Sanders & McGaugh 2002, and references therein). If, however, a unifying theory of gravity
can be formulated which encompasses both general relativity in the strong field regime and
MOND in the limit of weak accelerations (such as attempted in the recent work of Bekenstein
2004), the entire concept of dark matter may turn out to be a historical error.

In this thesis, I will restrict myself to classical Newtonian gravity and interpret the ob-
served mass discrepancies in early-type disk galaxies in the context of dark matter. Although
it would be interesting to study the rotation curves of our massive, early-type disk galaxies in
the context of MOND, a confrontation of MOND with the data presented in this thesis will
be postponed to a later time.

1.3.2 the nature of dark matter

This thesis does not address the fundamental issue of the nature of dark matter either. Al-
though a proper understanding of the systematics of dark matter in galaxies may, in the long
term, help to constrain the nature and properties of dark matter, such issues cannot be ad-
dressed with the current study. I hope that the results presented in this thesis can provide a
small new piece to the puzzle of dark matter and that they may eventually contribute to the
unravelling of this intriguing mystery.
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H observations of early-type disk

galaxies∗

ABSTRACT — We present H observations of 68 early-type disk galaxies from the
WHISP survey. They have morphological types between S0 and Sab and absolute B-band
magnitudes between -14 and -22. These galaxies form the massive, high surface bright-
ness extreme of the disk galaxy population, few of which have been imaged in H before.
The H properties of the galaxies in our sample span a large range; the average values
of MHI/LB and DHI/D25 are comparable to the ones found in later-type spirals, but the
dispersions around the mean are larger. No significant differences are found between the
S0/S0a and the Sa/Sab galaxies. Our early-type disk galaxies follow the same H mass-
diameter relation as later-type spiral galaxies, but their effective H surface densities are
slightly lower than those found in later-type systems.
In some galaxies, distinct rings of H emission coincide with regions of enhanced star for-
mation, even though the average gas densities are far below the threshold of star formation
derived by Kennicutt (1989). Apparently, additional mechanisms, as yet unknown, regu-
late star formation at low surface densities.
Many of the galaxies in our sample have lopsided gas morphologies; in most cases this
can be linked to recent or ongoing interactions or merger events. Asymmetries are rare in
quiescent galaxies. Kinematic lopsidedness is rare, both in interacting and isolated sys-
tems.
In the appendix, we present an atlas of the H observations: for all galaxies we show H
surface density maps, global profiles, velocity fields and radial surface density profiles.

2.1 Introduction

The discovery that H rotation curves of spiral galaxies remain flat far outside the regions
where the luminous mass is concentrated (Bosma 1978), has led to the now widely accepted
view that galaxies are embedded in large halos of invisible matter (Faber & Gallagher 1979;

∗Based on E. Noordermeer, J. M. Van der Hulst, R. Sancisi, R. A. Swaters & T. S. Van Albada 2005, A&A,
442, 137.
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Bosma 1981b; van Albada & Sancisi 1986). The nature of this dark matter still remains a
mystery, and poses one of the most persistent challenges to present day astronomy.

A systematic study of rotation curves in spiral galaxies, covering a large range of lumi-
nosities, morphological types and surface brightnesses, is crucial for a proper understanding
of the distribution of dark matter in galaxies. Most H studies in recent years have, however,
focused on late-type, low-luminosity systems (de Blok et al. 1996; Swaters et al. 2002); H
observations of high-luminosity and early-type disk galaxies are rare. The only study so far
aimed at a systematic investigation of H rotation curves over the full range of morphological
types was that by Broeils (1992a). However, in his sample of 23 galaxies, only one was of
morphological type earlier than Sb and only four had Vmax > 250 km s−1. S0 and Sa galax-
ies were also under-represented in the study by Persic et al. (1996); their Universal Rotation
Curve is based on over 1000 rotation curves of which only 2 are of type Sab or earlier.

The main reason for the lack of information on the H properties of early-type disks is the
fact that they generally have a low H flux (Roberts & Haynes 1994). The only large-scale H
survey directed specifically at S0 and Sa galaxies was carried out by van Driel (1987), but his
study was severely hampered by the low signal-to-noise ratio of his data. Jore (1997) obtained
deep VLA observations for a sample of Sa galaxies, but focused mostly on asymmetries and
evidence for interactions and mergers (Haynes et al. 2000).

Early-type disk galaxies form the high mass, high surface brightness end of the disk
galaxy population (Roberts & Haynes 1994). While the late-type spiral and irregular galaxies
at the other end of the population are generally believed to be dominated by dark matter
(Carignan & Freeman 1988; Broeils 1992a; Swaters 1999), little yet is known about the
relative importance of dark and luminous matter in early-type disks. Knowledge of their dark
matter content is a crucial step towards a proper understanding of the systematics of dark
matter in galaxies.

A major part of the study presented in this thesis consists of mapping the distribution
and kinematics of neutral hydrogen in a large sample of early-type disk galaxies. As part of
the WHISP project, we have observed 68 galaxies with morphological types between S0 and
Sab. WHISP (Westerbork H survey of spiral and irregular galaxies; Kamphuis et al. 1996;
van der Hulst et al. 2001) is a survey of galaxies in the northern sky using the Westerbork
Synthesis Radio Telescope (WSRT), aiming at a systematic investigation of the H content
and large-scale kinematics of disk galaxies. Observations were carried out between 1993
and 2002, and the survey now contains data for almost 400 galaxies, covering Hubble types
from S0 to Im. Earlier results from WHISP were presented by Swaters et al. (2002, hereafter
Paper I), Swaters & Balcells (2002, Paper II) and Garcı́a-Ruiz et al. (2002).

In this chapter, we present the first results of the H observations of the early-type disk
galaxies. We discuss the basic H properties of these galaxies and we present an atlas of H
surface density maps, velocity fields, global profiles and radial surface density distributions.
The data presented here will be used in chapter 4 to derive rotation curves, which will then be
combined with optical data to study the dark matter content and distribution in these systems
(chapter 6).

The structure of this chapter is as follows. In section 2.2 we describe the selection of
the sample and some basic properties of the selected targets. In section 2.3, the observations
and data reduction steps are discussed. In section 2.4, we describe the H properties of our
sample galaxies, and compare them to their optical properties. Notes on individual galaxies
are given in section 2.5. Section 2.6 presents a summary of the main conclusions. For clarity,
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all long tables have been placed at the end of the chapter, in appendix 2-I. The atlas of the H
observations is presented in appendix 2-II.

2.2 Sample selection

All galaxies presented here were selected from the WHISP survey (Kamphuis et al. 1996;
van der Hulst et al. 2001). The galaxies in WHISP were selected from the Uppsala General
Catalogue of Galaxies (UGC; Nilson 1973). To ensure that the galaxies would be well re-
solved with the WSRT, target galaxies were selected on the basis of their position on the sky
(δ > 20◦) and their angular size (D25 > 1′). A lower line flux limit, defined as f = FHI/W20

with FHI the total flux in Jy km s−1 and W20 the width of the H profile in km s−1, was chosen
to ensure that the channel maps have a sufficient signal-to-noise ratio to produce H surface
density maps and velocity fields. For the largest part of the survey, carried out before 1999,
this limit was set at f > 100 mJy. This led to the inclusion of only 11 early-type galaxies,
compared to over 300 intermediate and late-type galaxies. In 1999, a more powerful corre-
lator and cooled front-ends on all WSRT telescopes improved the sensitivity for 21cm line
observations by approximately a factor of 3. For the observations with the new setup, we
lowered the flux limit to f > 20 mJy.

From the final WHISP sample, we selected all 68 galaxies with morphological type be-
tween S0 and Sab. Some basic properties of these galaxies are listed in table 2.1. The majority
of the galaxies in our sample have high luminosity (MB < −19), but our sample also contains
a number of low-luminosity systems.

Our sample is not intended to be complete in any sense, but it is still interesting to compare
some general properties of our objects to the full sample of galaxies in the UGC. In figure 2.1,
we show in bold lines the distribution of our sample galaxies over a number of parameters.
We also show the distribution of the entire UGC catalogue (thin lines), as well as all galaxies
from the UGC with morphological type between S0 and Sab (dashed lines).

The histogram for morphological type simply reflects our selection criterion for early-
type disk galaxies. Compared to the entire early-type disk subsample from the UGC, we
have a fair sample of Sa and Sab galaxies; S0’s are however under-represented in our sample.
This is due to the well-known fact that S0 galaxies generally contain even less H than Sa’s
(Roberts & Haynes 1994); even with the current high sensitivity of the WSRT, only a handful
of S0 galaxies can be observed in single 12h runs.

Due to our diameter and H flux limits, we select predominantly nearby galaxies, as
is visible in the top-middle histogram in figure 2.1. Most of our sample galaxies have
Vhel ≤ 5000 km s−1.

Compared to the average early-type disk galaxies in the UGC, our objects are on average
slightly more gas-rich (probed by the m21 − mB ‘colour’) and marginally bluer. The distribu-
tion of average B-band surface brightness of our galaxies, defined within the 25th magnitude
isophote, shows a small excess on the bright side, but this is hardly significant. Similarly, we
have a small excess of low-luminosity systems.

In conclusion, our sample contains a fair number of Sa and Sab galaxies, whose properties
seem to resemble those of average early-type disk galaxies in the UGC very well. Their
bluer colour and higher gas content may indicate a higher level of star formation, but the
differences for both parameters are small. The fact that the average surface brightness and
luminosity distributions are almost identical to those for the entire subsample of early-type
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disks from the UGC, confirms our conjecture that we are not looking at a special subclass of
these systems. The situation for S0’s is less clear, due to the small number contained in this
sample.

2.3 Observations and Data reduction
All observations described here were carried out with the Westerbork Synthesis Radio Tele-
scope (WSRT) in single 12 hour sessions. 11 galaxies were observed before 1999, using the
old front-ends and correlator. The remaining 57 were observed after the major upgrade of
the WSRT, using new cooled front-ends on all telescopes and a new broadband correlator. A
summary of the observational parameters is given in table 2.2.

For most observations, the field of view was centered on the target galaxy. In a few
cases, more than one galaxy was observed in one pointing and some galaxies lie off-center in
the field of view (notably UGC 94, 499, 508, 6621, 8699 and 12815). The angular resolution
depends on the coverage of the UV-plane during the observations. Furthermore, as the WSRT
is an east-west array, the resolution in declination depends on the position on the sky and
scales as 1/ sin δ. The resulting beam size for each galaxy is given in table 2.2.

Observations were usually done with 128 channels; the total bandwidth was chosen on
the basis of the H line width W20, such that we had optimal wavelength resolution while still
having a reasonable baseline to construct continuum maps. The resulting velocity resolution,
before Hanning smoothing, is thus either ∼ 2.5, 5, 10 or 20 km s−1, with the exact value
depending on the central wavelength of the band (see table 2.2).

The data reduction consisted of several stages; each will be described below.

2.3.1 standard WHISP pipeline

The initial reduction steps were carried out following the standard WHISP data reduction
pipeline. The raw UV data were inspected and calibrated using the NEWSTAR software
package. Bad data-points were flagged interactively. The UV data were then Fourier trans-
formed to the image plane, and antenna patterns were calculated. For each set of observations,
data cubes were created at 3 different resolutions and corresponding noise levels. One is at
full resolution using all available UV data-points; the resulting beam size is given in table 2.2.
The other two were produced by down-weighting progressively more long baselines from the
UV data. While doing so, the spatial resolution was decreased to respectively ≈ 30′′ and
≈ 60′′, but the signal-to-noise level for extended emission was strongly enhanced.

All further data reduction was done with GIPSY (Groningen Image Processing System;
Vogelaar & Terlouw 2001, http://www.astro.rug.nl/∼gipsy/). For all data cubes, the conti-
nuum was subtracted by fitting, at each line of sight, a first order polynomial to the channels
without H emission. The cube at 60′′ resolution was then Hanning smoothed in velocity and
masks were created by hand to identify the regions containing H emission. The data cubes
were then CLEANed (Schwarz 1978), using the masks to define the search areas. CLEANing
was iterated down to 0.5 times the rms in each channel map. The rms noise in the cleaned,
full resolution channel maps, σch, is given in table 2.2.

In more than 50% of the cases, the data cubes at full resolution are of sufficient quality to
derive useful H maps and velocity fields. However, in cases where the signal is very weak,
the signal-to-noise ratio in the full resolution data may be too low to extract the emission line

∗LEDA: Lyon Extragalactic Database, http://leda.univ-lyon1.fr/
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profiles. In those cases we used the smoothed data in the subsequent analysis. Additionally,
the smoothed data cubes are sometimes used to study the distribution and kinematics of the
gas in the faint outer regions. In the figures in the atlas we indicate which data cube was used
for each galaxy.

2.3.2 defining masks

Before proceeding to the next steps, we defined first the regions that contain emission; parts
of the data cubes that contain only noise were masked out, such that as little noise as possible
entered the global profiles and surface density maps.

Creating the masks is not straightforward and requires special care. Applying a simple
sigma-clipping criterion on the channel maps is not sufficient, as we may miss extended low-
level emission. Therefore, we first smoothed the channel maps: the channel maps at full, 30
and 60′′ resolution were smoothed to 30, 60 and 120′′ respectively. Subsequently the data
cubes were Hanning smoothed in velocity. The signal-to-noise ratio for extended emission
in the resulting smoothed data cubes is much higher and low-level emission is now easily
detected.

The Hanning-smoothed data cubes at 30, 60 and 120′′ were then used to create masks for
the original channel maps at full, 30 and 60′′ resolution respectively; the masks were created
in 2 steps. First we selected all pixels in the smoothed channel maps that have intensity > 2σ.
In this way, we did not only select real emission from the galaxy, but also many noise peaks
in the data. In the second step we selected by hand the emission which we deemed to be real.
Emission was defined to be real if it is spatially extended (i.e. >∼ 2 beam areas) and present
in more than 2 adjacent channels or when it is very bright (>∼ 4σ). Small regions that are
only slightly brighter than 2σ are defined to be noise and were rejected. This second step
is by definition subjective. Some peaks we judged to be noise may actually be real and vice
versa. However, since we are working on extensively smoothed data, the real emission is
more easily distinguished from noise, and the effect is small.

The resulting clipped channel maps were then used as masks for the original data cubes.

2.3.3 global profiles and total H masses

Global profiles were derived from the data cubes at 60′′ resolution. In these data cubes, we
are most sensitive to extended H emission, and the flux enclosed by the masks is maximal.
The global profiles were constructed by adding up all flux in each masked channel map and
correcting for primary beam attenuation. Care was taken not to include flux from companion
galaxies.

The error in each point of the profile is related to the size of the masked region in the
channel map. Due to the non-uniform sampling of the UV-plane by the WSRT, the noise in
the channel maps is not spatially independent and the error does not simply increase as the
square root of the mask area. Instead, we established an empirical relation between mask size
and error in the flux and used the result to estimate the errors on our global profiles.

The global profiles are shown in the top right panels in the atlas (Appendix 2-II).
Line widths were determined at the 20% and 50% levels. If a profile was double peaked,

the peaks on both sides were used separately to determine the 20% and 50% levels, otherwise
the overall peak flux was used. The profile widths W20 and W50 were defined as the differ-
ence between the velocities at the appropriate level on each side of the profile. We followed
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Verheijen & Sancisi (2001) to correct the observed line widths for instrumental broadening,
assuming an internal velocity dispersion of the gas of 10 km s−1:

Wc
20 = W20 − 35.8
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with R the instrumental velocity resolution in km s−1.
The systemic velocities Vsys were defined as the average of the velocities at the profile

edges at the 20% and 50% level. Distances D were derived using a Hubble constant of
75 km s−1 Mpc−1, correcting the systemic velocities for Virgo-centric inflow using the values
given by LEDA. The profile widths, systemic velocities and distances are given in table 2.3.

The total Hmass was derived from the total flux, i.e. the integral of the global profile just
derived, and is given by:

MHI = 236 · D2 ·
∫

Fdv, (2.2)

where MHI is in solar masses, D is the distance in Mpc, F is the primary beam corrected flux
in mJy, and the integral is over the total bandwidth. The derived total fluxes and H masses
are given in table 2.3 as well.

2.3.4 integrated H maps

H maps were created by integrating the masked data cubes along the velocity direction and
correcting the result for primary beam attenuation. The noise in these maps is not constant:
the galaxies presented here are generally characterized by very large velocity gradients in the
center and slowly varying velocities in the outer parts, so that we are summing over a variable
number of channel maps at different positions. For each map, we estimated an average noise
level, σmap, following the prescriptions in Verheijen & Sancisi (2001). Noise fields were
constructed based on the number of channel maps contributing to the integrated H maps
at each position and the rms noise in the individual channel maps. Using these fields, we
selected all points in our H maps with signal-to-noise ratio between 2.75 and 3.25. The
average value of these points was then divided by 3 to obtain the σmap value. It is important
to note that this is an average noise level; low-level emission which is only present in a few
adjacent channels may be significant, even if it is weaker than the 2σmap-level of the outer
contour in the figures.

The H column density maps are shown in the left hand panels in the atlas. In table 2.2,
we give the corresponding values of σmap in atoms cm−2.

2.3.5 velocity fields

The two methods most commonly used to derive velocity fields from H data cubes are to
calculate the intensity weighted mean (IWM) velocity of the line profiles or to fit Gaussians
to them. For the data presented here, neither of these methods proved to be adequate in recov-
ering the true radial velocity of the gas. Particularly in the central regions of the early-type
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galaxies studied here, large velocity gradients are present and the line profiles are seriously
skewed by beam-smearing. In those cases, both the IWM velocity and the central velocity
of the fitted Gaussians can be offset significantly from the true gas velocity at the projected
radius (e.g. Paper I). Here, we derive velocity fields by fitting a Gauss-Hermite polynomial
that includes an h3-term for skewness to the line profiles (van der Marel & Franx 1993). The
resulting velocities from this method lie usually closer to the peak in the profile than simple
IWM or Gauss fits, especially in the central regions.

We created velocity fields in two steps. In the first step, we fitted the Gauss-Hermite func-
tion to the profiles in the masked data cubes. However, since the masked data cubes contain
no noise information outside the emission lines, it is difficult to determine the significance
and reliability of the fitted profiles. To overcome these difficulties, we used the fitted parame-
ters from the first step as initial estimates for a second fit to the Hanning-smoothed, unmasked
line profiles. For these latter fits we could develop strict criteria to determine whether or not
a profile represents true emission: only those fits were accepted that have 1) a line strength
greater than 2.5 times the rms noise σh in the Hanning-smoothed channel maps and 2) a
velocity within the range defined by the global profile. These two constraints were usually
sufficient to exclude erroneous results. As an extra sanity check, we excluded fits with 3) a
profile width smaller than 4 or larger than 200 km s−1. This criterion was, however, rarely
met.

It is important to note here that the sigma-clipping criterion in 1) above was performed
using the rms in the Hanning-smoothed channel maps directly. This rms is not the same as the
σmap level in the H surface density maps, which was determined empirically (see previous
section). Thus, it is possible that points which fall outside the 2σmap contour in the H density
map, have a fitted line strength greater than 2.5σh and vice versa.

The final velocity fields are shown in the top middle panels in the atlas. In the bottom
middle panels, we show the fitted velocities over-plotted on position-velocity slices along
the major axes through the data cubes. From these figures, it is clear that the inclusion of
an h3-term for skewness in the fitting procedure worked well in recovering the true velocity
of the gas for most galaxies (e.g. UGC 89, 6786). In some cases, however, in particular in
edge-on or poorly resolved galaxies, projection effects lead to such complicated line-profiles
that even skewed Gaussians fail to recover the projected rotational velocity of the gas. In
our sample, the velocity fields of UGC 1310, 2045, 5906, 5960, 6001, 6742, 7704, 8271
and 12713 suffer seriously from this effect and can therefore not be used to derive rotation
curves; for UGC 2183, 3354, 4605 and 11670, only the inner regions of the velocity fields
are affected.

2.3.6 radial profiles, H diameters and surface densities

The integrated H maps created in section 2.3.4 were used to derive radial profiles of the
H surface density. The intensities were azimuthally averaged in concentric elliptical annuli.
Pixels without measured signal in the total H map were counted as zero. The azimuthal
averaging was also done separately for the approaching and receding half of the galaxy to
obtain a crude estimate of the level of asymmetries present in the H map.

The orientation of the annuli was determined with different methods, depending on the
galaxy. For a number of galaxies, tilted ring fits to the velocity field were available (see
chapter 4). As these fits use dynamical information from the entire gas disks, they were
assumed to yield the most accurate results and were therefore used as first choice. If no tilted
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ring analysis was available (for example if the galaxy is too poorly resolved, or if the H
gas does not show signs of circular rotation), we used the ellipticity and position angle from
LEDA. However, in some cases LEDA does not give a position angle or is clearly inconsistent
with our data. Especially for near face-on galaxies, LEDA’s position angles – if present – can
be far off from the angles we infer from the velocity field. In those cases, we did not use
LEDA’s position angle, but rather determined it by eye from our H maps and velocity fields.

The measured intensities were corrected to face-on surface densities, and converted to
units of M� pc−2. The resulting radial profiles are shown in the bottom right panels in the
atlas.

For edge-on galaxies, this method does not work, as emission from different radii is su-
perposed onto the same position on the sky. For these cases, we used the iterative Lucy
deconvolution method developed by Warmels (1988b). The H surface density maps were
integrated parallel to the minor axis to get H strip integrals. These were then converted to
surface density profiles using the iterative deconvolution scheme from Lucy (1974), under
the assumption of axisymmetry for the gas distribution.

From the radial profiles, H radii were determined. The H radius RHI is defined as the ra-
dius where the face-on corrected surface density drops below a value of 1 M� pc−2 (equivalent
to 1.25 · 1020 atoms cm−2). The derived radii are given in table 2.3.

Finally, we derived the average H surface density within the H radius (<ΣHI>RHI ), as well
as within the optical radius (<ΣHI>R25 ). The optical radii were derived from the absorption
corrected 25th B-band mag arcsec−2 diameters, taken from LEDA. The average H surface
densities are also listed in table 2.3.

2.4 H properties of early-type disk galaxies

As mentioned in the introduction, the data presented here are used in the remainder of this
thesis for a study of rotation curves and dark matter in early-type disk galaxies. In this chapter,
however, we focus on the global H properties of our sample galaxies and the relation with
their optical characteristics; several aspects of this analysis are discussed below.

2.4.1 H content

In figure 2.2, we show the distribution of MHI/LB. For LB, we used the absolute B-band
magnitudes from LEDA (column (6) in table 2.1) and a solar absolute magnitude in the B-
band of 5.47 (Cox 2000). For comparison, we have split the sample in S0/S0a’s and Sa/Sab’s.

The average values of log(MHI/LB) for Sa/Sab’s and S0/S0a’s is −0.62±0.44 and −0.50±
0.40 in solar units respectively, where the errors give the standard deviations of the respective
distributions. These values are higher than the average values for early-type disks found by
Roberts & Haynes (1994), confirming that we have predominantly selected gas-rich galaxies
in our sample (cf. section 2.2 and figure 2.1). There is, however, a large variation in the
H content of our galaxies; the most gas-rich galaxies contain about 100 times more gas,
compared to their stellar luminosity, than the most gas-poor systems. This range is larger
than seen in most late-type galaxies, which span at most only one order of magnitude in gas
content (Roberts & Haynes 1994; Broeils & Rhee 1997; Paper I).

The large spread in H content is also apparent in figure 2.3, where we plot the H mass-
to-light ratio versus B-band luminosity. In later-type galaxies, a general trend exists, such that
the more luminous galaxies contain relatively less H (Verheijen & Sancisi 2001; Paper I). In
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Figure 2.2: The distribution of MHI/LB. The

solid line indicates all galaxies of type Sa

and Sab, the dashed line indicates the S0’s.

Figure 2.3: MHI/LB versus absolute B-band

magnitude. Sa/Sab galaxies are indicated by

squares, S0/S0a’s by triangles. The filled sym-

bols indicate galaxies whose morphology is

not or only mildly asymmetric, open symbols

denote moderately or strongly lopsided galax-

ies. The dashed lines indicate the maximum

distance at which a galaxy would still be in-

cluded in our sample (see text).

our sample, this correlation is virtually absent. There seems to be a lack of low-luminosity
galaxies (MB >∼ −18.5) with low relative gas content, but this is probably a selection ef-
fect. The dotted lines in figure 2.3 give the maximum distance Dmax out to which galaxies
would be included in our sample. Dmax is defined as the distance where the flux density
of a galaxy, given by f = FHI/W, drops below 20 mJy. W, the profile width, is estimated
from the absolute magnitude using the Tully-Fisher relation found by Verheijen (2001) and
assuming an average inclination of 60◦. It is obvious that high-luminosity galaxies with a
low gas content can be observed out to much larger distances than low-luminosity systems
with similar MHI/LB. Low-luminosity (MB >∼ −18.5) galaxies with low relative gas content
(log(MHI/LB) <∼ −1) may be as common as their high-luminosity counterparts, the lack of
low-luminosity, low MHI/LB galaxies simply being the result of the smaller volume that our
survey covers for these systems.

The large spread in gas content could be explained if a substantial fraction of our early-
type disk galaxies have recently accreted gas from small dwarf galaxies. The spread in gas
content would then reflect the accretion history of these galaxies. Indeed, many of our galax-
ies show signs of recent interaction or accretion (see table 2.3), but the degree of asymmetry
in the gas distribution does not correlate with the gas fraction, as can be seen in figure 2.3. It
seems unlikely that recent accretion or merger events alone can explain the observed spread
in gas content of these galaxies.

Another possible explanation for the large spread lies in the fact that H content is a prop-
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Figure 2.4: The distribution of DHI/D
B,c
25 .

The solid line indicates all galaxies with type

Sa and Sab, the dashed line indicates the

S0’s.

Figure 2.5: Ratio of H  to optical diame-

ter DHI/D
B,c
25 versus absolute B-band magni-

tude. Sa/Sab galaxies are indicated by squares,

S0/S0a’s by triangles.

erty of the disk, whereas our galaxies contain an additional bulge component. If indeed bulges
contribute to the optical luminosity but are not related to the H content, variations in bulge-
to-disk luminosity ratios would lead to additional scatter in plots like figures 2.2 and 2.3. We
have checked this hypothesis for a number of galaxies in our sample for which we have ac-
curate optical photometry and bulge-disk decompositions at our disposal, but found that the
scatter in gas content did not decrease significantly when, instead of the total luminosity, we
only considered the luminosity of the disk component.

Thus, the H content in these early-type disk galaxies seems to be rather independent of
any basic optical property. In section 2.4.3, we will show that the H content is correlated
with the relative extent of the gas disks, in the sense that the gas disks of gas-rich galaxies are
more extended, but of similar surface density, than those of gas-poor systems. Although this
implies that the large spread in gas content is, at least partly, related to the large range in the
relative sizes of the gas disks (cf. section 2.4.2), it still offers no explanation as to why some
galaxies have larger gas disks, and correspondingly larger H masses, than others. The origin
of the large spread in gas content in these systems remains therefore puzzling.

2.4.2 H diameters

In figure 2.4, we show the distribution of DHI/D
B,c
25 , with DHI the diameters of the H disks,

measured at the 1 M� pc−2 level. DB,c
25 are the optical diameters, measured at the absorption

corrected 25th B-band mag arcsec−2 level, taken from LEDA. The average ratio of H to opti-
cal diameter for the 49 Sa/Sab galaxies in our sample is 1.72± 0.70; as above, the error gives
the standard deviation of the distribution. This average value is identical, but with larger
spread, to the value found by Broeils & Rhee (1997) for a sample of 108 spiral galaxies,
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Figure 2.6: Total H  mass versus H  (left) and optical (right) diameter.

Sa/Sab galaxies are indicated by squares, S0/S0a’s by triangles; the solid

and long-dashed lines give the corresponding fits. The dotted lines give

the relations found by Broeils & Rhee (1997).

mostly of intermediate and late type.
9 Sa/Sab galaxies (18%) in our sample have DHI < DB,c

25 . Most of these cases show clear
signs of interaction (e.g. UGC 4862, 5559, 6621) and it seems likely that these galaxies have
lost part of their gas disks in the encounters. This would be consistent with the results of Cay-
atte et al. (1994), who showed that galaxies in the center of the Virgo cluster have smaller H
disks than those in the field and argued that this is caused by ram-pressure stripping and inter-
actions between the cluster members (see also Koopmann & Kenney 2004). However, some
galaxies with small gas disks in our sample seem undisturbed (e.g. UGC 7489 or 11914); the
origin of the small extent of their H disks is unclear.

The average ratio of H to optical diameter for the S0/S0a’s in our sample is 2.11 ± 0.70.
This is slightly higher than for the Sa/Sab’s, but the number of objects is too small to be able
to say whether this is significant. Note that three S0/S0a galaxies in our sample (UGC 2154,
3426 and 4637) have an azimuthally averaged H surface density less than 1 M� pc−2 ev-
erywhere, such that their H radius is not defined; the gas in these three galaxies is clearly
distorted and probably originates from a recent merger or interaction event.

The ratio DHI/D
B,c
25 between H and optical diameters shows no clear correlation with

optical luminosity (figure 2.5). The lack of low-luminosity galaxies with small H disks is
probably the result of the same selection effects as described in the previous section.

2.4.3 H surface brightness

Previous studies have revealed a tight relation between the total H mass and H diameter
of a galaxy, with MHI ∝ (DHI)α, α ≈ 1.9 (Broeils & Rhee 1997; Verheijen & Sancisi 2001;
Paper I). The small scatter around this relation, and the fact that the slope is so close to 2,
imply that the average H surface density within the 1 M� pc−2 isophote is almost universal
from galaxy to galaxy. The correlation of H mass with optical diameter is well defined too,
but with larger scatter.
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Figure 2.7: The distribution of average

H  surface density within the 1 M� pc−2

isophote (top) and within the optical diam-

eter (bottom). The solid line indicates all

galaxies with type Sa and Sab, the dashed

line indicates the S0’s.

Figure 2.8: Relative gas content, MHI/LB, ver-

sus relative gas diameter, DHI/D
B,c
25 . Sa/Sab

galaxies are indicated by squares, S0/S0a’s by

triangles.

These relations are also present in the early-type galaxies studied here, as can be seen
in figure 2.6. The relation between MHI and DHI is indistinguishable from the one found in
previous studies (the dotted line shows the relation from Broeils & Rhee (1997)). We find:

log(MHI/M�) = 1.80 log(DHI/kpc) + 6.80 (Sa/Sab)
log(MHI/M�) = 1.89 log(DHI/kpc) + 6.70 (S0/S0a).

(2.3)

The scatter around each of the fits is 0.15 and 0.14 dex respectively, comparable to the dis-
persion found by Broeils & Rhee (1997).

We find a slightly shallower relation between H mass and optical diameter:

log(MHI/M�) = 1.60 log(DB,c
25 /kpc) + 7.44 (Sa/Sab)

log(MHI/M�) = 1.38 log(DB,c
25 /kpc) + 7.74 (S0/S0a).

(2.4)

The shallow slopes in these relations could again be the result of a selection bias in our survey.
Small, low H-mass galaxies are unlikely to be included in our sample, which explains why
the galaxies in our sample with DB,c

25 < 10 kpc lie systematically above the relation found
by Broeils & Rhee (1997). Given our selection criteria, we see no reason to conclude that
early-type disk galaxies follow a different MHI − DB,c

25 relation than later-type spirals. Note
however that the scatter, 0.34 and 0.38 dex for the Sa/Sab and S0/S0a samples respectively,
is larger than the one found by Broeils & Rhee (1997).

In figure 2.7, we show the distributions of average H surface density within the H and
optical diameters. The small scatter in the MHI − DHI relation translates into a narrow distri-
bution in <ΣHI>RHI . The average values of <ΣHI>RHI are 2.8 ± 0.8 and 2.9 ± 1.4 M� pc−2 for
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Sa/Sab and S0/S0a galaxies respectively; the errors give the standard deviations of the distri-
butions. Thus, early-type disk galaxies have on average somewhat lower H surface densities
than later-type spirals, but with similar scatter (Broeils & Rhee 1997). The dispersion in
the distribution of <ΣHI>R25 is much larger, but the average values are again lower than in
later-type spirals (cf. Roberts & Haynes 1994; Broeils & Rhee 1997).

As a last illustration that the average H surface density shows little variation from galaxy
to galaxy, we show in figure 2.8 the relation between relative gas content and the H-to-optical
diameter ratio. This figure shows that if a galaxy has a relatively high gas content, it is because
its gas disk is relatively extended; thus the average H surface density will still be comparable
to that in more gas-poor systems. It is, however, still unclear why some galaxies have much
larger H disks than others (i.e. are much more gas-rich, cf. sections 2.4.1 and 2.4.2).

2.4.4 holes, rings and the relation with star formation

Most early-type disk galaxies presented here whose H is concentrated in a regular disk, have
a central hole or depression in their H distribution. Galaxies where we do not observe a
central hole are either not well resolved, or do not have a regularly rotating disk; it is likely
therefore, that all early-type galaxies with a regular gas disk have a central depression in their
H distribution.

In some galaxies, most of the gas is concentrated in rings. In most cases, the rings follow
the orientation of the optical disks, but there are also cases (e.g. UGC 12276) where the ori-
entation of the ring is different from that inferred from the optical image or the velocity field.
Galaxies with gas rings offer an interesting possibility to study the relation between neutral
gas and the stellar light distribution. In figure 2.9 we compare the radial gas distribution
for 6 galaxies with distinct gas rings with their B-band luminosity profile. The gas surface
density profiles are derived from the H profiles shown in Appendix 2-II, multiplied by 1.44
to account for the presence of other elements (mostly helium). The photometric profiles are
taken from chapter 3.

UGC 1541 and 3546 (top panels) are barred galaxies with distinct spiral arms. In both
cases there is a slight over-density of blue light at the same radius as the gas ring, but this
may simply reflect the fact that gas and stars respond in the same way to the gravitational
perturbations from the bar and spiral arms.

The other four galaxies, however, are not barred, and have very little spiral structure. Yet
in two cases, UGC 3993 and 11914 (middle panels), the H surface density peaks correspond
to small but distinct over-densities of light at the same radii. In UGC 11914 this excess
light is related to a prominent ring of blue stars in the original images (see also Buta et al.
1995). Hα emission is detected in this ring as well (Pogge 1989a), indicating that the gas
is actively forming stars (Battinelli et al. 2000). We are not aware of Hα observations of
UGC 3993, but the stars in its ring are significantly bluer than in the central parts, indicating
that a population of young stars may exist in this ring as well. In contrast, in UGC 2487
and 6787 (bottom panels), no excess light over the regular exponential disks is detected and
the colours of the stars do not vary over the ring. Pogge & Eskridge (1993) found no Hα
emission in UGC 2487.

In an attempt to understand why there is no current star formation in the rings of UGC 2487
and 6787, while there are strong indications that it is happening in UGC 3993 and 11914
where the total gas densities are similar, we compared the observed gas densities to the thresh-
old density for star formation derived by Kennicutt (1989). Assuming that star formation in
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Figure 2.9: Comparison between gas and stellar light distributions in galaxies with pronounced gas

rings. UGC 1541 and 3546 are barred galaxies; the others have no bars. Top panels: Filled circles

and bold lines show the H  surface density profiles, multiplied by 1.44 to account for the presence

of helium. Radii are converted to kpc. Filled squares and thin lines show B-band photometric pro-

files. Dashed lines show the critical density for star formation, according to Kennicutt (1989). For

UGC 11914, the critical density is larger than 10 M� pc−2 everywhere. Bottom panels: Ratio between

observed gas density and critical density. The dotted line indicates the threshold for star formation.

spiral galaxies is regulated by the onset of gravitational instabilities in their gas disks, Kenni-
cutt applied the criterion for disk stability from Toomre (1964) to these systems and derived
the following threshold density for star formation:

Σcrit = α
κc

3.36G
. (2.5)
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κ is the epicyclic frequency, which we derived from rotation curves from tilted ring fits to
the velocity fields. For c, the velocity dispersion of the gas, we followed Kennicutt, and
assumed a constant value of 6 km s−1. For the high surface brightness galaxies studied here,
this value is probably on the low side, and the actual values of Σcrit may be higher than what
we derive here. However, higher values for the threshold density will only aggravate the
discrepancy described below, and we choose c = 6 km s−1 to be able to compare our results
directly with Kennicutt. α is a dimensionless quantity of order unity; from an empirical
study of star formation cutoffs in spiral galaxies, Kennicutt derived a value of α = 0.67. The
applicability of this recipe was recently confirmed by Martin & Kennicutt (2001) for a sample
of 32 nearby spiral galaxies. The critical densities in our galaxies are plotted, as a function
of radius, with the dashed lines in figure 2.9. Due to the large rotation velocities and the
correspondingly large κ, the critical densities are high and the observed gas densities are far
below the threshold in all cases.

Thus, if the description of star formation thresholds by Kennicutt (1989) is correct, it
is not surprising that we do not see a correlation between the H rings and the stellar light
distribution in UGC 2487 and 6787; the gas densities are simply much too low to sustain
large-scale star formation. But then it is unclear why UGC 3993 and 11914 do form stars. In
fact, the galaxy out of these 6 which has the highest star formation activity, UGC 11914, has
the lowest ratio (< 0.25 everywhere) of observed to critical density!

Note that we have ignored the contribution of molecular gas to the total gas densities.
It seems, however, unlikely that the presence of molecular gas can explain the discrepancy
between observed and critical gas densities in these galaxies. Several CO-surveys have been
carried out in recent years, and all find that molecular gas is concentrated in the inner parts
of galaxies (Sofue et al. 1995; Wong & Blitz 2002; Sofue et al. 2003), with exponential scale
lengths comparable to those of the underlying stellar disks (Regan et al. 2001). No substantial
column densities of CO emission are generally observed at large radii. Thus, while we may
have underestimated the total gas densities in the inner regions of the galaxies in figure 2.9,
the effect will be small in the H rings of interest, which all lie at large radii. The total gas
densities in the rings are truly smaller than the critical density.

In recent years, more cases have been reported of star formation in regions where the gas
density is lower than the critical density from equation 2.5. Kennicutt (1989) and Martin &
Kennicutt (2001) already noted that a fraction of the galaxies in their sample (notably M33
and NGC 2043) showed widespread star formation, even though their gas surface densities
were below the threshold. van Zee et al. (1997) observed 11 dwarf galaxies and showed that,
although the gas densities were below the threshold in all cases, some of them had a substan-
tial level of star formation. Several recent papers report the detection of star formation in the
outskirts of nearby galaxies, where the observed gas densities are well below the threshold
densities for star formation too (Ferguson et al. 1998; Cuillandre et al. 2001; de Blok & Wal-
ter 2003; Thilker et al. 2005). Thus, a number of cases have now been identified where the
simple criterion of Kennicutt (1989) does not apply.

Recently, Schaye (2004) argued that, rather than being regulated by global, gravitational
instabilities, star formation requires a phase transition from warm to cold gas, and is thus gov-
erned by thermal instabilities instead. He predicted that the critical density for star formation
is more or less independent of global properties such as rotation velocity, and has a universal
value in the range 3 – 10 M� pc−2. Although it is not clear how this prediction compares to
the large spread in observed threshold densities from Kennicutt (1989), it is suggestive that
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all galaxies in figure 2.9 have gas densities around the lower end of this range, and would
thus be at the verge of instability for star formation.

It seems, however, premature to completely abandon Kennicutt’s theory, until more knowl-
edge is obtained about the small-scale distribution of the gas (cf. van Zee et al. 1997). Braun
(1997) studied the structure of H disks in 11 well-resolved, nearby galaxies and found that
the H was distributed in small, high-density regions with covering factors between 6 and
50%. Thus, if UGC 3993 and 11914 are extreme cases where the covering factor is low,
and UGC 2487 and 6787 have a smoother H distribution, the observed (lack of) correlation
between H distribution and star formation in these galaxies might still be consistent with the
predictions from Kennicutt (1989). Note, however, that Kennicutt did not explicitly account
for the ‘patchiness’ of gas in his galaxies; an average amount of substructure in the gas distri-
bution must implicitly be included in his parameter α. There is no a priori reason to assume
that galaxies such as UGC 3993 or 11914 have much lower covering factors than average, but
we cannot rule out this possibility and high-resolution observations are needed to check this.

2.4.5 lopsidedness

Asymmetries in the morphology and kinematics of galaxies are still a subject of debate. Rix &
Zaritsky (1995) found that about one third of all spiral galaxies show large-scale asymmetries
in their optical images. Global H-profiles have asymmetric shapes for at least 50% of all disk
galaxies (Baldwin et al. 1980; Richter & Sancisi 1994; Haynes et al. 1998), but without a full
2D mapping of the H component in these galaxies, it is difficult to determine the origin of
the asymmetries in the profiles. With the advent of a large number of spatially resolved H
images and velocity fields, it was found that not only the spatial distribution of the gas is often
asymmetric, but that many galaxies are also lopsided in their kinematics: Swaters et al. (1999)
estimated that about half of all disk galaxies have asymmetric kinematics. Lopsidedness
seems particularly common in late-type spirals; Matthews et al. (1998) found that out of a
sample of 30 extremely late-type galaxies, about 75% had clearly lopsided H profiles.

In some cases, lopsidedness can be linked to ongoing interactions with companion galax-
ies. However, lopsidedness is also common in isolated galaxies (Wilcots & Prescott 2004),
implying that lopsidedness may be an intrinsic feature of disk galaxies and that the underlying
dark matter distribution may be asymmetric too (Jog 1997; Noordermeer et al. 2001). Even if
lopsidedness in galaxies is triggered by tidal interactions or mergers, it must be a long-lived
phenomenon to explain the relatively high frequency of lopsidedness in isolated systems.

A full, quantitative analysis of the occurrence of lopsidedness in the galaxies in our sam-
ple is beyond the scope of this study. Instead, we have determined by eye how many of our
early-type galaxies are lopsided, and briefly discuss the results here. The degrees of asymme-
try in the global profile, morphological appearance and kinematical structure (velocity field
and major axis xv-diagram) are indicated with stars in table 2.3, where 0, 1, 2 or 3 stars
mean not, mildly, moderately or severely lopsided respectively. In some cases the gas is too
strongly distorted or too poorly resolved to determine whether it is asymmetric. These cases
are indicated with n.a. (not available).

Asymmetries in the global profiles and gas distribution are very common in the early-type
disk galaxies studied here. Respectively 35 and 34 galaxies (51 and 50%) have at least mildly
asymmetric global profiles or surface density maps. In most cases, however, the asymmetries
can be related to the presence of or tidal interactions with companion galaxies. All galax-
ies, except one (UGC 5060), which have severely lopsided gas distributions, and most cases
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where the gas distribution is moderately lopsided, show clear signs of ongoing interactions.
On the other hand, morphological lopsidedness is rare in early-type disk galaxies without
nearby companions or signs of recent interactions. Of all 41 galaxies that do not show clear
signs of interaction, only 15 (37%) are morphologically asymmetric, usually only mildly.
Only 3 isolated galaxies (7%) are more than mildly asymmetric.

Kinematical lopsidedness is rare in early-type galaxies in general, interacting or not. Out
of all the galaxies for which we can determine the degree of symmetry in the kinematics (53),
UGC 624 is the only one with a severely lopsided velocity field; in this case the lopsidedness
can be explained as a result of tidal interaction with its nearby companion UGC 623. The
only two cases of isolated galaxies with significantly lopsided kinematics, UGC 5960 and
UGC 11852, are both extreme galaxies in our sample in the sense that the former is one of the
least luminous galaxies in our sample (MB = −17.39), while the latter has the most extended
gas disk, relative to the optical diameter, of all our sample galaxies (DHI/D

B,c
25 = 4.1).

We conclude that lopsidedness in the H distribution is at least as common in early-type
disk galaxies as in later-type galaxies; truly symmetric gas disks are rare. In most cases,
however, morphological asymmetries are clearly related to ongoing interactions or accretion.
Morphological lopsidedness in isolated early-type disks, and kinematical asymmetries, are
much rarer, supporting the findings of Matthews et al. (1998).

2.5 Notes on individual galaxies

Many galaxies in our sample show interesting features in their H distribution or kinematics
which deserve special emphasis. We discuss these below.

UGC 89 (NGC 23) and UGC 94 (NGC 26) are separated by only 10′. They form a loose
group together with Scd galaxy UGC 79 (20′ to the southwest) and 4 other galaxies (Garcia
1993). A few small H clouds are visible in the neighbourhood. Optical counterparts are
visible on the DSS for most of them, so they are probably dwarf companions of the main
group members. A tidal tail-like structure is visible south-east of UGC 94, indicating a re-
cent interaction or merger event. In our low-resolution data cube, this tidal feature is seen to
be connected to the main disk of UGC 94 and extends about 10′ (∼ 180 kpc) to the east.

UGC 499 (NGC 262), also known as Markarian 348, is a well-known Seyfert 2 galaxy (Koski
1978). We detect H emission out to distances of 100 kpc from the center, but it is clearly
distorted and does not rotate regularly around the center. UGC 508 (NGC 266) lies about
23′ to the northeast of UGC 499; the peculiar structure of the gas in UGC 499 might be a
result of a past interaction with its neighbour. The H properties of UGC 499 were discussed
in detail by Heckman et al. (1982) and Simkin et al. (1987).

UGC 624 (NGC 338) is one of the most lopsided galaxies in our sample, both in the gas
distribution and in the kinematics. The asymmetry could be a result of tidal interaction with
nearby neighbour UGC 623. Note also the small ‘blob’ of gas just southeast of the main gas
disk.

UGC 1310 (NGC 694) resides in a small group of galaxies, the main other members of which
are NGC 680, 691 and 697 (Garcia 1993). The central regions of this group were imaged in
H before by van Moorsel (1988). Apart from UGC 1310, we also detect H emission in
NGC 691, 697 and UGC 1313, but as these are all of later morphological type, they are not
included in the present study. The H disk of UGC 1310 is barely resolved in our obser-
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vations. As a result, the line profiles are strongly affected by beam-smearing; the method
described in section 2.3.5 to derive the velocity field is therefore inadequate and fails to re-
cover the projected rotational velocities of the gas.

Most of the gas in UGC 2045 (NGC 972) seems to be concentrated in a regularly rotating
disk that has the same orientation as dust lanes in the optical image. The line-profiles in this
disk have complicated shapes and the method described in section 2.3.5 for the derivation of
the velocity field fails to recover the projected rotational velocities of the gas. In the outer
parts, several large filaments of gas are detected; the gas in these filaments clearly does not
follow the rotation of the inner parts.

UGC 2154 (NGC 1023) is the brightest galaxy of a nearby group of 13 galaxies (Tully 1980).
The total H-flux for this galaxy is quite large (80.13 Jy km s−1), but the gas is scattered over
a large area, has a very low column-density and does not reside in a regular disk. It seems
most likely the result of a recent merger or accretion event, possibly with one of the other
group members (cf. Sancisi et al. 1984).

Most of the gas in UGC 2183 (NGC 1056) is concentrated in an edge-on disk which coin-
cides with the dust lane seen in the optical image. Due to this edge-on orientation, projection
effects lead to strongly non-Gaussian line profiles; the method described in section 2.3.5 to
derive the velocity field is therefore inadequate and fails to recover the projected rotational
velocities of the gas in the central parts. At larger radii, the gas seems to warp out of the plane
and the orientation becomes more face-on.

UGC 2487 (NGC 1167) is a nice example of an S0 galaxy with an extended and regularly
rotating H disk. The gas seems to be in circular motion at radii up till 80 kpc. The central
hole does not reflect a true absence of gas, but is rather the result of absorption against a
central continuum source.

The companion east of UGC 2916 is PGC 14370. When the data are smoothed to lower
resolution, some emission is seen to bridge the space between the two galaxies, indicating
that some interaction is going on. There are clear signs of off-planar gas in PGC 14370, but
the main disk of UGC 2916 seems relatively undisturbed.

UGC 2953 (IC 356) is by far the best resolved galaxy in our sample. The gas is concentrated
in pronounced spiral arms that extend far beyond the bright optical disk. The velocity field
shows distinctive ‘wiggles’ in the isovelocity contours where the gas crosses the arms.

The H distribution, velocity field and global profile of UGC 3205 are almost perfectly sym-
metric, except for the twisting of the isovelocity contours in the bar region.

UGC 3354 is almost perfectly edge-on and has a peculiar double warp. Both the stellar and
gas disks seem to warp ‘clockwise’ first. At larger radii, where no starlight can be detected,
the gas disk reverses its warp to the opposite direction. Projection effects lead to complicated
line-profiles in the inner parts of the disk; the method described in section 2.3.5 to derive the
velocity field is inadequate there and fails to recover the projected rotational velocities of the
gas.

The gas distribution in UGC 3426 is irregular and seems to be connected to the gas disk of
UGC 3422, ≈ 100 kpc to the north-west. The projected surface density of the gas is very low,
with a maximum of only about 0.3 M� pc−2. It appears as if the gas in UGC 3426 has been
tidally drawn out of the gas disk of UGC 3422.
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UGC 3642 is a very peculiar galaxy. The gas inside the bright optical disk seems to be regu-
larly rotating in the same plane as defined by the stellar light distribution. But further out, the
direction of motion is reversed. Each component individually appears undisturbed and the
gas seems to be in regular rotation in both the inner and the outer regions. Two options seem
possible to explain the peculiar kinematics of this galaxy. The first is that both components
are fully decoupled, in which case this galaxy would carry some resemblance with the ‘Evil
Eye’ galaxy (NGC 4826), which also has two decoupled gas disks (Braun et al. 1992; Rubin
1994). However, both the total Hmass and the size of the disks in UGC 3642 are an order of
magnitude larger than in NGC 4826. Alternatively, the gas disk could be extremely warped,
such that the direction of motion along the line of sight is reversed. We are unable to distin-
guish between the two options, and more detailed observations and modelling are needed to
clarify the nature of this galaxy. Note that the total extent of the outer gas disk is extremely
large, with DHI > 100 kpc.

At first sight, UGC 3965 (IC 2204) seems a similar case as UGC 3642, with the kinematical
position angle changing by almost 180◦. But in this case, the observed velocity field can also
be explained by an almost face-on disk with a mild warp. While the gas would be moving
in the same direction everywhere, its radial velocity along the line of sight could easily be
reversed.

UGC 4605 (NGC 2654) is almost perfectly edge-on in the inner parts, but the gas seems
mildly warped in the outer parts. The position-velocity diagram shows that the rotation ve-
locities decline strongly towards the edge of the H disk; the decline starts already before the
onset of the warp and must reflect a true decrease in the rotation velocities. In the very inner
parts, the line-profiles are strongly affected by projection effects and the method described in
section 2.3.5 to derive the velocity field fails to recover the projected rotational velocities of
the gas there.

UGC 4637 (NGC 2655) is a nearby Seyfert 2 galaxy whose nuclear regions show complex
structure, both in high-resolution radio continuum observations as in optical emission lines
(Keel & Hummel 1988). These authors attribute the complexity of the central parts to a re-
cent interaction or merger event. This interpretation seems to be confirmed by the large-scale
structure of the neutral gas seen in our observations. The H is clearly disturbed, with a large
extension to the northwest; the gas does seem to have a general sense of rotation, but it is
clearly not on regular circular orbits. The optical image of this galaxy shows some distinct
loops and shells, further confirming the hypothesis of a recent interaction.

UGC 4666 (NGC 2685) is also known as the Spindle or Helix galaxy, because of its promi-
nent polar ring. Early H observations of this galaxy were presented by Shane (1980). Our
observations, at higher sensitivity and resolution, confirm both the outer gas ring as well as
H related to the helix-like structure inside this ring. The gas in the helix is kinematically
distinct from the rest of the galaxy and seen at almost right angles to the outer ring.

UGC 4862 (NGC 2782) has a large, banana-shaped tail of gas northwest of the main disk.
The gas in the central regions is clearly disturbed as well and does not show signs of regu-
lar rotation around the center. The optical image is peculiar too, with some striking shells.
These facts were already noted by Smith (1994), who interpreted the peculiar structure as
evidence for a recent merger of the main galaxy with a low-mass companion. Schiminovich
et al. (1994, 1995) studied H in shells around elliptical galaxies. It seems not unreasonable
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to assume that UGC 4862 is a similar case as their galaxies, but in an earlier stage of its
evolution.

The main disk of UGC 5253 (NGC 2985) is regular in its distribution and kinematics. In the
outer parts, a large one-armed spiral of gas is seen to extend towards a small ‘blob’ of gas
southwest of the galaxy. UGC 5253 lies about 20′ west of the late-type spiral UGC 5316,
which also has a disturbed morphology (e.g. Vorontsov-Vel’Yaminov 1977). The redshifts of
the two systems differ by about 250 km s−1 only, so the peculiar structures of both galaxies
could well be the result of a tidal interaction.

UGC 5559 (NGC 3190) is part of Hickson compact group of galaxies 44, together with
UGC 5554, 5556 and 5562 (Hickson et al. 1989). All group members lie in our field of
view, but the observations for these galaxies were done with the ‘old’ Westerbork receivers
and the sensitivity is insufficient to detect any emission in UGC 5554 and 5562. UGC 5559
itself is only barely detected, and the signal-to-noise ratio of the data is too low to make a
detailed study of the gas distribution in this galaxy. Only for the more gas-rich, late-type
spiral UGC 5556 useful H surface density maps and velocity fields could be obtained, but as
this galaxy does not meet our selection criteria, it is not discussed here further.

UGC 5906 (NGC 3380) is poorly resolved and the line-profiles suffer from beam-smearing.
As a result, the method described in section 2.3.5 to derive the velocity field is inadequate
and fails to recover the projected rotational velocities of the gas.

UGC 5960 (NGC 3413) is close to edge-on and projection effects lead to non-Gaussian line
profiles. As a result, the method described in section 2.3.5 to derive the velocity field is inad-
equate and fails to recover the projected rotational velocities of the gas.

Due to the poor resolution and resulting beam-smearing in our observations of UGC 6001
(NGC 3442), the method described in section 2.3.5 to derive the velocity field is inadequate
and fails to recover the projected rotational velocities of the gas.

The central hole in the disk of UGC 6118 (NGC 3504) is not due to a true absence of gas,
but rather an artefact caused by H absorption against a central continuum source (see also
UGC 2487).

UGC 6621 (NGC 3786) and UGC 6623 (NGC 3788) are clearly interacting. A giant tidal tail
of H extends almost 50 kpc northward from UGC 6623. On our optical image, a low surface
brightness counterpart is visible. Although the gas of both galaxies seems to overlap in the
space between them, it is separated in velocity and we can distinguish which gas belongs
to which galaxy in the full and 30′′ resolution data cubes. Thus we were able to generate
radial profiles for the gas in each galaxy separately. At 60′′ resolution, the data become too
heavily smoothed and the regions of emission from the individual galaxies start overlapping
in individual channel maps as well. We cannot make global profiles of the emission of each
galaxy separately anymore at this resolution, and we were forced to generate the global pro-
files from the 30′′ data. But at 30′′ already the galaxies are hardly resolved and the masks for
this resolution do not miss much flux compared to those of the 60′′ data.

UGC 6742 (NGC 3870) is poorly resolved and the line-profiles suffer from beam-smearing.
As a result, the method described in section 2.3.5 to derive the velocity field is inadequate
and fails to recover the projected rotational velocities of the gas.

The gas in the inner parts of UGC 6786 (NGC 3900) follows the light distribution of the
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optical image. Most of the gas in the outer parts is concentrated in two diffuse spiral arms
which seem to be warped with respect to the inner parts.

The well-studied galaxy UGC 7166 (NGC 4151) is one of the original Seyfert galaxies
(Seyfert 1943). The H in this galaxy follows the stellar light in the bar and the spiral arms
(cf. Pedlar et al. 1992).

UGC 7256 (NGC 4203) has a peculiar, filamentary gas distribution. The gas has a general
sense of motion around the center, but it is clearly not on regular circular orbits. This galaxy
bears some resemblance with UGC 4637 (see above).

UGC 7489 (NGC 4369) has the smallest H disk, relative to its optical diameter, of all galax-
ies in our sample (DHI/D

B,c
25 = 0.86), with the exception of a few interacting systems or

galaxies where the H or optical radii are not well defined (e.g. UGC 5559 or 10448). In the
optical image, very weak spiral structure and dust absorption can be seen at the locations of
the H emission.

UGC 7704 (NGC 4509) has a peculiar morphology. The optical image has a position angle
of about 155◦, but the H map seems to be almost perpendicular to this, with a position angle
of about 57◦. The kinematical major axis is different again, about 37◦. UGC 7704 does not
seem to have any major companions which could cause this strange structure, so the true
nature of it remains unclear. Due to the poor resolution, the line-profiles in this galaxy suffer
from beam-smearing and the method described in section 2.3.5 to derive the velocity field
fails to recover the projected rotational velocities of the gas.

No H gas is detected in the bulge of UGC 7989 (NGC 4725), nor in the giant bar. It is rather
concentrated in narrow spiral arms, which coincide with the stellar arms. The outer arm on
the east side is particularly prominent, whereas the arms on the northwest side seem to be
truncated, causing marked asymmetries in the H surface density map and global profile.

Most of the gas in UGC 8271 (NGC 5014) seems to be concentrated in a ring which is tilted
with respect to the main stellar disk. Close inspection of the optical image reveals a faint
polar ring-like structure, and the H at the corresponding locations seems to be rotating in
the same plane as defined by this ring. A tail of gas extends further to the south. 12′ to
the north-northeast, a number of large H clouds are detected, all without optical counter-
parts. UGC 8271 resides in a loose group, the main other members of which are NGC 5005
and 5033. The peculiar phenomena in the gas distribution and kinematics in and around
UGC 8271 may all be related and suggest a recent merger or accretion event, possibly with
a small gas-rich member of the same group of galaxies. Due to the complicated structure of
the gas in this galaxy and the resulting projection effects, the line-profiles are strongly non-
Gaussian and the method described in section 2.3.5 to derive the velocity field fails to recover
the projected velocities of the gas.

UGC 8805 (NGC 5347) is at first sight a similar case as UGC 7704. The position angle of
the H-disk seems to be almost perpendicular to that of the optical disk. Note though that we
only get sufficient signal at 60′′ resolution; the optical disk then fits almost entirely in one
resolution element. There is a hint that the H is actually elongated along the optical image
in the central regions, but observations at higher resolution and sensitivity are required to
confirm this. If indeed the gas is aligned with the stars in the inner parts, UGC 8805 could
be an example of a galaxy with an extreme warp. This would also explain the strong decline
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of radial velocities along the major axis, as shown in the xv-slice.

The optical image of UGC 8863 (NGC 5377) is completely dominated by a giant bar. Two
faint spiral arms are seen to extend from its edges. The H emission nicely follows the bar
and spiral arms, but the latter are much more pronounced here. In the center, bar-induced
streaming motions produce a twist in the isovelocity contours.

UGC 9133 (NGC 5533) has a large one-armed spiral in the outer regions which seems to be
warped with respect to the main disk. The inner parts are highly regular. The xv-diagram
indicates that the rotation velocities are declining. In the outer parts, this can be explained as
a result of the warp, but the decline sets in well within the radius of the warp and must reflect
a truly falling rotation curve.

The H which we detect in UGC 10448 (NGC 6186) is very peculiar. The gas seems offset
from the optical image by about 30′′. Close inspection of the optical image reveals a faint
galaxy behind the main disk. Thus, we are seeing here the coincidental alignment of two
spiral galaxies. This is further confirmed by the redshift of the H emission of about 11350
km s−1, whereas the optical redshift of the foreground galaxy is 2935 km s−1 (UZC; Falco
et al. 1999). The foreground galaxy has been detected at the correct redshift in H as well
(Rosenberg & Schneider 2000), but the UGC contains the redshift of the background system
and confused us into observing at the wrong frequency. As no morphological classification,
nor photometric data, are available for the background galaxy, we have excluded this galaxy
from the statistical analysis in section 2.4, and merely show the data for general interest.

UGC 11269 (NGC 6667) must recently have undergone a merger. A giant one-armed spiral
arm seems to extend out from the main disk. It is partly visible in the optical image as well.
Most of this material seems to be virialized already, since it follows closely the velocities of
the gas in the inner parts. Note also the peculiar, asymmetric shape of the position-velocity
diagram along the major axis: at the receding side, the peak velocity is much higher than at
the approaching side. On both sides, the rotation velocities decline strongly away from the
center.

Most of the gas in UGC 11670 (NGC 7013) is concentrated in the bar and the spiral arms.
In the outer regions, the gas distribution is irregular, with several filaments emanating from
the main disk. The line profiles in the inner parts are strongly non-Gaussian; the method
described in section 2.3.5 to derive the velocity field is inadequate there and fails to recover
the projected rotational velocities of the gas.

The gas in UGC 11914 (NGC 7217) is predominantly concentrated in a ring. The stellar
population in the ring is distinctively bluer than the surroundings, indicating that the gas is
associated with an enhanced level of star formation (see section 2.4.4).

Most of the gas in UGC 12276 (NGC 7440) is concentrated in a ring which is elongated
perpendicular to the optical and kinematical major axis. It seems unlikely that this peculiar
geometry can be explained solely by the presence of the little companion ≈ 40 kpc to the east,
so the true nature of it remains unclear.

Due to the poor resolution and resulting beam-smearing in the observations of UGC 12713,
the method described in section 2.3.5 to derive the velocity field is inadequate and fails to
recover the projected rotational velocities of the gas.

UGC 12815 (NGC 7771) is strongly distorted and seems to be interacting with its neighbours
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UGC 12813, NGC 7771A and UGC 12808. Two giant tidal tails extend to more than 100 kpc
away from the system.

2.6 Conclusions

In the previous sections, we have presented the results of a study of the H properties of a
sample of 68 early-type disk galaxies, with morphological type ranging from S0 to Sab and
absolute B-band magnitude between -14 and -22. A number of conclusions can be drawn:

– The H content of early-type disk galaxies is highly variable. There is a wide range in
H mass-to-light ratios MHI/LB, with the most H rich galaxies in our sample containing
about 2 orders of magnitude more gas, relative to the stellar luminosity, than the most
gas-poor systems. The average values for log(MHI/LB) are −0.62±0.44 and −0.50±0.40
in solar units for Sa/Sab and S0/S0a galaxies respectively. The errors give the standard
deviations of the distributions.

– The average ratio DHI/D
B,c
25 between H and optical diameter, defined at 1 M� pc−2 and 25

B-band mag arcsec−2 respectively, is 1.72 ± 0.70 for Sa/Sab galaxies and 2.11 ± 0.70 for
S0/S0a’s. These values are comparable to those observed for later-type spiral galaxies,
but with larger spread.

– The average H surface brightness in our sample galaxies is slightly lower than that in
later-type galaxies. Within our sample, the variations from galaxy to galaxy are small.
The average values for <ΣHI>RHI , the effective H surface brightness inside the 1 M� pc−2

isophote, are 2.8 ± 0.8 and 2.9 ± 1.4 for Sa/Sab and S0/S0a galaxies respectively.

– All early-type galaxies whose gas is distributed in a regular rotating disk have a central
hole or depression in their H distribution.

– A number of galaxies in our sample have distinct, axisymmetric rings of gas. In some
of these cases, the over-density of gas coincides with regions of enhanced star formation
and a population of young stars, even though the gas densities are far below the threshold
for star formation derived by Kennicutt (1989). In other cases no star formation activity
is present, although the gas densities are comparable. These discrepancies suggest the
existence of an additional regulation mechanism for star formation at low gas densities,
the exact nature of which still needs to be clarified.

– Morphological and kinematical peculiarities are very common in early-type disk galaxies,
often related to ongoing or recent interaction events. In many galaxies, we see indications
for a tidal origin of the gas. Interactions with neighbour galaxies seem to be a driving
force in the evolution of the neutral gas component in many early-type disk galaxies (cf.
Hameed & Young 2003).

– Many early-type disk galaxies have lopsided morphologies. In most cases the asymme-
tries can be explained as the result of interaction, accretion or merger events. Few isolated
galaxies have lopsided gas distributions.

– Kinematic lopsidedness is rare in early-type disk galaxies, even in interacting systems.

The data presented in the atlas in the appendix form the basis for a study of the rotation
curves and dark matter content in these early-type disk galaxies. The results of this study are
presented in chapters 4 and 6 of this thesis.
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Table 2.1: WHISP early-type disk galaxy sample: basic data. (1) UGC number, (2) alternative name, (3) RA, (4) Dec, (5) morphological type,

(6) absolute B-band magnitude, (7) heliocentric radial velocity, (8) distance, (9) inclination angle (superscripts indicate source: t tilted ring fits to

velocity fields, L LEDA and e estimated from our optical data) and (10) group/cluster membership (superscripts indicate source: 1 Garcia (1993),
2 Tully (1988), 3 Tully (1980), 4 Hickson et al. (1989) and 5 this study). Columns (3) – (5) were taken from NED, column (6) from LEDA and

columns (7) and (8) from this study (cf. table 2.3).

UGC alternative RA (2000) Dec (2000) Type MB Vhel D i group/cluster
name h m s ◦ ′ ′′ mag km s−1 Mpc ◦ membership

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
89 NGC 23 0 9 53.4 25 55 26 SB(s)a -21.48 4555 62.1 50t LGG 21

94 NGC 26 0 10 25.9 25 49 55 SA(rs)ab -20.21 4589 62.6 42t LGG 21

232 – 0 24 38.7 33 15 22 SB(r)a -19.96 4839 66.3 48L –
499 NGC 262 0 48 47.1 31 57 25 SA(s)0/a: -20.09 4534 62.0 46L LGG 141

508 NGC 266 0 49 47.8 32 16 40 SB(rs)ab -21.97 4647 63.6 25t LGG 141

624 NGC 338 1 0 36.4 30 40 8 Sab -21.42 4772 65.1 59t LGG 141

798 IC 1654 1 15 11.9 30 11 41 (R)SB(r)a -19.67 4896 66.7 40t LGG 181

1310 NGC 694 1 50 58.5 21 59 51 S0? pec -19.23 2958 40.2 47e LGG 341

1541 NGC 797 2 3 27.9 38 7 1 SAB(s)a -21.10 5649 77.0 41t pair with NGC 8015

2045 NGC 972 2 34 13.4 29 18 41 Sab -20.39 1527 21.4 61e 52 -02 (Cetus)
2141 NGC 1012 2 39 14.9 30 9 6 S0/a? -18.02 987 14.3 90e 17 -32 (Triang. Spur)
2154 NGC 1023 2 40 24.0 39 3 48 SB(rs)0- -20.23 695 10.9 64L N 1023 group3

2183 NGC 1056 2 42 48.3 28 34 27 Sa: -19.60 1540 21.5 90e –
2487 NGC 1167 3 1 42.4 35 12 21 SA0- -21.73 4950 67.4 36t LGG 801

2916 – 4 2 33.8 71 42 21 Sab -20.34 4518 63.5 46t LGG 1151

2941 IC 357 4 3 44.0 22 9 33 SB(s)ab -21.38 6261 83.9 45e group with UGC 2942/435

2953 IC 356 4 7 46.9 69 48 45 SA(s)ab pec -21.49 894 15.1 50t 12 +152 (U. Major)
3205 – 4 56 14.8 30 3 8 Sab -21.47 3587 48.7 67t –
3354 – 5 47 18.2 56 6 44 Sab: -20.00 3084 43.6 90e –
3382 – 5 59 47.7 62 9 29 SB(rs)a -20.62 4501 62.8 16t –
3407 – 6 9 8.1 42 5 7 Sa -20.05 3606 49.8 45e –
3426 – 6 15 36.3 71 2 15 S0: -20.89 4005 56.6 37e LGG 1351

3546 NGC 2273 6 50 8.7 60 50 45 SB(r)a -20.16 1838 27.3 52t 24 -12 (Lynx)
3580 – 6 55 30.8 69 33 47 SA(s)a pec: -18.19 1200 19.2 63t 12 -02 (U. Major)
3642 – 7 4 20.3 64 1 13 SA0 -21.00 4498 62.9 45t LGG 1401
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Table 2.1: basic data: continued

UGC alternative RA (2000) Dec (2000) Type MB Vhel D i group/cluster
name h m s ◦ ′ ′′ mag km s−1 Mpc ◦ membership

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
3965 IC 2204 7 41 18.1 34 13 56 (R)SB(r)ab -18.64 4588 62.5 10e –
3993 – 7 55 44.0 84 55 35 S0? -19.61 4366 61.9 20t pair with UGC 39925

4458 NGC 2599 8 32 11.3 22 33 38 SAa -21.12 4757 64.2 27t pair with PGC 239725

4605 NGC 2654 8 49 11.9 60 13 16 SBab: sp -20.08 1350 20.9 90e 13 -62 (U. Major S. Spur)
4637 NGC 2655 8 55 37.7 78 13 23 SAB(s)0/a -20.97 1415 22.4 30e 12 -102 (U. Major)
4666 NGC 2685 8 55 34.7 58 44 4 (R)SB0+ pec -19.21 876 14.6 61L 13 -42 (U. Major S. Spur)
4862 NGC 2782 9 14 5.1 40 6 49 SAB(rs)a -20.99 2540 35.9 20e 21 -02 (Leo)
5060 NGC 2893 9 30 17.0 29 32 24 (R)SB0/a -18.14 1699 24.1 24e 21 -02 (Leo)
5253 NGC 2985 9 50 22.2 72 16 43 (R’)SA(rs)ab -20.72 1325 21.1 38t 12 -72 (U. Major)
5351 NGC 3067 9 58 21.0 32 22 12 SAB(s)ab? -19.35 1486 21.5 70L 21 -122 (Leo)
5559 NGC 3190 10 18 5.6 21 49 55 SA(s)a pec sp -19.88 1308 18.6 67L HCG 444

5906 NGC 3380 10 48 12.2 28 36 07 (R’)SBa? -18.69 1601 23.1 29e LGG 2271

5960 NGC 3413 10 51 20.7 32 45 59 S0 -17.39 643 10.5 77t –
6001 NGC 3442 10 53 8.1 33 54 37 Sa? -17.77 1730 25.1 47L 21 -92 (Leo)
6118 NGC 3504 11 3 11.2 27 58 21 (R)SAB(s)ab -20.28 1536 22.2 24e 21 -72 (Leo)
6283 NGC 3600 11 15 52.0 41 35 29 Sa? -17.17 713 12.0 90e 15 -92 (Leo Spur)
6621 NGC 3786 11 39 42.5 31 54 33 (R’)SAB(r)a pec -19.74 2742 38.7 58L 13 -02 (U. Major S. Spur)
6623 NGC 3788 11 39 44.6 31 55 52 SAB(rs)ab pec -20.24 2670 37.7 74L 13 -02 (U. Major S. Spur)
6742 NGC 3870 11 45 56.6 50 12 00 S0? -17.28 752 13.0 36L 12 -12 (U. Major)
6786 NGC 3900 11 49 9.4 27 1 19 SA(r)0+ -19.94 1799 25.9 65t 13 -92 (U. Major S. Spur)
6787 NGC 3898 11 49 15.4 56 5 4 SA(s)ab -20.25 1171 18.9 67t 12 -32 (U. Major)
7166 NGC 4151 12 10 32.6 39 24 21 (R’)SAB(rs)ab: -20.84 998 15.9 20t 12 -62 (U. Major)
7256 NGC 4203 12 15 5.0 33 11 50 SAB0-: -19.47 1091 16.9 40t 14 -12 (Coma–Sculptor)
7489 NGC 4369 12 24 36.2 39 22 59 (R)SA(rs)a -18.87 1027 16.4 17L 12 -62 (U. Major)
7506 NGC 4384 12 25 12.0 54 30 22 Sa -19.70 2532 37.0 41L 42 +112 (Canes Venatici)
7704 NGC 4509 12 33 6.8 32 5 30 Sab pec? -16.17 937 14.8 60e LGG 2791

7989 NGC 4725 12 50 26.6 25 30 3 SAB(r)ab pec -21.69 1208 18.2 51t 14 -22 (Coma–Sculptor)
8271 NGC 5014 13 11 31.2 36 16 55 Sa? sp -18.44 1128 17.7 60e 43 -12 (Canes V. Spur)
8699 NGC 5289 13 45 8.7 41 30 12 (R)SABab: -19.70 2521 36.7 72t LGG 3611
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Table 2.1: basic data: continued

UGC alternative RA (2000) Dec (2000) Type MB Vhel D i group/cluster
name h m s ◦ ′ ′′ mag km s−1 Mpc ◦ membership

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
8805 NGC 5347 13 53 17.8 33 29 27 (R’)SB(rs)ab -19.69 2384 34.5 30e 42 -02 (Canes Venatici)
8863 NGC 5377 13 56 16.7 47 14 8 (R)SB(s)a -20.32 1791 27.2 51t 42 -02 (Canes Venatici)
9133 NGC 5533 14 16 7.7 35 20 38 SA(rs)ab -21.47 3861 54.3 53t LGG 3801

9644 – 14 59 34.3 27 6 58 SB(r)a -19.25 6665 91.5 19e –
10448 NGC 6186 16 34 25.5 21 32 27 (R’)SB(s)a -21.65 11351 153.8 30e –
11269 NGC 6667 18 30 39.8 67 59 13 SABab? pec -20.11 2581 38.3 56L 70 -02 (–)
11670 NGC 7013 21 3 33.6 29 53 51 SA(r)0/a -19.53 775 12.7 68t 65 +52 (Pegasus Spur)
11852 – 21 55 59.3 27 53 54 SBa? -20.25 5846 80.0 50t –
11914 NGC 7217 22 7 52.4 31 21 33 (R)SA(r)ab -20.45 949 14.9 31t 65 +12 (Pegasus Spur)
11951 NGC 7231 22 12 30.1 45 19 42 SBa -19.14 1086 17.4 70L –
12043 NGC 7286 22 27 50.5 29 5 45 S0/a -17.15 1007 15.4 67t –
12276 NGC 7440 22 58 32.5 35 48 9 SB(r)a -20.59 5662 77.7 37L –
12713 – 23 38 14.4 30 42 29 S0/a -14.35 295 5.7 72t 65 +42 (Pegasus Spur)
12815 NGC 7771 23 51 24.9 20 6 43 SB(s)a -21.60 4307 58.5 61L LGG 4831
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Table 2.2: Observational parameters: (1) UGC number, (2) observation date, (3) spatial resolution of the unsmoothed

data, (4) velocity resolution before Hanning smoothing, (5) rms noise level in the unsmoothed channel maps, (6)

1 sigma column density in the H  maps shown in the atlas, (7) previous 21cm synthesis observations (references are

explained at the bottom of the table) and (8) remarks.

UGC observation date resolution σch σmap previous remarks
RA × Dec × v observations
′′ ′′ km s−1 mJy/beam atoms cm−2

(1) (2) (3) (4) (5) (6) (7) (8)
89 Sep. 2000 16.1 × 37.9 × 10.03 0.64 3.25 ·1019 O93

}

1 pointing
94 Sep. 2000 16.1 × 37.9 × 10.03 0.64 2.86 ·1019 O93

232 July 2000 15.7 × 29.9 × 10.04 0.78 4.97 ·1019 –
499 Aug. 2000 11.1 × 19.4 × 10.04 0.69 2.56 ·1019 H82, S87

}

1 pointing
508 Aug. 2000 11.1 × 19.4 × 10.04 0.69 2.82 ·1019 –
624 July 2000 10.7 × 24.2 × 10.04 0.61 1.13 ·1020 –
798 Aug. 2000 12.6 × 23.2 × 10.04 0.73 3.13 ·1019 –

1310 June 2000 12.0 × 31.8 × 9.98 0.90 3.66 ·1019 vM88
1541 Aug. 2000 16.1 × 27.0 × 10.07 0.79 7.06 ·1019 –
2045 Aug. 2000 15.9 × 34.0 × 9.94 0.67 2.75 ·1019 H03
2141 Jan. 1994† 8.3 × 19.4 × 4.98 3.51 7.18 ·1020 –
2154 July 1997† 10.1 × 18.0 × 19.80 1.20 2.88 ·1019 A79, S84
2183 Apr. 2000 10.6 × 26.0 × 9.94 0.79 6.52 ·1019 –
2487 Dec. 2000 11.8 × 22.2 × 10.06 0.87 1.29 ·1019 –
2916 Apr. 2000 10.8 × 13.2 × 10.03 0.59 1.68 ·1020 –
2941 July 2000 10.7 × 32.3 × 5.06 1.31 6.47 ·1019 –
2953 Sep. 2001 10.7 × 14.4 × 9.91 0.60 1.39 ·1019 –
3205 Dec. 2000 10.6 × 24.5 × 10.01 0.61 1.55 ·1020 –
3354 Nov. 2000 16.9 × 21.1 × 9.98 0.57 5.93 ·1019 –
3382 Dec. 2000 12.2 × 14.1 × 5.04 0.75 1.20 ·1019 –
3407 Dec. 2000 12.7 × 17.8 × 10.01 0.71 2.38 ·1019 –
3426 Jan. 2002 12.3 × 13.0 × 5.03 0.54 1.20 ·1019 –
3546 Dec. 2000 12.2 × 14.9 × 9.95 0.63 1.13 ·1019 vW83, vD91
3580 Jan. 1994† 9.1 × 10.2 × 4.98 2.50 5.45 ·1019 B94
3642 May 2000 12.6 × 13.4 × 10.03 0.75 3.69 ·1019 –
3965 Apr. 2000 11.7 × 21.4 × 2.51 1.84 1.95 ·1019 –
3993 July 2000 12.2 × 12.3 × 5.03 0.82 1.32 ·1019 –
4458 July 2002 15.5 × 43.6 × 10.04 0.74 3.14 ·1019 –
4605 Apr. 2000 12.8 × 13.7 × 9.94 0.69 1.84 ·1020 W88
4637 July 2002 12.6 × 12.4 × 9.94 0.68 7.44 ·1018 –
4666 Aug. 2000 11.8 × 15.6 × 9.91 0.69 2.95 ·1019 S80
4862 July 2000 15.5 × 24.8 × 5.00 0.99 6.07 ·1019 S94
5060 July 2000 15.6 × 33.2 × 4.99 0.88 2.04 ·1019 –
5253 Aug. 1993† 11.6 × 12.4 × 19.92 1.82 3.64 ·1019 O93
5351 Aug. 2000 14.0 × 20.8 × 9.94 0.75 4.11 ·1019 C89, C92
5559 June 1996† 9.8 × 26.3 × 19.92 1.98 3.11 ·1020 W91
5906 Aug. 2000 34.6 × 15.8 × 4.99 1.05 2.04 ·1019 –
5960 Apr. 2000 21.7 × 11.6 × 4.97 1.40 6.45 ·1019 –
6001 Aug. 2000 21.4 × 11.7 × 4.99 0.97 5.07 ·1019 –
6118 July 2000 35.2 × 15.7 × 9.94 0.78 4.35 ·1019 vM83b
6283 Apr. 1996† 18.7 × 12.5 × 4.97 3.11 2.89 ·1020 GR02
6621 July 2002 31.2 × 15.9 × 9.97 0.59 3.70 ·1019 O93

}

1 pointing
6623 July 2002 31.2 × 15.9 × 9.97 0.59 3.70 ·1019 O93
6742 Apr. 2000 14.1 × 12.8 × 4.97 0.81 1.84 ·1019 –
6786 Aug. 2000 15.5 × 36.0 × 9.95 0.74 1.48 ·1019 vD89, H00
6787 Apr. 2000 12.6 × 13.8 × 9.92 0.65 2.14 ·1019 vD94
7166 June 1997† 20.8 × 12.9 × 4.98 2.98 1.73 ·1019 B77, P92, M99
† observed before the upgrade of the WSRT.



48  2: H   -  

Table 2.2: Observational parameters: continued

UGC observation date resolution σch σmap previous remarks
RA × Dec × v observations
′′ ′′ km s−1 mJy/beam atoms cm−2

(1) (2) (3) (4) (5) (6) (7) (8)
7256 July 2000 30.7 × 15.3 × 4.98 1.76 2.29 ·1019 vD88
7489 Aug. 1997† 18.2 × 11.4 × 4.98 4.30 5.18 ·1019 –
7506 Aug. 2000 13.0 × 10.3 × 5.00 0.93 1.31 ·1020 –
7704 Aug. 2000 21.3 × 10.0 × 4.98 0.93 4.69 ·1019 –
7989 Oct. 1994† 8.0 × 13.2 × 19.80 1.13 9.73 ·1019 W84
8271 July 2000 10.2 × 19.9 × 4.98 0.91 9.78 ·1018 –
8699 Aug. 2000 16.9 × 10.7 × 9.97 0.68 1.24 ·1020 vM83a
8805 July 1997† 19.5 × 10.6 × 5.00 4.41 2.49 ·1019 –
8863 Aug. 2000 15.8 × 22.4 × 9.95 0.66 2.11 ·1019 –
9133 July 2000 15.8 × 28.8 × 10.02 0.70 2.44 ·1019 B92, B94
9644 July 2000 10.5 × 25.6 × 5.08 1.08 9.41 ·1019 –

10448 July 2000 10.6 × 32.1 × 5.15 1.10 5.26 ·1019 –
11269 July 2000 12.2 × 14.4 × 9.97 0.59 1.78 ·1019 –
11670 May 2000 11.3 × 25.0 × 9.91 0.73 2.37 ·1019 K84
11852 July 2000 16.1 × 35.7 × 10.08 0.78 4.12 ·1019 –
11914 Sep. 2000 10.5 × 23.5 × 9.92 0.68 2.25 ·1019 vM95
11951 Jan. 1994† 10.1 × 14.1 × 4.98 3.04 5.45 ·1020 –
12043 Apr. 2000 9.9 × 25.9 × 4.98 1.22 9.50 ·1019 –
12276 July 2002 10.4 × 19.3 × 5.05 0.84 9.45 ·1019 –
12713 June 2000 11.6 × 22.0 × 4.97 0.95 1.78 ·1019 vD91b
12815 Aug. 2000 10.4 × 33.4 × 10.03 0.70 9.62 ·1019 –
† observed before the upgrade of the WSRT.

explanation of the references in column (7):

A79 Allsopp (1979) S87 Simkin et al. (1987)
B77 Bosma et al. (1977) S94 Smith (1994)
B92 Broeils (1992a) vD88 van Driel et al. (1988)
B94 Broeils & van Woerden (1994) vD89 van Driel et al. (1989)
C89 Carilli et al. (1989) vD91 van Driel & Buta (1991)
C92 Carilli & van Gorkom (1992) vD91b van Driel & van Woerden (1991)

GR02 Garcı́a-Ruiz et al. (2002) vD94 van Driel & van Woerden (1994)
H82 Heckman et al. (1982) vM83a van Moorsel (1983a)
H00 Haynes et al. (2000) vM83b van Moorsel (1983b)
H03 Hameed & Young (2003) vM88 van Moorsel (1988)
K84 Knapp et al. (1984) vM95 Verdes-Montenegro et al. (1995)
M99 Mundell et al. (1999) vW83 van Woerden et al. (1983)
O93 Oosterloo & Shostak (1993) W84 Wevers et al. (1984)
P92 Pedlar et al. (1992) W88 Warmels (1988a)
S80 Shane (1980) W91 Williams et al. (1991)
S84 Sancisi et al. (1984)
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Table 2.3: H  properties: (1) UGC number, (2) systemic velocity, (3) distance, (4) line width of global profile at the 20% level, (5) idem at the 50%

level, (6) total H  flux, (7) total H  mass, (8) H  radius in ′′, (9) idem in kpc, (10) average face-on H  surface density within H  radius, (11) idem

within optical radius, (12) amount of asymmetry in global profile, (13) morphological asymmetry, (14) kinematical asymmetry, and (15) evidence

for current interaction/merging/accretion.

UGC Vsys D Wc
20 Wc

50

∫

F dv MHI RHI RHI <ΣHI>RHI <ΣHI>R25 Asymmetries
km s−1 Mpc km s−1 km s−1 Jy km s−1 109M� ′′ kpc M� pc−2 M� pc−2 prof. morph. kin. interac.

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15)
89 4555 62.1 440 386 9.44 8.63 77 24 3.5 5.1 * * +

94 4589 62.6 319 300 12.19 11.28 85 26 4.0 7.2 * * +

232 4839 66.3 276 236 7.66 7.95 82 27 2.1 3.3 *
499 4534 62.0 91 65 23.9 21.45 104 31 1.6 1.8 ** n.a. +

508 4647 63.6 478 453 7.71 7.40 94 29 2.0 2.0 * +

624 4772 65.1 560 518 14.39 14.42 92 29 4.3 7.7 ** *** +

798 4896 66.7 220 205 3.88 4.08 72 23 1.8 2.4
1310 2958 40.2 186 117 6.16 2.33 50 9.7 4.8 14.3 ** n.a. n.a. +

1541 5649 77.0 446 421 7.94 11.14 75 28 2.8 3.9 *** * *
2045 1527 21.4 334 289 18.89 2.09 94 9.9 4.2 3.6
2141 987 14.3 232 201 47.94 2.30 155 10 4.5 11.3 *
2154 695 10.9 529 497 80.13 2.26 –# –# –# 0.7 n.a. n.a. n.a. +

2183 1540 21.5 292 268 32.99 3.63 164 17 3.0 6.8 * * *
2487 4950 67.4 466 437 15.93 17.09 120 39 1.6 1.8
2916 4518 63.5 357 337 23.08 21.94 108 34 4.3 7.3 * ** +

2941 6261 83.9 160 139 9.84 16.32 75 30 3.4 5.4 * * +

2953 894 15.1 484 464 119.73 6.43 300 22 1.9 2.2
3205 3587 48.7 437 419 16.38 9.18 118 28 3.4 4.7
3354 3084 43.6 423 398 17.71 7.95 77 16 2.0 2.3 *
3382 4501 62.8 204 193 5.68 5.27 78 24 2.0 2.8
3407 3606 49.8 316 298 3.13 1.82 50 12 2.6 3.1 * +

3426 4005 56.6 161 114 3.27 2.53 –# –# –# 0.2 * n.a. n.a. +

3546 1838 27.3 367 347 13.74 2.42 132 18 2.0 2.2
3580 1200 19.2 241 224 43.24 3.76 199 18 3.0 5.4 * *
3642 4498 62.9 469 441 38.13 35.62 171 52 3.1 4.7 *
# Average surface density < 1 M� pc−2 everywhere.
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Table 2.3: H  properties: continued

UGC Vsys D Wc
20 Wc

50

∫

F dv MHI RHI RHI <ΣHI>RHI <ΣHI>R25 Asymmetries
km s−1 Mpc km s−1 km s−1 Jy km s−1 109M� ′′ kpc M� pc−2 M� pc−2 prof. morph. kin. interac.

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15)
3965 4588 62.5 93 74 15.67 14.47 106 33 3.2 5.3
3993 4366 61.9 209 192 7.73 6.99 82 24 1.6 1.7 *
4458 4757 64.2 284 245 12.24 11.82 110 34 2.0 3.1 ** +

4605 1350 20.9 432 392 58.03 5.99 277 28 1.8 3.0
4637 1415 22.4 399 243 22.34 2.62 –# –# –# 0.9 ** *** n.a. +

4666 876 14.6 303 284 29.07 1.47 184 12 2.2 2.5 * *
4862 2540 35.9 192 156 16.42 5.07 90 16 3.1 2.2 *** *** n.a. +

5060 1699 24.1 185 86 5.13 0.70 60 7.0 2.3 3.7 ** ***
5253 1325 21.1 320 296 132.4 13.92 330 34 2.1 3.8 * *** +

5351 1486 21.5 276 187 9.23 0.99 61 6.3 3.4 3.1 ** ** ** +

5559 1308 18.6 473 449 7.32 0.60 88 7.7 2.6 1.5 n.a. n.a. +

5906 1601 23.1 123 110 2.53 0.31 47 5.3 2.0 1.9 *
5960 643 10.5 180 154 28.42 0.75 109 5.7 6.4 15.9 ** * **
6001 1730 25.1 153 121 3.58 0.33 44 5.3 4.2 9.6 * n.a. n.a.
6118 1536 22.2 219 194 7.20 0.84 89 9.5 2.7 3.0 *
6283 713 12.0 216 200 57.38 2.00 204 12 3.1 5.5 *
6621 2742 38.7 420 375 3.69† 1.30† 57 10 4.1 4.1 *** n.a. +

6623 2670 37.7 520 438 11.51† 3.95† 79 15 3.5 4.4 *** *** n.a. +

6742 752 13.0 127 84 4.08 0.17 51 3.2 4.3 8.0 * **
6786 1799 25.9 445 423 24.91 3.93 143 18 2.4 3.4
6787 1171 18.9 484 466 46.82 3.96 256 23 1.7 2.5 * * +

7166 998 15.9 140 121 67.58 4.05 304 24 2.1 2.2 ** * *
7256 1091 16.9 271 239 48.11 3.21 226 19 1.3 1.8 * ** n.a. +

7489 1027 16.4 86 68 4.07 0.26 55 4.4 3.4 2.7 n.a. n.a.
7506 2532 37.0 171 116 3.66 1.17 37 6.7 4.1 3.7 * n.a. n.a.
7704 937 14.8 93 61 6.49 0.34 58 4.3 3.7 9.4 *
7989 1208 18.2 417 390 125.78 9.78 380 34 2.4 2.7 *** ** * +
# Average surface density < 1 M� pc−2 everywhere.
† Total flux and H mass measured from 30′′ data.
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Table 2.3: H  properties: continued

UGC Vsys D Wc
20 Wc

50

∫

F dv MHI RHI RHI <ΣHI>RHI <ΣHI>R25 Asymmetries
km s−1 Mpc km s−1 km s−1 Jy km s−1 109M� ′′ kpc M� pc−2 M� pc−2 prof. morph. kin. interac.

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15)
8271 1128 17.7 166 76 10.37 0.78 89 7.7 2.1 3.7 * *** n.a. +

8699 2521 36.7 387 368 10.22 3.26 100 17 2.9 4.6
8805 2384 34.5 129 82 15.45 4.34 137 23 1.8 3.0
8863 1791 27.2 391 367 14.44 2.52 148 19 1.5 1.6 * *
9133 3861 54.3 451 416 43.25 30.23 218 57 1.9 4.0 ** **
9644 6665 91.5 131 119 3.63 7.16 53 24 3.2 4.4

10448 11351 153.8 99 85 1.76 9.82 40 29 2.6 2.0
11269 2581 38.3 415 344 31.32 10.86 161 30 3.0 6.1 * *** ** +

11670 775 12.7 342 325 28.05 1.08 158 9.9 2.5 2.5 ** *
11852 5846 80.0 329 305 19.55 29.6 137 53 2.5 4.2 ** **
11914 949 14.9 322 309 13.16 0.69 113 8.1 3.0 2.8
11951 1086 17.4 222 201 25.93 1.85 127 10.7 4.4 9.6 +

12043 1007 15.4 190 176 20.96 1.18 143 10.8 2.4 6.1
12276 5662 77.7 135 108 4.09 5.83 67 26 2.2 2.9 * * +

12713 295 5.7 147 101 10.79 0.08 84 2.3 2.0 4.3 * * *
12815 4307 58.5 656 457 11.74$ 9.36$ 103 30 1.9 2.6 n.a. n.a. n.a. +
$ Includes emission from UGC 12813.
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2-II Appendix: Atlas of H observations
On the following pages, we present the H observations for all galaxies in our sample. For
each galaxy, we show a figure consisting of 6 panels:
Upper left: Grayscale and contour image of the integrated H distribution. Thin contours are
at 2, 4, 8, 16, . . . · σmap, with σmap determined as in section 2.3.4; its value in atoms cm−2 is
given in table 2.2. The thick contour indicates the 1 M� pc−2 level, corrected to face-on. For
edge-on galaxies, the correction to face-on could not be done, and we only show the σmap-
levels. The beam size for the data shown here is given in the lower left. Note that this is not
always the same as the resolution given in table 2.2, as we sometimes needed to smooth the
data in order to increase the signal-to-noise ratio.
Lower left: The same image overlayed on an optical R-band image. We show only the
2, 8, 32, 128, . . . · σmap and 1 M� pc−2 contours here, and omit the contours at 4, 16, 64, . . . ·
σmap. The optical images were taken as part of a parallel project to image our sample galaxies
at optical wavelengths, part of which is described in chapter 3.
Upper middle: Grayscale and contour representation of the velocity field. Dark shading in-
dicates the receding side. Contours are spaced at 25 km s−1. The thick contour indicates the
systemic velocity from table 2.3.
Lower middle: Position-velocity diagram along the major axis. Contours and grayscales
show a slice through the data cube, the squares show the corresponding velocities from the
velocity field, determined by fitting skewed Gaussians to the line profiles (cf. section 2.3.5).
Note that these are not rotation curves, and that in some cases there are clear and pronounced
deviations from the projected rotational velocities (e.g. UGC 2183; cf. section 2.3.5 and indi-
vidual notes in section 2.5). Contours are at -1.5 and -3 (dotted) and 1.5, 3, 6, 12, . . . times the
rms noise in the channel maps. The position angle along which the slice is taken is indicated
in the top left, the systemic velocity from table 2.3 and central position are indicated with the
dashed lines.
Upper right: Global profile. The dashed line indicates the systemic velocity from table 2.3.
Note that we always used the Hanning-smoothed data cube at 60′′ resolution to produce the
global profile (except for UGC 6621 and 6623, see section 2.5).
Lower right: The radial H surface density profile. The dotted line indicates the profile
for the receding half of the galaxy, the dashed line the approaching side. The thick solid
line gives the profile averaged over the entire disk. Data are only shown when above the
2σmap-level in the H-map. Profiles with symbols are determined by measuring the intensity
on concentric ellipses; profiles without symbols are for edge-on galaxies and are determined
using Warmels’s method (see section 2.3.6 for details).
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3
The stellar mass distribution: surface

photometry and bulge-disk
decompositions

ABSTRACT — We present deep B- and R-band surface photometry for a sample of
30 early-type disk galaxies with morphological types between S0 and Sab and absolute
B-band magnitudes between -14 and -22. 8 galaxies were also observed in I. We present
radial profiles of surface brightness, colour, ellipticity, position angle and deviations of
axisymmetry for all galaxies, as well as isophotal and effective radii and total magni-
tudes.
For a subset of 21 galaxies, we have decomposed the images into contributions from
a spheroidal bulge with a general Sérsic profile and a flat disk with an arbitrary inten-
sity distribution, using a newly developed, interactive, 2D decomposition technique. We
caution against the use of simple 1D decomposition methods and show that they lead to
systematic biases, particularly in the derived bulge parameters. The bulges of our galax-
ies have surface brightness profiles ranging from exponential to De Vaucouleurs, with the
average value of the Sérsic shape parameter n being 2.5. The shape of the bulge intensity
distribution depends on luminosity, with the more luminous bulges having more centrally
peaked light profiles (i.e. higher n).
By comparing the ellipticity of the isophotes in the bulges to those in the outer, disk dom-
inated regions, we are able to derive the intrinsic axis ratio q of the bulges. The average
axis ratio is 0.55, with an rms spread of 0.12. None of the bulges in our sample are
spherical, whereas in some cases, the bulges can be as flat as q = 0.3 − 0.4. The bulge
flattening seems to be weakly coupled to luminosity, more luminous bulges being on av-
erage slightly more flattened than their lower-luminosity counterparts.
Most galaxies contain radial colour gradients and become bluer towards larger radii. Al-
though this can partly be explained by the declining contribution of the red bulges to the
observed light, disks must also have intrinsic colour gradients.
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3.1 Introduction

A detailed picture of the distribution of luminous matter in galaxies is crucial for a proper
understanding of their dynamical structure. In particular, in order to obtain knowledge about
the distribution of dark matter in galaxies, an accurate determination has to be made of the
contribution of the stars to the gravitational potential. This is especially important in the
early-type disk galaxies which are the subject of this thesis. Early-type disk galaxies are
among the brightest galaxies in the universe, both in terms of total luminosity and of surface
brightness (Roberts & Haynes 1994). It is to be expected that in these galaxies, the stellar
mass is dynamically much more important than in low luminosity and low surface brightness
galaxies, which are generally believed to be dark matter dominated (e.g. Carignan & Freeman
1988; de Blok & McGaugh 1997; Swaters 1999; Côté et al. 2000). In fact, in chapters 4 and
6, we will argue that in disk galaxies with bright bulges, the gravitational potential in the
central regions is dominated by the stellar component.

Historically, spiral galaxies were considered as a combination of a more or less spherical
bulge and a flattened disk. Bulges were normally modelled as miniature elliptical galax-
ies, with surface brightness following an R1/4-law (following de Vaucouleurs 1948, 1958),
whereas the azimuthally averaged disk brightness was usually described with an exponential
profile (de Vaucouleurs 1959; Freeman 1970).

It was readily noted that not all galactic disks are well described by simple exponential
profiles at all radii (Freeman 1970; van der Kruit 1979), and recent developments have shown
that many bulges are not the simple, structureless spherical bodies as previously thought
either. HST observations by Carollo et al. (1997, 1998) of the cores of 75 spiral galaxies
revealed a wealth of nuclear structure, including nuclear spirals, rings and dust lanes. Many
of their galaxies showed signs of nuclear star formation. Erwin & Sparke (1999, 2002) and
Erwin et al. (2003) showed that many galaxies have nuclear bars and other disk-like structures
in their centers. They noted that the central light concentrations in many spiral galaxies
seem to originate from highly flattened structures, rather than from spherical bodies. The
photometric profiles of many spiral galaxy bulges are described better by exponential or R1/2-
profiles than by the classical R1/4-law (Andredakis & Sanders 1994; Andredakis et al. 1995;
de Jong 1996a; Courteau et al. 1996; Carollo 1999). Finally, spectroscopic observations show
that many bulges are much more rotationally supported than elliptical galaxies (Illingworth &
Schechter 1982; Kormendy & Illingworth 1982; Kormendy 1993; see also the recent results
from the SAURON project for an overview of the complex dynamics, including disk-like
rotation, in the centers of many spiral galaxies: Emsellem et al. 2004; Fathi 2004).

All these observations led Kormendy & Kennicutt (2004) to postulate that many central
light concentrations are not classical, spheroidal bulges with a similar formation history as
ellipticals, but rather disk-like structures, formed by secular processes; they call these disk-
like bulges ‘pseudobulges’.

For a study of the global dynamics of spiral galaxies, a proper understanding of the struc-
ture of bulges and disks is crucial. Irrespective of what the exact formation mechanism of
bulges or pseudobulges is, they will have experienced a different evolutionary history than
their surrounding disks. As a result, their stellar populations, and corresponding mass-to-
light ratios, are expected to be different. Accurate bulge-disk decompositions are therefore
needed to determine the contribution of each component to the gravitational potential. Fur-
thermore, the flattening of the bulge has a strong influence on the peak rotation velocity in a
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galaxy: a flat, disk-like structure will generally have a higher circular rotation speed in the
plane than a spherical system with the same projected surface density (see figure 2-12 in Bin-
ney & Tremaine 1987 and figure 6-I.2 in appendix 6-I). In other words, given an observed
rotation curve, we would derive a lower mass-to-light ratio for a flattened disk than for a
spherical bulge with the same photometric profile.

In this chapter, we present the results of our study of the dynamical impact of bulges and
disks in early-type disk galaxies. We present B-, R- and I-band surface photometry for a
sample of 30 galaxies with morphological type ranging from S0 to Sab and absolute B-band
magnitudes −14 > MB > −22. For 21 galaxies from our sample, we have decomposed the
images into contributions of a flattened disk (including rings, bars, etc.) and a spheroidal
bulge with a genuine 3D structure, using an interactive 2D decomposition technique. The ra-
dial distribution of stars in each component is then carefully measured and luminosity profiles
are constructed and fitted with a general Sérsic profile (bulge) and exponential disk.

The structure of this chapter is as follows. We describe the sample selection in sec-
tion 3.2. In section 3.3, we describe the observations. The data reduction steps are described
in section 3.4. In section 3.5 we discuss the photometric analysis of the galaxies, includ-
ing the derivation of radial surface brightness profiles, total magnitudes, diameters, etc. In
section 3.6, the consistency of our photometric results is checked by comparing different ob-
servations of the same galaxies. In section 3.7 we present the procedure that was developed
to decompose our images into bulge and disk contributions. We discuss the implications of
our results in section 3.8. In section 3.9, we discuss the individual galaxies in our sample.
Finally, in section 3.10, we present a brief summary of our study and the main conclusions.
For clarity, all long tables have been placed at the end of the chapter, in appendix 3-I. In
appendix 3-II, we show the images and photometric profiles for all galaxies and, if available,
the results from the bulge-disk decomposition.

3.2 Sample selection

The early-type disk galaxies studied in this chapter form a subset of the 68 galaxies from
chapter 2. All galaxies in chapter 2 were selected from the WHISP survey (Westerbork
Survey of H in spiral and irregular galaxies). They have morphological type between S0 and
Sab, and absolute B-band magnitudes between -14 and -22. A more detailed description of
the parent sample and the properties of the selected galaxies is given in section 2.2.

The main aim of our study is an investigation of the relation between dark and luminous
matter in early type disk galaxies. We do this by measuring the rotation curves of these objects
(chapter 4), and comparing them with the rotation velocities expected from the visible matter
(chapter 6). The selection of galaxies from the parent sample in chapter 2 was therefore
mainly based on the requirement that a good rotation curve could be derived: in section 4.2
we describe the criteria which were used to define a core sample of 19 galaxies for the rotation
curve analysis. For one galaxy from this core sample, UGC 4605, no accurate photometry
could be obtained due to its edge-on orientation; it was therefore not included in the selection
for the present chapter.

In addition to the remaining 18 galaxies from the rotation curve sample, we have obtained
photometric data for 10 other galaxies from chapter 2 which fail to meet one or more of the
criteria used for the rotation curve sample definition (e.g. poor resolution of the H observa-
tions, large-scale non-circular motions, etc.). Additionally, for two galaxies (UGC 1378 and
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Table 3.1: Sample galaxies: basic data. (1) UGC number; (2) alternative name; (3) mor-

phological type; (4) absolute B-band magnitude; (5) distance; (6) galaxy included in rotation

curve sample from chapter 4? and (7) bulge-disk decompositions done, or photometric anal-

ysis only? Column (3) was taken from NED, (4) from this study and (5) from chapter 2.

UGC alternative Type MB D core BD
name mag Mpc sample decomp.

(1) (2) (3) (4) (5) (6) (7)
89 NGC 23 SB(s)a -21.45 62.1 no yes
94 NGC 26 SA(rs)ab -20.32 62.6 no yes

624 NGC 338 Sab -20.83 65.1 yes yes
1378 – (R)SB(rs)a: -22.06 42.6† no no
1541 NGC 797 SAB(s)a -21.12 77.0 no yes
2487 NGC 1167 SA0- -21.88 67.4 yes yes
2916 – Sab -21.05 63.5 yes yes
2953 IC 356 SA(s)ab pec -21.22 15.1 yes yes
3205 – Sab -20.89 48.7 yes yes
3546 NGC 2273 SB(r)a -20.02 27.3 yes yes
3580 – SA(s)a pec: -18.31 19.2 yes yes
3642 – SA0 -20.89 62.9 no no
3965 IC 2204 (R)SB(r)ab -20.07 62.5 no no
3993 – S0? -20.19 61.9 yes yes
4458 NGC 2599 SAa -21.38 64.2 yes yes
5253 NGC 2985 (R’)SA(rs)ab -20.93 21.1 yes yes
6118 NGC 3504 (R)SAB(s)ab -20.10 22.2 no no
6786 NGC 3900 SA(r)0+ -19.93‡ 25.9 yes yes
6787 NGC 3898 SA(s)ab -20.00 18.9 yes yes
7139 NGC 4138 SA(r)0+ -18.93 14.9† no no
7989 NGC 4725 SAB(r)ab pec -21.05 18.2 no no
8271 NGC 5014 Sa? sp -18.21 17.7 no no
8699 NGC 5289 (R)SABab: -19.48 36.7 yes yes
8863 NGC 5377 (R)SB(s)a -20.15 27.2 no no
9133 NGC 5533 SA(rs)ab -21.22 54.3 yes yes

11670 NGC 7013 SA(r)0/a -19.20 12.7 yes yes
11852 – SBa? -20.44 80.0 yes yes
11914 NGC 7217 (R)SA(r)ab -20.27 14.9 yes yes
12043 NGC 7286 S0/a -17.53 15.4 yes yes
12713 – S0/a -14.22 5.7 no no
† Galaxy not included in chapter 2; distance taken from LEDA.
‡ No B-band data available in this study; MB taken from LEDA.

7139), we have obtained optical data, but no H data, so these galaxies were not even included
in the parent sample of chapter 2. For most of these 12 galaxies, we did not apply the bulge-
disk decomposition procedure, but we do show the photometric data for these galaxies for
general scientific interest.

In table 3.1, we give some basic data for the galaxies presented in this study.
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3.3 Observations
We have obtained images of all our galaxies in Harris R- and B-bands, with a few additional
observations in Harris I-band; for UGC 6786, only R-band data were available. The main
contribution to the flux in the R- and I-bands comes from the old stellar populations. Since
these contain most of the mass, they are the preferred wavelengths to study the dynamical
impact of the stars. The R-band has an additional advantage compared to the I-band (and to
the near-infrared J, H and K-bands), namely that the sky is still relatively dark and that deep
images can be obtained within reasonable exposure times.

The B-band images we have taken are not suitable to study the stellar mass distribution
directly, since a large fraction of the blue light comes from young stars which contribute little
to the underlying surface mass density. But B-R colours can give valuable information about
the stellar populations and corresponding mass-to-light ratios (Bell & de Jong 2001; Portinari
et al. 2004). Since bulges and disks are expected to have different formation histories, their
stellar populations will probably have different ages and therefore different mass-to-light ra-
tios. It is a well known problem in rotation curve studies that the mass-to-light ratios of
the stars are badly constrained, so any additional information on the stellar populations will
improve our models.

The bulk of the observations described here were performed during 4 observing runs with
the 1.0m Jacobus Kapteyn Telescope (JKT) at the Observatorio Roque de los Muchachos on
La Palma in 2000 and 2001. A few observations were performed at the JKT in service mode
in 2002. In all cases we used the JAG-CCD camera which is equipped with a 2048×2048
SITe chip with a pixel size of 0.33′′ and a total unvignetted field-of-view of approximately
10×10′.

A small number of observations were done using the Wide Field Camera on the 2.5m
Isaac Newton Telescope (INT) on La Palma. It was equipped with four 4096×2048 EEV
CCD’s with 0.33′′ pixels, offering a total field of view of 34×34′.

Finally, a few images were taken with the 8K Imaging Camera at the 2.4m MDM Hiltner
telescope at Kitt Peak, Arizona. It contains a mosaic of eight 4096×2048 SITe CCD’s. The
total field of view is 24×24′, with 0.18′′ pixels.

Typical exposure times for all observations on the JKT were 30 – 50 minutes per band.
These times were always broken up into at least 2 shorter exposures, to enable cosmic ray
rejection (see section 3.4.2 below). Often, more shorter exposures were taken to prevent the
bright cores of the images to saturate on the chip. For the observations at the larger INT and
MDM telescopes, we used correspondingly shorter exposures to achieve roughly the same
sensitivity as with our exposures on the JKT.

During some nights the observing conditions were non-photometric due to thin cirrus-
clouds, and in some other nights the seeing was very poor. Useful images could still be taken
at those nights, but in the former case the absolute photometric calibration was not reliable,
whereas in the latter case the central light concentrations were poorly resolved. Those prob-
lems were fixed by re-observing the galaxies with short exposure times later. A few galaxies
were observed in good conditions several times. Those observations are used in section 3.6 to
check the consistency of our observations. In table 3.2 we list the observations of all galaxies.



92  3: T   

3.4 Data reduction

Data reduction was performed within the IRAF environment. Below we describe each step
individually.

3.4.1 standard CCD reduction

After inspection of the raw images, the first step in the data reduction process consisted of
subtracting the readout bias imposed by the chip onto each image. Bias levels were uniform
over all chips, but showed small variations throughout the night. The overscan region of the
chip was used to determine the bias level of each chip, and this was subtracted from each
pixel in the image. Special bias images, taken with zero exposure time, were used to remove
any remaining pattern not covered by the overscan region of the chip.

Flatfielding was achieved using twilight sky exposures taken in the evening and morning
of each night. A minimum of 3 exposures per band were taken to enable rejection of stars and
cosmic ray events from the individual images. Flatfields were always mutually consistent to
a high level, both different exposures taken on one night, as well as frames taken on different
nights. The combined flatfields were normalised and all exposures taken in a night were
divided by the resulting image.

3.4.2 image combination and background subtraction

Separate exposures for each galaxy were aligned using a number of bright stars. They were
then combined, using a simple rejection criterion to remove cosmic ray events and cosmetic
defects on the chip.

In the first three runs on the JKT, the camera suffered from light-leaks which caused faint
residual gradients in the background after flatfielding, especially in the R-band images. In
almost all cases, the residuals could be removed by fitting a low-order 2D polynomial to the
background and subtracting it from the image. Usually a first- or second-order polynomial
was sufficient to remove the residuals to an acceptable level, although in a few cases we used
polynomials up to order 5. In all cases, extreme care was taken to exclude the image of the
galaxy from the fitting region, so as not to subtract any light from the galaxy itself.

In all other observations, including the B-band observations from the JKT runs with light-
leaks, the flatfielding worked very well, and residuals were small. For these images, the
background was removed by fitting a first-order polynomial to the emission-free regions.

As an extra check that the light-leaks did not affect our results, we re-observed UGC 2953,
3546 and 12713 in the fourth observing run on the JKT, when the light-leaks were eliminated.
Comparison of the resulting photometric profiles from the images with and without light-
leaks shows that the results are consistent within the errors (see section 3.6).

3.4.3 photometric and astrometric calibrations

Throughout the nights, standard star fields from Landolt (1992) were observed at intervals of
1 – 2 hours. The observations were done at a range of airmasses to measure the extinction
in the atmosphere. Using the instrumental fluxes of the stars and the magnitudes given by
Landolt, we fitted the magnitude zero-points and extinction coefficients, such that

mLandolt = mobs + m0 + e · A, (3.1)



P  93

where mLandolt is the stellar magnitude given by Landolt, mobs is our instrumental magnitude,
m0 is the magnitude zero-point, e is the extinction coefficient and A is the airmass. The
coefficients were determined for each night and each colour separately. The errors ∆m0 and
∆e on the fitted coefficients are used to derive the photometric error for each observation:

σphot =

√

∆m2
0 + (∆e · A)2. (3.2)

The resulting errors for all observations are given in table 3.2. The average photometric
errors for our B-, R- and I-band observations are respectively 0.13, 0.11 and 0.11 mag, and
respectively 83, 80 and 88% have σphot < 0.2 mag.

A coordinate system was added to the images using the KARMA utility KOORDS. A
number of bright stars, typically 5 – 10, was identified in each image, and their coordinates
were taken from images from the Digitized Sky Survey (DSS). A coordinate system was then
fitted to the image. Typical rms errors were of the order of 0.5 pixel, 0.15′′ for the JKT
images. For the larger INT and MDM images, typical errors were 0.2′′. Note, however,
that the uncertainty in the coordinate system of the DSS is about 0.6′′ (Russell et al. 1990;
Véron-Cetty & Véron 1996). Thus, the coordinate systems of our images are limited by the
uncertainties in the DSS and have an accuracy of no more than 0.6′′.

3.4.4 removal of foreground stars, background galaxies, etc.

As a last step before continuing to the actual analysis of the galactic images, we cleaned the
images from foreground stars, background galaxies and any possible artifacts not removed in
the previous steps.

For the foreground stars, we fitted a 2D analytical PSF to ≈ 20 bright, unsaturated stars
on the image. Subsequently, all point sources in the image were detected, and the flux in each
was determined. The PSF was then scaled to the measured flux and model stellar ‘images’
were subtracted from the image. This proved to work in a satisfactory manner only for rela-
tively faint stars. For bright stars, the analytical PSF often did not represent the stellar images
sufficiently well, and significant residuals remained present in the image after subtraction.
Saturated stars, background galaxies and other artifacts in the images could, naturally, not
be removed with this method either. All these were removed by hand, masking out the af-
fected regions from the image. Special care was taken to remove faint haloes of bright stars.
The same masks were used for all images of a galaxy in different bands, to ensure that the
measured magnitudes and surface brightnesses refer to the same regions.

3.5 Photometric properties
To study the distribution of light in our galaxies in a systematic way, the intensities were mea-
sured at concentric elliptical annuli, using the ELLIPS task from the STSDAS ISOPHOTE
package (Jedrzejewski 1987). The ellipses were defined at logarithmic intervals in semi ma-
jor axis, starting at ≈ 0.3′′ and increasing the radius of each successive ellipse by a factor
1.1.

3.5.1 isophote orientation parameters

The orientation parameters of the ellipses were determined from the R-band images in two
steps.
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In the first step, ellipses were fit to the image with the center, position angle and ellipti-
city of each ellipse left as free fitting parameters. From these fits, the central positions of the
galaxies were determined. The bulges of most galaxies create a clear central peak in the im-
age, and the centers of the inner ellipses converge usually to a narrowly defined value; often
the variation between the inner ellipses is smaller than 0.1′′. In these cases, the error in the
central position is dominated by the uncertainty in the coordinate system (see section 3.4.3).
In a small number of cases dust obscures the very center of the image, and the light dis-
tribution is more irregular. Since in those cases the brightest pixels lie at the position of
least obscuration, rather than at the true center of the underlying light distribution, the inner
isophotes can not be used to determine the center and we rather used the ones at intermediate
radii where the effect of dust is either smaller or averages out over the measured ellipse. The
central positions of those galaxies are, however, necessarily less accurately determined than
for the ones where we can see into the center directly. The fitted centers are listed in columns
(2) and (3) in table 3.3; the uncertainty and its dominant source are given in columns (4) and
(5) respectively.

In the second step, we did fits with the center of each ellipse fixed at the position just
determined, but with ellipticity and position angle still free. The fitted orientation parameters
are shown by the symbols in the top right hand panels in the figures in appendix 3-II. In the
outer part of the galaxies, outside the region where bulges and bars complicate the picture,
they usually converge to more or less constant values (see UGC 3205, 3580, 6787 and 7139
for nice examples). These values were then assumed to represent the true position angle
and inclination of the galaxy. In some cases, however, the position angle and/or ellipticity
never converge, and either keep varying till the last outer point (e.g. UGC 89 or 1541) or
show several plateaus (e.g. UGC 3965 or 7989). In these cases, we visually compared the
fitted isophotes to the shape of the galactic disks and then estimated the position angle and
ellipticity by eye. Note that large variations in the orientation parameters in the very outer
points (e.g. UGC 3993, 4458, 8271, 8699) can usually be attributed to asymmetries in the
light distribution of the galaxy or to imperfect flatfielding; these variations were generally not
considered to be real. The adopted values for the position angle and ellipticity are shown as
the dashed lines in the figures in appendix 3-II and listed in columns (6) and (7) in table 3.3.

From the ellipticity we determined the inclination of the galaxies using the standard for-
mula

cos2 i =
(1 − ε)2 − q2

0

1 − q2
0

, (3.3)

with q0 the intrinsic flattening of the disk, for which we assumed a value of 0.2 (cf. de Grijs
1998). The derived values are given in column (8) in table 3.3. Note that they are estimates
only; if the disks have a different intrinsic flattening, or if they are intrinsically elongated
rather than axisymmetric, than the true inclination may deviate significantly from these val-
ues.

3.5.2 surface photometry

Once the orientation parameters were determined, we fixed them for all ellipses and simply
measured the average intensities at each radius. The same ellipses were used for the images
in different colour bands.

Even though the background subtraction described in section 3.4.2 usually worked quite
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Figure 3.1: Raw R-band intensities on outer

ellipses for UGC 3965. The squares give

the average intensities (in counts) on each el-

lipse; the errorbars give the measurement er-

ror. The long-dashed line gives the average

intensity of the outer ellipses, which defines

the zero-point Ibg of the image. In this case,

Ibg = −0.46, indicating that we have slightly

over-subtracted the background. The dot-

ted lines give the assumed error in the zero-

point. The arrow indicates the outer point

with significant flux from the galaxy. See

text for details.

well, there are always small residuals left. To determine the exact zero-points in the images,
as well as their uncertainties, we let the radii of the ellipses expand until they covered the
entire images. Thus, intensities were measured not only on the galaxies, but also in annuli
centered on, but much larger than, the galaxies. A typical result is shown in figure 3.1.

In this case, it is clear that no light from the galaxy is detected beyond a radius of about
90′′, so the ellipses outside this radius probe the sky background. The average intensity on
the outer ellipses defines the zero-point Ibg of the image and is subsequently subtracted from
the intensities in the galaxy.

The variation in the intensities on the outer ellipses measures the uncertainty in the zero-
point. Note, however, that these outer ellipses cover large parts of the image, such that small
scale irregularities in the background are averaged out. To account for irregularities at smaller
scales as well, we adopted for the zero-point uncertainty σbg twice the rms variation in the
intensities of the outer ellipses. In table 3.2 we give the magnitude level µ3σ corresponding
to 3σbg above the sky; the average values are 26.98, 26.09 and 24.37 mag arcsec−2 in the B-,
R- and I-band images respectively.

The errors on the measured intensities in the galaxy are now given by the quadratic sum
of the measurement error ∆Im(r) and the zero-point error σbg:

σI(r) =
√

∆Im(r)2 + σ2
bg (3.4)

Finally, the intensities and corresponding errors were calibrated and converted to surface
magnitudes using the transformations determined in section 3.4.3. Only points were consid-
ered with intensities larger than 2σbg. The resulting photometric profiles are shown in the
upper left hand panels of the figures in appendix 3-II.

In the bottom left hand panels of the figures in appendix 3-II, the colour profiles are
shown. The errors on the points are given by the quadratic sum of the errors on the individual
bands. Points are only shown when the total error is smaller than 0.5 mag.
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3.5.3 deviations from axisymmetry

In addition to the average intensity on each ellipse, we also measured the higher-order har-
monic components to study deviations from perfect axisymmetry. The intensity distribution
along each ellipse was decomposed into a Fourier series of the following form:

I(α) = I0 + I1 cos(α + φ1) + I2 cos (2(α + φ2)) + . . . , (3.5)

where α is the azimuthal angle along the ellipse; I0 is the average intensity on the ellipse and
I1 and I2 measure the strength of the m=1 and m=2 Fourier components respectively. Thus, a
high value for I1/I0 indicates a strongly lopsided light distribution, whereas a high value for
I2/I0 reveals the presence of a bar or oval distortion.

A statistically significant measurement of these higher order terms in the light distribution
requires a higher signal-to-noise ratio than is necessary for the zeroth order term. The m=1
and m=2 terms were therefore only measured on ellipses for which the average intensity was
respectively 2

√
2 and 4 times σbg.

The relative strengths and phases of the m=1 and m=2 components are shown in the
bottom 4 panels on the right side of the figures in appendix 3-II.

3.5.4 isophotal diameters, effective radii and total magnitudes

For each galaxy and each band, several diameters were derived. D25 and D26.5 are isophotal
diameters, determined at µ = 25 and 26.5 mag arcsec−2 respectively. R20, R50 and R80 are ef-
fective radii, containing respectively 20, 50 and 80% of the light. The diameters and effective
radii are given in table 3.3.

Note that these diameters and effective radii are derived from the photometric profiles as
measured on the sky. However, the surface brightnesses of the disks of these galaxies are
dimmed by galactic foreground extinction. On the other hand, the observed surface bright-
nesses are higher than the true values due to the fact that we observe the galaxies under a
non-zero inclination angle. The raw isophotal diameters derived above do therefore not cor-
respond to the same physical surface brightness in the disks of these galaxies. In table 3.3
we also give the isophotal diameters Dc

25 and Dc
26.5 that correspond to face-on, extinction cor-

rected levels of µ = 25 and 26.5 mag arcsec−2. The correction for inclination was performed
assuming that the galactic disks are optically thin; no corrections were made for internal
extinction caused by dust in the galactic disks themselves. The corrections for galactic fore-
ground extinction were performed using the values from Schlegel et al. (1998).

Total magnitudes cannot be derived from the images directly, as large parts of the images
are sometimes masked to remove foreground stars, background galaxies, etc. (section 3.4.4),
such that the masked images contain flux from parts of the galaxies only. To correct for this
effect, model images were created, based on the photometric profiles derived in section 3.5.2,
interpolating over the masked regions. From these model images, two apparent magnitudes
were derived. mlim is the total magnitude within the last measured point in the photometric
profile; m25 is the apparent magnitude within the 25th mag arcsec−2 isophotal diameter D25.
The errors in the total magnitudes are usually dominated by the uncertainty σphot in the pho-
tometric calibrations (equation 3.2, column (7) in table 3.2), with small contributions from
the zero-point uncertainty σbg and Poisson errors.

The corresponding absolute magnitudes Mlim and M25 were determined using the dis-
tances as given in table 3.1 and were corrected for galactic foreground extinction using the
values from Schlegel et al. (1998).
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3.6 Internal comparison of photometric profiles

Several galaxies were observed during different nights and with different telescopes (see ta-
ble 3.2). For each of these cases, only the best data are shown in appendix 3-II and listed in
tables 3.3 and 3.4. The data from the other observations have been used to assess the quality
of our data and the reliability of the derived errors. These observations were reduced inde-
pendently, following the same steps as for the main observations. The same masks were used,
however, for all images (section 3.4.4), to make sure that measured surface brightnesses cor-
respond to the same regions in all images. Similarly, the same position angles and ellipticities
were used to derive the photometric profiles.

In figure 3.2, we compare the photometric profiles for all the galaxies with multiple ob-
servations. In most cases, the independently derived profiles agree very well, but there are
also some cases with significant differences.

Errors in the photometric calibrations lead to constant offsets in a profile but leave its
shape unchanged. Indeed, systematic offsets between 2 profiles are seen for some galaxies
in fig. 3.2 (the dotted lines give the weighted average of the data points), but in most cases,
these offsets fall within the combined 1σ photometric errors (solid lines). In a few cases the
offsets are larger than to be expected (notably UGC 2953, 6786 and 7989). In the case of
UGC 2953, the differences between the independent observations can be explained as the re-
sult of non-photometric conditions during the nights of the comparison observations. During
these nights, thin cirrus clouds were present in the atmosphere, occasionally obscuring the
galaxies. Although these clouds affect also the standard star observations, the derived photo-
metric errors for such nights are not reliable; the thickness of the clouds is highly variable,
both spatially and temporally, and individual observations may be more strongly affected
than the standard star observations. In tables 3.2, 3.4 and 3.5, we have marked which obser-
vations were done under non-photometric conditions. Note that non-photometric conditions
do not affect the shapes of the photometric profiles. Scale lengths and effective radii can still
be accurately measured on such nights. Furthermore, in many cases, galaxies that were ob-
served under non-photometric conditions were later re-observed with short exposure times;
these short exposures were then used to calibrate the deep images taken before and accurate
photometry could still be achieved.

The offsets for UGC 6786 and 7989 are probably caused by differences between the
filters used for the observations on the JKT and the MDM telescope. Since we have not
accounted for colour-dependencies in the photometric calibrations (equation 3.1), differences
in the filter transmission curves used for different observations can cause small offsets in the
photometric profiles. Note that the offsets between the JKT and MDM profiles are equally
large (0.20 mag arcsec−2) for both UGC 6786 and 7989; this strengthens the interpretation of
the offsets as a result of filter differences.

Apart from the systematic offsets between the profiles, random point-to-point variations
are generally small, except for the inner few arcseconds where differences in seeing between
the observations lead to large discrepancies. In some cases, errors in the sky-level determi-
nation lead to differences in the outer points of the compared profiles, but they are generally
within the errors derived as described in section 3.5.2. The largest sky-subtraction errors are
seen in UGC 4458, where the outer points of the two compared profiles disagree at a level
of 2 times the combined 1σ errors. Given the number of profiles compared here, one case
of 2σ disagreement is to be expected. The only cases where we observe significant differ-
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Figure 3.2: Internal comparison of the photometric profiles. Data points show the difference

between photometric profiles from multiple observations of the same galaxy. The observations

which are compared are indicated above each panel; see table 3.2 for details. Errorbars give the

combined errors on each point. Dashed lines give the weighted average of the points which are

not affected by seeing differences. Solid lines give the combined 1σ photometric errors.
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ences between the profiles that cannot be attributed to seeing effects or uncertainties in the
sky-level are the profiles which were observed with different telescopes (R-band observations
of UGC 2953, 6786 and 7989); as above, these differences can probably be attributed to the
different filters which were used for the observations under comparison here.

In conclusion, for galaxies that were observed under photometric conditions, the pho-
tometric errors listed in table 3.2 seem to be reliable; for non-photometric observations the
errors are lower limits. The errors on individual data points in our photometric profiles are
also realistic and account well for the uncertainties in the determination of the sky level. Pho-
tometric profiles which were derived from images observed with the INT or MDM telescope
show small deviations (∼ 0.1 − 0.2 mag arcsec−2) compared to the profiles derived from the
JKT images. The deviations manifest both as systematic offsets between the profiles, as well
as point-to-point variations within the profiles. These differences are probably caused by
differences in the filters used for the observations.

3.7 Bulge-disk decompositions

Many methods exist to decompose the light of spiral galaxies into contributions from bulges
and disks. Traditionally, the decomposition is performed on the photometric profiles directly,
fitting them with the sum of an exponential disk and a certain profile for the bulge (usually
either an r1/4, exponential or general Sérsic profile). As this is a 1D procedure, it is quick
and can therefore be used to study large samples of galaxies in short timespans (e.g. Baggett
et al. 1998; Graham 2001; MacArthur et al. 2003). However, photometric profiles suffer from
projection effects. The observed intensity at each point in a galaxy is a superposition of light
from the bulge and disk. Because they have different intrinsic shapes, the contributions from
both components come from different radii when the galaxy is observed under a non-zero
inclination angle, and the average intensity along a given isophote is generally not directly
related to the true mean brightness at that radius. Thus, deriving bulge and disk parame-
ters from azimuthally averaged photometric profiles will lead to systematic errors. A proper
treatment of the projection effects requires a full 2D decomposition technique (e.g. Byun &
Freeman 1995; de Jong et al. 2004; Laurikainen et al. 2005, ).

The projection effects described above are particularly severe in the type of galaxies stud-
ied here, which have often large and luminous bulges. As an illustration, we show in figure 3.3
two R-band photometric profiles of the central part of the bulge-dominated galaxy UGC 6786.
The profile shown with squares is derived following our standard procedures of section 3.5.2,
that is, it shows the average intensities measured along ellipses with the ellipticity fixed at
the value of the outer regions. The profile shown with circles shows the intensities when
measured along ellipses with a much lower ellipticity which is more representative of the
isophotes in the central, bulge-dominated region. Clearly, the bulge of UGC 6786 is more
centrally concentrated than is shown by our standard photometric profile. Thus, any attempt
to derive the structural parameters of the bulges from our photometric profiles will be severely
affected by systematic errors.

Another problem with bulge-disk decompositions is the degeneracy that exists between
the different parameters (MacArthur et al. 2003; de Jong et al. 2004). Often, the data can be
fitted by different combinations of parameters, and it is difficult to reach conclusions about
the true values.

To overcome the difficulties mentioned above, we have developed a hands-on, interactive
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Figure 3.3: The influence of projection

effects on the central R-band photometric

profile of UGC 6786. The profile shown

with squares is derived using the standard

method, i.e. the intensities are measured

along ellipses with ellipticity fixed at the

value of the outer regions. The circles de-

note the profile when measured along el-

lipses with an ellipticity which better rep-

resents the isophotes of the bulge region.

procedure that uses the full 2D information from the images to separate them into bulge
and disk components. Our method bears some similarities with the one used by Palunas
& Williams (2000) and can be summarized as follows. We model the bulges as flattened
axisymmetric spheroids, with intrinsic axis ratios q and general Sérsic photometric profiles
(Sérsic 1968) characterised by effective radius and magnitude re and µe and shape parameter
n. The bulge parameters are determined from images where an initial estimate for the disks
has been subtracted. Based on the fitted parameters, model images of the bulges are created
and subtracted from the original images. All light in these image is then assumed to originate
from the disks, and their photometric profiles are used to derive the disk light distributions.

A more detailed description of the separate steps is given in the following subsections.

3.7.1 bulge parameters

The first step in our procedure consists of deriving initial estimates for the bulge and disk
parameters from an analytic fit to the photometric profile. As discussed above, the central,
bulge-dominated parts of the photometric profiles suffer from projection effects. In the outer
parts, however, the profile is usually dominated by the flat disk, and projection effects are not
an issue. Thus, the initial estimates for the disk are generally sufficiently reliable for the next
step.

Based on the initial estimates, we create an initial model image of the disk component by
extrapolating the fitted disk profile inwards. This model image is then subtracted from the
original image to obtain an image with bulge-light only.

From the resulting image, the bulge-parameters can be obtained. We first determine the
flattening of the bulge by fitting ellipses to the R-band bulge image with ellipticity and posi-
tion angle as free parameters. In most cases, the position angle of the bulge isophotes is close
to the value derived for the outer disk, indicating that the bulge is a flattened spheroid with
the plane of symmetry coinciding with that of the disk. In a few cases, the position angle in
the center differs from the outer values, indicating the presence of a nuclear bar or other triax-
ial structure. The presence of these non-axisymmetric structures is ignored in the following;



B-  101

we model all bulges as oblate spheroids that are aligned with the outer disk and we simply
average out any non-axisymmetric structures along the isophotes in the next step. Because
the bulges are more vertically extended than the surrounding disks, their ellipticities are gen-
erally lower than those found for the outer disks. From the average ellipticity εb of the bulge
isophotes, the intrinsic flattening of the bulge can be determined by rewriting equation 3.3 as

q2 =
(1 − εb)2 − cos2 i

1 − cos2 i
. (3.6)

Here q is the intrinsic axis ratio of the bulge and i is the inclination of the system, as derived
in section 3.5.1.

We next derive photometric profiles for the bulge in all available colour bands by measur-
ing the average intensities on concentric ellipses with fixed ellipticity εb. Intensities are only
measured inside the radius where the bulge and disk intensities from the original image are
equal. The resulting profiles are shown with the data points in the figures in appendix 3-II.

To extrapolate the contribution of the bulge to larger radii, we fitted the profiles with a
general Sérsic light profile (Sérsic 1968):

Ib(r) = I0,b exp
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Here, I0,b is the central surface brightness and r0 is the characteristic radius. n is a shape
parameter, that describes the curvature of the profile in a radius-magnitude plot. For n =
4, equation 3.7 reduces to the well-known De Vaucouleurs profile (de Vaucouleurs 1948),
whereas n = 1 describes a simple exponential profile. In the literature, equation 3.7 is usually
written as

Ib(r) = Ie exp
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with Ie = e−bn I0,b the intensity at the effective radius re = b n
n r0, the radius which encom-

passes 50% of the light. bn is a scaling constant that satisfies γ(bn, 2n) = 1
2Γ(2n), with γ

and Γ the incomplete and complete gamma functions respectively. It can be approximated
by bn ≈ 1.9992n − 0.3271 for 1 < n < 10 (Graham 2001), but in our fitting procedure, we
determined bn more accurately by numerically solving the equation above. In magnitudes,
equation 3.8 is written as

µb(r) = µe + 1.0857 bn
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. (3.9)

Before fitting the profile of equation 3.9 to the observed data, it is corrected for seeing effects
using the convolutions from Graham (2001).

The seeing-convolved profile is then fitted to the data using a standard non-linear least-
squares algorithm. For the fits to the B- and I-band profiles, we fixed the parameters n and
re to the values found for the R-band profile, leaving only the effective surface magnitude
µe free. Thus, we model the bulges as fully mixed systems without colour gradients. Any
remaining colour gradients after the subtraction of the bulge influence are attributed to the
disk. The fitted profiles are shown as the solid lines in the figures in appendix 3-II.
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The fitted bulge parameters εb, q, µe, re and n are given in table 3.5. The effective sur-
face brightness was also corrected for galactic foreground extinction, using the values from
Schlegel et al. (1998); the corrected surface magnitude µc

e is listed in table 3.5 as well. Finally,
a total magnitude was derived by integrating equation 3.7 to infinity; the resulting values mb

and Mb for the apparent and absolute magnitudes are also listed in table 3.5. Model im-
ages for the bulge in the R-band, created using the parameters found above, are shown in the
bottom left panels in the figures in appendix 3-II.

3.7.2 disk parameters

To measure the light distribution in the disk, the model images of the bulge are subtracted
from the original images in each available colour. The resulting R-band images are shown in
the bottom right panels in the figures in appendix 3-II.

All remaining light in these images is then assumed to originate from the disk component.
This also includes residuals in the bulge-dominated parts, where our fitted analytical profile
(equation 3.8) does not exactly match the observed light distribution. Note, however, that
the deviations of the observed bulge profile from the analytic fit are almost always less than
0.1 mag, which is very small when compared to the total over-density of bulge-light over the
inner disk (typically 2 – 4 magnitudes). The error caused by attributing the residuals to the
disk, instead of to the bulge, will be negligible when calculating the combined dynamical
impact of both components.

The radial distribution of the disk light is then determined by measuring the average
intensities on the ellipses defined in section 3.5.1. The resulting photometric profiles for
the disk, outside the bulge-disk transition radius, are shown in the bottom right panels in
the figures in appendix 3-II. In two cases, UGC 6786 and 6787, it was found, after the
subtraction of the bulge, that the ellipticity derived from the original image did not accurately
represent the inclination of the disk. In these two cases, the bulges are so dominant that, in
the original images, they influence the shape of the isophotes even in the outer parts. The
correct inclination angle of the disks could therefore only be determined after the subtraction
of the bulge, and for the final disk profile, we used values different than the ones listed in
table 3.3 (see individual notes in section 3.9). The corrected inclination angle was also used
to recalculate the flattening of the bulges for these galaxies (equation 3.6).

Finally, exponential profiles were fitted to the observed disk profiles:

Id(r) = I0,d exp
(

− r
h

)

, (3.10)

or in magnitudes:

µd(r) = µ0,d + 1.0857
( r
h

)

, (3.11)

with I0,d and µ0,d the central surface brightness, and h the radial scale length. Only points
outside the bulge-disk transition radius are used for the fit. The resulting parameters are
listed in table 3.5; the corresponding profiles are shown as the solid lines in the figures in
appendix 3-II. In table 3.5, we also list µc

0,d, the central surface brightness corrected for
inclination and galactic foreground extinction. The correction for inclination was performed
assuming that the galactic disks are optically thin; the corrections for galactic foreground
extinction were performed using the values from Schlegel et al. (1998).
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Figure 3.4: Comparison of the R-band bulge and disk parameters. Left: absolute magnitudes of

bulge vs. disk; middle: bulge effective radius vs. disk scale length; right: bulge effective surface

brightness vs. disk central surface brightness. The open squares indicate UGC 624, the circles

indicate UGC 6786.

3.8 Discussion

The main purpose of the analysis described in this chapter is to derive the contribution of the
stellar component of our galaxies to their gravitational potential. In chapter 6, we calculate
the contributions of the stellar disks and bulges to the rotation curves, and use the results
to constrain the content and distribution of dark matter in our galaxies. Meanwhile, some
interesting results concerning the structure and mutual dependence of the bulges and disks
of our galaxies can be derived from our study as well. These results are in some ways com-
plementary to the larger studies of e.g. Graham (2001), MacArthur et al. (2003), de Jong
et al. (2004), Hunt et al. (2004) and Laurikainen et al. (2005). Below, we discuss the most
important points.

3.8.1 a comparison of bulge and disk parameters

In figure 3.4, we compare the total luminosities, sizes and surface brightnesses of the bulges
and disks of the galaxies in our sample with accurate bulge-disk decompositions. It is clear
that there is only a weak coupling between the bulge and disk parameters.

There is a weak trend of more luminous disks harbouring more luminous bulges, but the
scatter around the relation is large. Moreover, several biases in our sample selection could
introduce an artificial correlation: galaxies with a highly luminous bulge and a faint disk
might not be classified as disk galaxies, but rather be mis-identified as ellipticals. Similarly,
luminous disks with faint bulges might not be classified as early-type disks, but rather as late-
type spirals. This latter effect is, however, not expected to be as strong as the former, since
the morphological type classification is based on other parameters than bulge-disk luminosity
ratios as well. Moreover, our sample contains a number of galaxies with high-luminosity
disks and faint bulges (e.g. UGC 94, 3205, 3546), which are still clearly recognisable as
early-type disk galaxies. UGC 12043 even has no obvious bulge component at all, but is still
classified as an S0/a galaxy.

In any case, our results indicate a large range in bulge-to-disk (BD) luminosity ratio and
show that the common belief that early-type disk galaxies have large and luminous bulges
does not hold in all cases. This is also visible in the left hand panel of figure 3.5, where we
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Figure 3.5: The distribution of the R-band bulge-to-disk luminosity ratio (left) and size ratio

(right) for the galaxies in our sample. Gray shading indicates UGC 624 and 6786.

show the distribution of the BD luminosity ratio for all galaxies in our sample. The average
value of log(Lb/Ld) is −0.23±0.47 in the R-band, where the error gives the standard deviation
of the sample.

Apart from two galaxies, UGC 624 and 6786, which have unusually large bulges (as
measured from their effective radii re), there is a weak correlation between disk scale length
and bulge effective radius (middle panel in figure 3.4). In the following, we will show that
UGC 6786 differs from the rest of the sample in many aspects, and we will interpret this in
section 3.9 as an indication that this galaxy is not really a disk galaxy, but rather an elliptical
galaxy with an additional disk of gas and stars. The offset of UGC 624 may be explained as
a result of its high inclination with respect to the line of sight. There are indications that the
image of this galaxy is significantly affected by dust (note for example the strong asymmetry
in the center, visible in the I1/I0 lopsidedness parameter, and by eye in the bulge-subtracted
image). If there are indeed large amounts of dust present in this galaxy, it is conceivable
that they introduce large errors in the shape of the photometric profiles and in the resulting
bulge-disk decomposition.

The other galaxies seem to follow the global trend that large bulges reside in large disks,
although the scatter is, again, large. In the right hand panel of figure 3.5, we show the distri-
bution of re/h for all galaxies in the sample. The average value of this ratio is 0.51±0.72 (the
error indicates the standard deviation), but this value is heavily influenced by UGC 6786. The
average value for the sample without UGC 6786 is 0.35 ± 0.19, whereas it is further reduced
to 0.32 ± 0.15 if UGC 624 is excluded as well. Even this last value is significantly higher
than the average re/h for the late-type spiral galaxies studied by Courteau et al. (1996). It
is also higher than the values found by Graham (2001) and MacArthur et al. (2003), who
noted a mild trend of the ratio re/h increasing towards earlier type spiral galaxies, reaching
an average of respectively 0.21 and 0.24 for the early types.

It is not immediately clear what causes the higher re/h ratio for our sample, compared
to the results of Graham (2001) and MacArthur et al. (2003), but it could well be related
to the different decomposition techniques used. We already argued in section 3.7.1 that 1D
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decompositions suffer from systematic effects. Inspection of figure 3.3 on page 100 shows
that, in an extreme case such as UGC 6786, a photometric profile measured along ellipses
with ellipticity fixed at the value of the outer disk is shallower than the true light distribution.
A simple least-χ2 1D fit to this profile yields an effective radius for this bulge of 24.0′′, almost
a factor 2 smaller than the value we derived using our 2D method described in section 3.7.1
(43.5′′). Although UGC 6786 is an extreme galaxy, it seems likely that the same effect plays
a rôle, perhaps to a lesser extent, in other galaxies as well. Thus, the discrepancy between the
average re/h ratios of our study and those of the 1D studies of Graham (2001) and MacArthur
et al. (2003), strengthens the need for 2D decompositions to recover the bulge parameters
accurately, especially in galaxies where the bulges contribute a substantial fraction to the
total light (cf. Byun & Freeman 1995; de Jong et al. 2004). Note that our average re/h ratio
is fully consistent with the study of Khosroshahi et al. (2000), who used a 2D decomposition
method for a sample of predominantly early-type disk galaxies.

No obvious trend is visible between the surface brightnesses of the bulges and disks in
our sample (right hand panel in figure 3.4, cf. Hunt et al. 2004).

3.8.2 correlations between different bulge parameters

Previous studies such as the ones by Khosroshahi et al. (2000); Graham (2001) and de Jong
et al. (2004) have revealed several correlations between the different parameters which char-
acterise the bulges. In figure 3.6, we study several of these correlations for our galaxies.

Panel (a) in this figure shows that the effective radius shows a clear correlation with the
total luminosity of the bulge. This is not very surprising, and simply shows that larger bulges
are more luminous.

A priori less expected is the relation between the Sérsic index n and the total luminosity
of the bulges (panel (d)): luminous bulges have predominantly higher n-values than their
low-luminosity counterparts. This trend was noted before by e.g. Andredakis et al. (1995);
Khosroshahi et al. (2000) and Graham (2001), and is also observed in elliptical galaxies
(e.g. Caon et al. 1993; Young & Currie 1994; Jerjen et al. 2000). It should, however, be
approached with some caution, as there may be a selection effect at play. Low-luminosity
bulges are generally small (panel (a)) and in many cases, their effective radii are only a few
arcseconds on the sky (see also table 3.5). In such cases, the seeing will smear out any sharp
peaks in the light profiles and, even though we deconvolve our bulge profiles when fitting the
Sérsic model, the n-value may effectively be lowered. Thus, the apparent correlation in panel
(d) may be partly artificial, and sub-arcsecond images would be required to confirm the trend
at the low-luminosity end (cf. Balcells et al. 2003).

The bulges in our sample span the full range from exponential light profiles (n ≈ 1) to De
Vaucouleurs (n ≈ 4), with UGC 6786 lying out at n = 5.5. A histogram of the distribution is
shown in figure 3.7. The average value of n for the entire sample is 2.5± 1.1, where the error
gives the standard deviation of the sample; for the sample without UGC 6786, this becomes
〈n〉 = 2.3 ± 0.9. These values are fully consistent with previous results from e.g. Andredakis
et al. (1995); de Jong (1996a); Graham (2001) and Hunt et al. (2004) and confirm the view
that the bulges of early-type disk galaxies form, at least as far as their n-values is concerned,
an intermediate population between elliptical galaxies, which have n around 4 but up to 15
in extreme cases (Caon et al. 1993; de Jong et al. 2004), and late-type galaxy bulges, which
usually have exponential or even steeper profiles (e.g. de Jong 1996a; MacArthur et al. 2003).

The three fundamental bulge parameters from equation 3.9, µe, re and n are all clearly
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Figure 3.6: Correlations between different bulge parameters: total magnitude Mb, effective

radius re, effective surface brightness µc
e (corrected for galactic foreground extinction), Sérsic

parameter n and intrinsic axis ratio q. All data refer to the R-band images. The open squares

indicate UGC 624, the circles indicate UGC 6786. The crosses in the bottom panels indicate

bulges where determination of the intrinsic flattening of the bulge was difficult (UGC 2916,

3205 and 3993; see table 3.5).

correlated (panels (c), (e) and (f) in figure 3.6, cf. Khosroshahi et al. 2000; de Jong et al.
2004; Hunt et al. 2004), but the selection effect described above may be important here as
well: seeing effects may introduce a bias for small bulges towards lower n. Furthermore, the
correlations may partly be caused by the definition of these parameters which intrinsically
couples them. Bulges with higher n values have a shallower light profile at large radii, but
with a suitable choice of the central surface brightness and effective radius, the profile can
look relatively similar to that of low-n bulges in the inner parts. Such high-n bulges will have
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Figure 3.7: The distribution of the

Sérsic n-parameter for the bulges in

our sample. The numbers were de-

rived from the R-band data.

Figure 3.8: The correlation be-

tween Sérsic n-parameter and fitted

central surface brightness µ0 (cor-

rected for galactic foreground ex-

tinction) for the bulges in our sam-

ple. All data are derived from the

R-band images.

a larger effective radius re than low-n bulges, and the surface brightness µe at that radius will
be lower. These are exactly the trends which are visible in figure 3.6.

Parameter coupling alone can, however, not explain the correlations between the bulge
parameters. This can be appreciated, for example, by considering instead of the effective
surface brightness the central surface brightness µ0. In figure 3.8, we show that the fitted
central bulge surface brightness is highly variable, with a similar width in the distribution
as for the effective surface brightness µe. Moreover, it is strongly correlated with the Sérsic
shape parameter as well. Thus, for a given n, bulges occupy a distinct region in surface
brightness space. The correlations between the bulge parameters are therefore real and must
have a true physical basis (cf. Trujillo et al. 2001).

There seems to be a weak trend between the flattening of the bulges and their total lu-
minosity, more luminous bulges being on average more flattened than low-luminosity bulges
(panel (g) in figure 3.6). This result is somewhat surprising, since previous studies had found
that flat ‘pseudobulges’ are more common in late-type spiral galaxies than in early-type disk
galaxies (Kormendy 1993; Kormendy & Kennicutt 2004, and references therein). One would
thus expect the most spherical bulges in our sample to be the most luminous, but this is clearly
not the case.

It is important to note that the uncertainties in individual measurements of the intrinsic
axis ratio of the bulge are large. In several cases, the ellipticity of the bulge isophotes is not
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Figure 3.9: The distribution of the intrinsic

axis ratios q of the bulges in our sample. All

values were derived from the R-band data.

The white histogram shows the distribution

for the entire sample, the light gray shading

indicates galaxies where the determination of

q was particularly difficult (UGC 2916, 3205

and 3993, see table 3.5). Dark shading indi-

cates UGC 6786.

constant with radius, and it is problematic to assign a unique value to the apparent axis-ratio
of the bulge. In other cases, where the bulges are small, seeing effects may lead to biases
as well. Finally, in galaxies that are close to face-on, there is little leverage on the problem,
as different intrinsic axis ratios lead to very minor changes in the observed image. The three
galaxies where the determination of the bulge flattening was particularly difficult (UGC 2916,
3205 and 3993) are indicated with crosses in the bottom panels in figure 3.6. In spite of all
these problems, the correlation in panel (g) is suggestive, and the uncertain data points do not
appear to alter it. There seems to be a genuine trend of more luminous bulges being flatter
than less luminous ones, contrary to the conjectures of Kormendy & Kennicutt (2004).

Finally, the distribution of the intrinsic axis ratios q for our entire sample of bulges is
shown in figure 3.9. The average value for the sample is 〈q〉 = 0.55 ± 0.12, where the error
gives the standard deviation of the sample. Exclusion of the three uncertain values does not
lead to different values. Note that none of the galaxies in our sample harbours a truly spherical
bulge. Furthermore, the least flattened bulge is that of UGC 6786, which differs from the rest
of the sample in many respects (see discussion above) and seems to be more resemblant of
an elliptical galaxy with a small disk of stars and gas (see also the note in section 3.9). All
other galaxies have a bulge intrinsic axis ratio of 0.7 or less.

3.8.3 colour gradients

It has long been known that many spiral galaxies do not have a uniform colour over their
entire disk, but instead become bluer towards larger radii (de Vaucouleurs 1961; de Jong
1996b; Matthews et al. 1999). Such colour gradients have been interpreted in the past as a
result of radial variations in the dust content and star formation history (SFH) in the disks
of spiral galaxies; de Jong (1996b) concluded, based on detailed radiative transfer and stellar
synthesis models, that dust reddening plays only a minor rôle and that most of the colour
gradients are due to “a combined stellar age and metallicity gradient across the disk, with the
outer regions being younger and of lower metallicity”. Here we investigate whether colour
differences between the bulges and the disks are responsible for (part of) the observed colour
gradients in our galaxies.

Inspection of the figures in appendix 3-II shows that many galaxies in our sample have
colour gradients; most galaxies become bluer towards larger radii. There are, however, also
galaxies which show no evidence for colour variations, or which become redder towards
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Figure 3.10: Bulge B-R colour vs. disk colour. In the left panel, the bulge colour is plotted vs.

the integrated disk colour; in the right panel, it is plotted against the fitted central disk colour,

µc
0,B − µc

0,R. The dashed line gives the locations of equal colour. All colours are corrected for

galactic foreground extinction.

large radii (e.g. UGC 89, 2953, 7139, 7989). It is important to note that the errorbars on the
colour profiles become large in the outer regions of the galaxies, predominantly as a result of
the uncertainties in the determination of the background level of the images. Although we
attempted to determine the background level in our images as accurately as possible and we
tried to include its uncertainty in the errorbars of our photometric profiles (see section 3.5.2),
it is possible that the large colour variations in the outer parts of e.g. UGC 6787, 7139 or 8863
are the result of incorrect background levels in one of the colour bands. Colour variations
in the bright inner regions of the galaxies cannot be explained by an improper background
determination and must be real.

The results from our bulge-disk decompositions indicate that the bulges of our galaxies
are on average significantly redder than the disks surrounding them (see figure 3.10). The
average B-R colour difference between the bulges and disks is 〈(B − R)bulge − (B − R)disk〉 =
0.43±0.30, where the error gives the standard deviation of the sample. This colour difference
between bulges and disks is partly responsible for the observed colour gradients: the relative
contribution of the red bulge light declines towards larger radii, at the cost of an increasing
contribution of bluer disk light. Good examples of this effect are UGC 94, 1541, 5253 and
11670.

However, our results also indicate that the colour differences between bulges and disks are
not sufficient to explain all radial colour gradients. In some cases, the bulge-subtracted images
(shown at the bottom right in the figures in appendix 3-II) do not contain any remaining colour
variations, showing that indeed the colour gradients in the original images were caused by
the influence of the bulges (e.g. UGC 2916, 9133, 11670). But in most cases, the bulge-
subtracted images still contain colour gradients and become bluer towards larger radii (e.g.
UGC 2487, 3205, 3993, 6787). Thus, our results show that not only are bulges on average
redder than their surrounding disks, the disks themselves are also bluer in the outer parts than
at smaller radii. If De Jong’s conclusion was correct that dust reddening plays only a minor
rôle in the colour gradients (de Jong 1996b), then our results indicate that the stars in the
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bulges were on average formed earlier than those in the disk (or have higher metallicity), and
that in the disks themselves, the star formation history and metallicity vary with radius (with
the stars in the outer regions being younger and/or having lower metallicity).

3.9 Notes on individual galaxies

UGC 89 (NGC 23) has a relatively small (re/h = 0.13) but bright bulge (central surface
brightness µc,R = 15.86 mag arcsec−2). The presence of the strong bar complicates the deter-
mination of the bulge parameters, as it dominates the light distribution till very small radii. In
particular, the ellipticity of the isophotes does not reach a constant value in the bulge region,
so we were forced to estimate the bulge ellipticity εb by eye. The bar is also responsible for
the characteristic ‘dip’ around r = 35′′ in the surface brightness profiles.

UGC 94 (NGC 26) has a very low bulge-to-disk luminosity ratio of Lb/Ld = 0.09 in R
(0.04 in B). The low luminosity of the bulge is caused by its low effective surface brightness
(µc

e = 21.43 mag arcsec−2 in the R-band), while its effective radius is normal (re/h = 0.31).
Of all bulges in our sample, this one lies furthest to the bottom-left in panel (b) of figure 3.6
(µc

e vs. Mb). Although UGC 94 is not classified as a barred galaxy, it has a small but distinct
bar in the center, oriented approximately east–west.

UGC 624 (NGC 338) has a relatively large and luminous bulge (re/h = 0.82, Lb,R/Ld,R =

2.60, see figure 3.4). These extreme properties may, however, be a result of the poor bulge-
disk decomposition for this galaxy. The combination of an exponential disk and Sérsic bulge
seems a rather inadequate description of this galaxy and the extreme bulge properties may
be simply an artefact caused by the fitting of an inappropriate model to the data. Part of the
problem with UGC 624 may be the high inclination and resulting dust extinction. There are
strong indications for dust extinction in the center (note for example the strong asymmetry
in the center, visible in the I1/I0 lopsidedness parameter, and by eye in the bulge-subtracted
image). It is not inconceivable that the peculiar shape of the luminosity profile of this galaxy
is at least partly caused by dust extinction.

UGC 1378 is one of the largest and most luminous galaxies in our sample, with an absolute
R-band magnitude of -23.05 and an B-band optical diameter (Dc

25) of 67 kpc. In the outer
parts, some faint, filamentary spiral structure is visible, particularly on the south side.

UGC 1541 (NGC 797) has a distinct bar which causes the typical ‘bump’ in the luminosity
profile around 40′′. To the west, at the end of the spiral arm, a small companion elliptical
galaxy is visible (cf. Zwicky & Zwicky 1971). The light of this companion was masked out
for the measurement of the luminosity profile and the subsequent bulge-disk decomposition.

UGC 2487 (NGC 1167) is the most luminous galaxy in our sample (Mlim,R = −23.24). It is
an almost perfect superposition of an exponential disk and a Sérsic bulge; the residuals with
respect to the fitted bulge and disk profiles are less than 0.05 mag arcsec−2 everywhere. Some
very faint spiral structure is visible in the disk.

UGC 2916 has a nuclear bar; the ellipticity of the isophotes in the center does not represent
the shape of the bulge and we were forced to estimate the bulge ellipticity εb by eye. As as
result, the derived intrinsic axis ratio of the bulge is uncertain. The colour gradient in this
galaxy can be fully explained by the colour difference between the bulge and disk; the colour
of the bulge-subtracted image does not vary with radius.
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UGC 2953 (IC 356) is a large and well-resolved galaxy on the sky, but it is relatively nearby
(D = 15.1 Mpc) and the physical dimensions are rather average for our sample (h = 4.1 kpc).
The decomposition in exponential disk and Sérsic bulge is almost perfect, with residuals less
than 0.1 mag arcsec−2 almost everywhere. It is also on of the most symmetric galaxies in our
sample, without any strong lopsided or oval distortions.

UGC 3205 has the lowest R-band bulge-to-disk luminosity ratio of all galaxies in our sample
(Lb/Ld = 0.07). Its bulge is also very small compared to the surrounding disk (re/h = 0.15)
and is only barely resolved in our images (re = 2.2′′, 1.7 times the seeing of the R-band
observations). As a result, the fitted Sérsic parameter n and intrinsic axis ratio q for this bulge
have a limited accuracy; higher-resolution observations are necessary to study the structure
of the bulge of this galaxy in detail. Although not classified as a barred galaxy, UGC 3205
has a weak bar, roughly oriented east-west (see also the I2/I0 Fourier term in the figure in
the appendix). Apart from the bar, the galaxy is highly symmetric. No spiral structure can
be seen in our images; a classification as S0 seems more appropriate than the Sab from the
UGC.

UGC 3546 (NGC 2273) has the smallest bulge of all galaxies in our sample, both in absolute
terms (re = 0.29 kpc) as relative to the surrounding disk (re/h = 0.10), but due to its high sur-
face brightness, the bulge-to-disk luminosity ratio is larger than in UGC 3205 (Lb/Ld = 0.12).
The bulge is embedded in a distinct bar; two spiral arms emanate from the ends of it and form
a ring in the outer parts (cf. van Driel & Buta 1991). In the very inner parts, a secondary bar
seems present, but high-resolution observations with HST by Erwin & Sparke (2003) showed
that it is actually a nuclear ring with a star-forming spiral inside. UGC 3546 has a Seyfert 2
nucleus (Huchra et al. 1982) and has been extensively studied at radio wavelengths (e.g. Ul-
vestad & Wilson 1984; Nagar et al. 1999). This galaxy was observed during three different
runs in R and two runs in B, enabling a thorough check on the internal consistency of our
observations and data reduction techniques (see section 3.6); all observations were found to
be fully consistent.

UGC 3580 is a relatively small and low-luminosity galaxy, with an absolute R-band magni-
tude of -19.42 and an R-band disk scale length of 2.4 kpc. It has an irregular appearance and
seems strongly affected by dust. Although there is clearly excess light in the center over the
exponential outer disk, this ‘bulge’ has a patchy light distribution, bearing little resemblance
to the smooth spheroids present in most other galaxies in our sample. It is also bluer than
the other bulges in our sample ((B − R)b = 1.05, corrected for galactic foreground extinc-
tion). Several ‘knots’ of bright emission are seen in the image as well, presumably regions
of active star formation; James et al. (2004) report an equivalent width for Hα + [N] of
2.9 nm, unusually large for an early-type spiral galaxy, indicating that indeed, this galaxy is
actively forming stars. In chapter 4, we show that the kinematical structure of this galaxy is
also different than that of the other galaxies in our sample.

All these facts lead us to assume that UGC 3580 is a (relatively luminous) member of
a class of dwarf early-type spiral galaxies, which have distinctly different morphological
and kinematical properties than the more common high-luminosity early-type disk galaxies.
Other galaxies in our sample which probably belong this class are UGC 12043, 12713 (see
below) and UGC 6742 (chapter 2).

UGC 3642 is dominated by a large and bright bulge. In the outer parts, a low surface bright-
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ness disk is visible with some filamentary spiral structure. There is a clear colour gradient in
the image, with the outer parts being almost a magnitude bluer than the inner bulge-dominated
regions.

UGC 3965 (IC 2204) is a near face-on galaxy dominated by a strong bar. It contains an inner
ring, enclosing the bar, and an outer ring, causing two ‘humps’ in the photometric profiles.

UGC 3993 is an example of a luminous bulge embedded in a low surface brightness (LSB)
disk. The fitted central surface brightness of the disk is 23.23 mag arcsec−2 (B-band, cor-
rected for galactic foreground extinction and inclination effects), but the description as an
exponential disk is rather poor and this value may not represent the actual surface brightness
of the disk in the center. The bulge-subtracted image in the appendix shows that the disk is
dominated by an inner ring with a radius of approximately 10′′ (∼ 3 kpc); in the outer regions,
some very faint, filamentary spiral arms are visible. Due to the near face-on orientation of
this galaxy (i = 23◦), the bulge and disk ellipticity could not be distinguished, and the bulge
flattening could only be guessed.

UGC 4458 (NGC 2599) has the second most luminous bulge of all galaxies in our sample
(Mb,R = −21.81), surpassed only by that of UGC 624 (but see note for that galaxy above).
The surrounding disk is highly extended, with an R-band exponential scale length of 8.6 kpc
(second largest of all galaxies in our sample, after UGC 9133). Some filamentary structures
can be recognised on the northwest of the disk, either faint spiral arms or shells caused by a
merging event.

UGC 5253 (NGC 2985) has a large featureless bulge which is well fitted with an R1/4-profile
(we find n = 3.9). However, the ellipticity of the isophotes in the bulge-dominated regions
is hardly lower than in the outer, disk-dominated regions, indicating that the bulge is highly
flattened; we derive an intrinsic axis-ratio of q = 0.4. The disk is dominated by beautiful,
grand design spiral arms; many ‘knots’ of bright blue emission can be discerned, presumably
star forming regions (cf. González Delgado et al. 1997).

UGC 6118 (NGC 3504) is a nearly face-on galaxy, dominated by a bright compact bulge
and a strong bar. Two diffuse spiral arms begin at the ends of the bar and form an almost
closed ring. The position angles and ellipticities of the isophotes in the inner region follow
the shape of the bulge and the bar; only outside 70′′ do the isophotes probe the orientation of
the axisymmetric disk.

UGC 6786 (NGC 3900) is in many ways different from the other galaxies in our sample (cf.
section 3.8). It has the largest and most luminous bulge of all galaxies, compared to the disk
(Lb/Ld = 3.91, re/h = 3.54, all in R) and the Sérsic parameter and intrinsic axis ratio of
the bulge are larger than in any other bulge in our sample (n = 5.5, q = 0.8). The bulge is
so dominant that the isophotes of the original image do not probe the disk elongation at any
radius, so the inclination derived using the standard method (section 3.5.1) was not correct.
Only after the subtraction of the bulge could the disk be distinguished properly and could
we derive its orientation from the shape of the faint spiral structure. For the derivation of
the disk profile and the intrinsic axis ratio of the bulge, we assumed an ellipticity of 0.21,
corresponding to an inclination of 69◦ (close to the kinematical inclination angle of 68◦ from
chapter 4).

The resulting disk profile shows a plateau of constant surface density in the center (µR ≈
21.5 mag arcsec−2) and an exponentially decaying profile outside 35′′ (∼ 4.5 kpc). A linear
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fit to the outer parts of the disk profile yields a scale length of 12.3′′ (1.6 kpc) and a formal
central surface brightness of 19.30 mag arcsec−2 (R-band, corrected for galactic foreground
extinction and inclination). Note, however, that such high surface brightnesses are in reality
not reached in the disk, due to the truncation of the profile around 35′′.

All combined, UGC 6786 does not look like a normal early-type disk galaxy at all, but
rather seems to resemble an elliptical galaxy which has acquired a disk of gas and stars. In the
recent past, it was discovered that many galaxies which are classified as ellipticals, harbour
small stellar disks (e.g. Rix & White 1990; Scorza & Bender 1995); UGC 6786 could well be
an extreme example of such a class of galaxies. There may also be a connection with galaxies
such as NGC 3108, an elliptical galaxy with an extended, regularly rotating gas disk around
it (Oosterloo et al. 2002). It is conceivable that the gas in NGC 3108 will eventually form
stars as well, and in fact, there is some evidence for a very faint stellar disk in the center of
this galaxy. UGC 6786 may be a similar but more evolved system as this galaxy.

UGC 6787 (NGC 3898) suffers from the same problem as UGC 6787: the luminous bulge
distorts the isophotes of the disk out to large radii and the standard method to derive the incli-
nation (section 3.5.1) cannot be used. Only after the model image of the bulge was subtracted
could the disk ellipticity be determined. The final disk photometric profile and the intrinsic
axis ratio of the bulge were derived using an inclination of 61◦. Note that this is still some-
what lower than the kinematic inclination derived from the H velocity field (chapter 4).

UGC 7139 (NGC 4138) is a relatively small and low-luminosity galaxy (MB = −18.93,
Dc

25,B = 11.2 kpc). The outer parts of the disk are smooth and featureless, but in the inner
regions, at a radius of about 25′′ (≈ 1.8 kpc), a blue ring of presumably young stars can be
seen; Pogge & Eskridge (1987) found widespread Hα emission at the corresponding loca-
tions. UGC 7139 is an example of an early-type disk galaxies with a large population of
counter-rotating stars. Jore et al. (1996) showed that 20 – 30% of the stars, and all of the gas,
rotate in the opposite direction compared to the dominant stellar component. The fraction
of counter-rotating material is largest in the star-forming ring. Thakar et al. (1997) interpret
the counter-rotating component as evidence for a merger event or continuous accretion of
infalling gas.

UGC 7989 (NGC 4725) is a nearby, well-resolved galaxy, which is too large to fit on a single
chip of the MDM camera; in the resulting image, two gaps can be seen between the individ-
ual chips. The image is dominated by a massive bar, oriented almost exactly along the major
axis of the outer disk. The spiral arms which begin at the ends of the bar form an almost
completely closed ring and contain many strings of star-forming regions (see for Hα obser-
vations Hameed & Devereux 2005). Outside this ring, the spiral structure becomes highly
asymmetric, with a large, diffuse arm on the east of the galaxy and a much sharper intensity
drop-off at the west. A similar behaviour was seen in the distribution of the neutral gas (see
chapter 2).

UGC 8271 (NGC 5014) is a small (Dc
25,B = 7.3 kpc) and low-luminosity (MB = −18.21)

galaxy located in the central regions of galaxy group LGG 334 (Garcia 1993). It contains
a faint polar ring-like structure: two faint extensions can be seen in emission northeast and
southwest of the center of the disk, whereas an absorption feature, running perpendicular
over the disk, is seen to the west of the center. The neutral gas component of this galaxy is
strongly distorted (chapter 2) and suggests a recent interaction or merger event. It is tempting
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to associate the polar ring with this event as well. An in-depth study of this galaxy and its
surroundings will be presented in a future paper (Popping et al., in preparation).

UGC 8699 (NGC 5289) is highly inclined (i = 77◦), but we can still recognise the bright
bulge, small bar and surrounding ring. The disk component in this galaxy has a low surface
brightness (µc

0,d = 23.39 mag arcsec−2, B-band, corrected for inclination effects and galactic
foreground extinction). The strong asymmetry in the central light distribution is most likely
the result of internal absorption by dust; at larger radii, the galaxy is highly symmetric. The
sudden change in position angle and ellipticity around 70′′ is a result from imperfect flatfield-
ing and is not real.

UGC 8863 (NGC 5377) consists of a bright bulge embedded in a giant bar. Two faint spiral
arms emanate from the ends of the bar and form a closed ring. The ‘jump’ in the fitted posi-
tion angles and ellipticities around 110′′ reflects the transition from the bar-dominated to the
spiral-arm-dominated region. A B-R colour map of this galaxy reveals a small ring with a
diameter of approximately 3′′ (≈ 350 pc) in the center, surrounding a point-like nucleus (cf.
Carollo et al. 1998 for HST observations of the central regions of this galaxy).

UGC 9133 (NGC 5533) is a luminous galaxy (MR = −22.62) which can almost perfectly be
decomposed in an exponential disk and Sérsic bulge (the residuals being less than 0.1 mag
arcsec−2 almost everywhere). It has the largest disk scale length of all galaxies in our sample
(hR = 8.9 kpc). The ellipticity of the bulge is barely lower than that of the disk, implying
that the bulge is highly flattened; we derive an intrinsic axis-ratio of q = 0.3. Some faint,
filamentary spiral structure is visible in the outer disk.

UGC 11670 (NGC 7013) is a small and relatively low-luminosity galaxy (hR = 1.8 kpc,
MB = −19.20). It has a large, lens-shaped bar with conspicuous dust-lanes running parallel
to it. In the outer parts, a diffuse disk with very faint spiral structure can be seen.

UGC 11852 is the most distant galaxy in our sample (D = 80.0 Mpc). It consists of a rel-
atively diffuse bulge embedded in a highly elongated bar. The spiral arms are somewhat
irregular and develop into narrow filaments extending to very large radii (barely visible in the
image in appendix 3-II).

UGC 11914 (NGC 7217) is a highly symmetric, nearly face-on galaxy, which can be well de-
composed in a Sérsic bulge and an exponential disk. The bulge is relatively large, compared
to the disk (re/h = 0.71). The residuals with respect to the model components are small,
except for a distinct ring of blue stars which causes excess light at a radius of approximately
75′′ (≈ 5.5 kpc; cf. Buta et al. 1995; Verdes-Montenegro et al. 1995). This ring coincides
with an enhanced surface density of neutral gas (chapter 2) and contains many star-forming
regions (Pogge 1989a; Battinelli et al. 2000). However, as discussed in section 2.4.4, the
gas surface densities are below the star-formation threshold from Kennicutt (1989), so it is
puzzling how this galaxy can sustain its large-scale star formation activity.

Note that our bulge-to-disk luminosity ratio for UGC 11914 is much lower than the value
derived by Buta et al. (1995) (0.58 vs. 2.3, both B-band); this difference is presumably caused
by the fact that they used an R1/4-profile for the bulge, whereas we left the Sérsic index free
in the fits. Our fitted bulge profile has n = 3.1, and thus contains much less light at large radii
than an R1/4-bulge. This difference illustrates once more the importance of using a general
Sérsic profile for the bulge intensity distribution, rather than the less flexible De Vaucouleurs
profile.
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Although UGC 12043 (NGC 7286) has the characteristic smooth light distribution of early-
type disk galaxies, it completely lacks a central bulge component. The light profile shows
only an exponential disk; the fitted exponential profiles are overplotted with the bold lines
in the figure on page 149. This galaxy is also smaller and less luminous than other galaxies
in our sample (Dc

25,R = 7.8 kpc, MR = −18.26). This galaxy seems a member of a class of
dwarf early-type spiral galaxies with distinctly different properties than their high-luminosity
early-type counterparts (see also UGC 3580 and 12713).

UGC 12713 is the most extreme example of the class of dwarf early-type disk galaxies, other
members of which are UGC 3580 and 12043. This galaxy is by far the smallest and least
luminous galaxy in our sample (Dc

25,R = 2.2 kpc, MR = −15.01) and it completely lacks a
central bulge component. The photometric profile has in fact a Freeman Type II shape (Free-
man 1970), with the center having a lower surface brightness than an inward extrapolation of
the disk profile would predict. Unlike most galaxies in our sample, this galaxy has a positive
colour gradient and becomes bluer towards larger radii. Pogge & Eskridge (1987) reclassified
this galaxy as an irregular, but the light distribution in the outer regions seems to be much
smoother than in normal dwarf irregulars.

3.10 Summary and Conclusions

We have obtained deep R- and B-band surface photometry for a sample of 30 early-type
disk galaxies with morphological types between S0 and Sab and B-band absolute magnitudes
between -14 and -22. For 8 galaxies, I-band photometry is available as well. On average, our
data reach surface brightness levels of 26.98, 26.09 and 24.37 mag arcsec−2 (3σ) in B, R and
I respectively.

For all galaxies, we have presented the results of our isophotal analysis, including radial
variations of surface brightness, colour, ellipticity, position angle and deviations from axi-
symmetry. We have also determined isophotal and effective diameters and total magnitudes.

We have developed a new, interactive, bulge-disk decomposition method which takes into
account the full 2D information from the image. This method has been applied to a subset
of 21 galaxies from our sample. The images were decomposed into spheroidal bulges with
a general Sérsic intensity profile and disks with an arbitrary intensity distribution. We made
no prior assumptions about the intrinsic axis ratios of the bulges, but rather determined those
directly from the images by comparing the ellipticity of the bulge isophotes to that of the
outer disk.

From a comparison of different bulge and disk parameters, we find the following results
concerning the structure of early-type disk galaxies:

– 1D bulge-disk decomposition methods, where analytic functions are fit directly to the
radial photometric profiles, suffer from systematic biases, particularly in galaxies with
large and luminous bulges. For example, they can lead to severe under-estimates of the
effective radii of the bulges. 2D techniques, which use the full information available in the
image, are less affected by such biases and yield more accurate results on the structural
parameters of the bulges.

– There is a wide range in bulge-to-disk luminosity and size ratios. The average value of
log(Lb/Ld) is −0.23±0.47 and the average ratio re/h is 0.32±0.15 (excluding two galaxies,
UGC 624 and 6786, which have unusually large bulges, see section 3.9). The errors give
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the standard deviations of the samples. The common belief that early-type disk galaxies
have large and luminous bulges does not hold in all cases; our sample contains several
galaxies with faint and/or small bulges compared to the surrounding disks (e.g. UGC 94,
3205, 3546).

– Luminous bulges have on average larger values for the Sérsic shape parameter n, consis-
tent with previous studies. The average value for all bulges in our sample is 〈n〉 = 2.5±1.1.
Bulges of early-type disk galaxies form, at least as far as their n-values is concerned, an
intermediate population between elliptical galaxies and late-type galaxy bulges.

– The three fundamental bulge parameters, µe, re and n are all correlated, with the large
bulges having a lower effective surface brightness and a more strongly centrally peaked
light distribution (higher n).

– The flattening of the bulges is weakly coupled to their luminosity, more luminous bulges
generally being more flattened than low-luminosity systems. The scatter in the relation is,
however, large and more observations are needed to investigate this trend further. None of
the galaxies in our sample harbours a truly spherical bulge; in contrast, several bulges are
highly flattened with intrinsic axis ratios as low as 0.3 – 0.4 (e.g. UGC 5253, 9133). The
average intrinsic axis ratio of the bulges in our sample is 〈q〉 = 0.55 ± 0.12. Our results
suggest that many of the bulges in our sample are not miniature elliptical galaxies, but
rather ‘pseudobulges’ formed from disk material by secular processes, in accordance with
the ideas proposed by Kormendy & Kennicutt (2004). However, whereas they assumed
that such pseudobulges occur mainly in later-type spiral galaxies, our results show that
they are common in massive, early-type disk galaxies as well.

– The single exception to the last point is UGC 6786. This galaxy is fully dominated by its
bulge (Lb/Ld = 3.91, re/h = 3.54, all in R), which has a Sérsic n-parameter of 5.5 and
is almost spherical (q = 0.8). It has a clear disk component, but its luminosity profile is
unusual, with a plateau of constant surface-density in the center and a steep exponential
fall-off in the outer parts. It seems most logical to interpret this galaxy as an elliptical
which has later acquired a disk of gas and stars (e.g. due to accretion or a merger event).

– Many galaxies have become bluer towards larger radii. In some cases, this can be ex-
plained solely by the radially declining contribution of the red bulge to the total light. In
most cases, however, this effect is not sufficient and the disks themselves must contain
colour gradients as well.

The results presented in this chapter are used in chapter 6 to calculate the contributions
of the stellar components to the rotation curves of these early-type disk galaxies.

Acknowledgements

I am grateful to Alister W. Graham for helpful discussions about various issues related to
bulge-disk decompositions, and for kindly providing the FORTRAN code to perform the
least-squares fits to the bulge profiles. I would also like to thank Jelte de Jong for carrying
out the observations of UGC 6786 and 7989 on the 2.4m MDM Hiltner Telescope.

The Jacobus Kapteyn Telescope and Isaac Newton Telescope are operated on the island of
La Palma by the Isaac Newton Group in the Spanish Observatorio del Roque de los Mucha-
chos of the Instituto de Astrofisica de Canarias. Part of the data described in this study was
collected via the service observation scheme of the Isaac Newton Group. IRAF is distributed



S  C 117

by the National Optical Astronomy Observatories, which are operated by the Association of
Universities for Research in Astronomy, Inc., under cooperative agreement with the National
Science Foundation.



118  3: T   

3-I Appendix: Tables

Table 3.2: List of observations: (1) galaxy name; (2) colour band; (3) telescope used; (4) observing

dates; (5) total exposure time; (6) effective seeing; (7) photometric error and (8) magnitude corre-

sponding to 3σbg above sky level. See text for detailed description of the columns.

UGC band telescope dates texp seeing σphot µ3σ

sec ′′ mag mag
(1) (2) (3) (4) (5) (6) (7) (8)

89 R JKT 2/11/00‡, 4/11/00 2800 1.1 0.076 26.12
B JKT 4/11/00 2400 1.3 0.12 26.63

94 R INT 5/11/00 600 1.5 0.038 25.77
B INT 5/11/00 600 1.7 0.029 27.77

624 R JKT 31/10/00 2400 0.8 0.049 26.71
B INT 5/11/00 600 1.8 0.030 28.64
I JKT 27/1/01 1440 1.3 0.049 24.19

1378 R JKT 1/11/00 2400 1.1 0.19 25.93
B JKT 25/1/01 2400 2.2 0.21 26.89
I JKT 28/1/01 1800 1.2 0.18 25.04

1541 R JKT 2/11/00‡, 3/11/00 2880 1.6 0.093 26.23
B JKT 3/11/00 2400 2.2 0.16 27.72
I JKT 27/1/01 1500 1.4 0.047 24.48

2487 R JKT 29/10/00, 30/10/00 2400 1.8 0.027 26.36
B JKT 24/1/01 2400 1.3 0.072 26.46

2916 R JKT 31/10/00 2400 1.0 0.056 26.80
B JKT 5/11/00 2400 1.8 0.019 27.38

2953 R† JKT 18/11/01‡ 2400 1.7 0.029$ 24.83
R† INT 3/2/95‡ 180 2.2 0.51$ 26.83
B† JKT 4/11/00, 5/11/00 3300 1.9 0.14 25.47
B† JKT 18/11/01‡ 2400 2.1 0.055$ 25.43
I JKT 29/1/01 1800 1.1 0.15 23.05

3205 R† JKT 26/1/01 1800 1.3 0.12 25.59
R† JKT 29/10/00 2400 3.6 0.032 25.22
B JKT 1/11/00 2400 1.0 0.17 26.68
I JKT 30/1/01 2000 3.1 0.20 23.92

3546 R† JKT 30/10/00 2400 0.9 0.028 26.27
R† JKT 26/1/01 1800 1.2 0.13 26.03
R† JKT 18/11/01‡ 2400 2.0 0.028$ 26.79
B† JKT 30/10/00, 5/11/00 2400 1.6 0.22 27.77
B† JKT 18/11/01‡ 2400 2.0 0.052$ 27.09

† multiple exposures used to check consistency of our observations, see section 3.6.
Only the first observation listed for each band is used in the remainder of this chapter.
‡ night with non-photometric conditions.
$ lower limit for photometric error only, due to non-photometric conditions during

observations.
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Table 3.2: List of observations: continued

UGC band telescope dates texp seeing σphot µ3σ

sec ′′ mag mag
(1) (2) (3) (4) (5) (6) (7) (8)

3580 R INT 27/12/95 300 1.0 0.051 26.20
B INT 27/12/95 300 1.2 0.12 28.05

3642 R JKT 1/11/00 2400 0.9 0.19 26.54
B JKT 24/1/01 2400 1.4 0.076 26.02

3965 R JKT 29/10/00 3200 1.3 0.030 26.16
B JKT 29/10/00 2400 1.7 0.13 26.63
I JKT 27/1/01 1800 1.1 0.043 24.34

3993 R JKT 26/1/01 2400 1.2 0.16 26.86
B JKT 2/4/02∗ 500 1.7 0.18 25.74

4458 R JKT 2/11/00‡, 3/11/00 3680 1.1 0.095 26.56
B† JKT 25/1/01 2400 2.0 0.18 27.15
B† JKT 3/11/00 2400 2.1 0.15 26.32

5253 R INT 3/5/94 300 1.6 0.24 26.84
B JKT 4/4/02∗‡ 1800 1.6 0.14$ 26.19

6118 R JKT 23/5/00 2400 1.8 0.16 27.66
B JKT 30/4/02∗ 1800 1.8 0.28 25.80

6786 R† JKT 31/1/01 720 1.1 0.053 25.69
R† MDM 1/1/03 480 1.4 0.022 25.63

6787 R JKT 29/5/00 1800 1.7 0.26 26.41
B JKT 31/1/01 1800 1.2 0.11 27.82

7139 R JKT 30/5/00‡ 2400 1.1 0.076$ 25.06
B JKT 24/5/00 2400 1.8 0.10 27.95

7989 R† MDM 1/1/03 540 2.0 0.024 25.77
R† JKT 25/5/00, 28/5/00 2400# 1.3 0.040 26.74
B MDM 31/12/02 540 1.3 0.030 27.00

8271 R JKT 28/5/00 2400 1.2 0.13 25.85
B JKT 23/5/00, 25/5/00 2400 1.8 0.017 27.25

8699 R JKT 24/5/00 2400 1.6 0.24 25.33
B JKT 24/5/00 2400 1.7 0.11 25.76

8863 R JKT 29/5/00, 27/1/01 3300 1.6 0.24 26.02
B JKT 29/5/00, 1/6/00 3600 1.1 0.16 27.96

9133 R JKT 26/5/00, 27/5/00 2400 1.3 0.086 25.61
B JKT 1/6/00, 19/4/02∗ 3000 2.3 0.085 27.23

† multiple exposures used to check consistency of our observations, see section 3.6.
Only the first observation listed for each band is used in the remainder of this chapter.
‡ night with non-photometric conditions.
$ lower limit for photometric error only, due to non-photometric conditions during

observations.
∗ observations done in service mode at the JKT.
# mosaic of 4 pointings.
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Table 3.2: List of observations: continued

UGC band telescope dates texp seeing σphot µ3σ

sec ′′ mag mag
(1) (2) (3) (4) (5) (6) (7) (8)

11670 R JKT 26/5/00 3000 1.3 0.11 25.98
B JKT 30/5/00‡ 2400 1.3 0.19$ 27.01
I JKT 31/5/00‡, 1/6/00 2400 1.1 0.14 25.12

11852 R JKT 27/5/00 2400 0.9 0.081 25.86
B JKT 27/5/00 2400 1.1 0.084 26.58
I JKT 1/6/00 2400 1.1 0.075 24.82

11914 R JKT 30/5/00‡, 31/5/00‡, 2900 1.1 0.22 25.40
3/6/02∗

B JKT 30/5/00‡, 3/6/02∗ 2900 1.3 0.24 26.65
12043 R JKT 29/5/00 2400 1.2 0.26 26.04

B JKT 31/5/00‡, 1/6/01 3300 1.4 0.12 26.37
12713 R† JKT 18/11/01‡ 2400 1.6 0.028$ 26.19

R† JKT 30/10/00 2400 1.2 0.027 26.29
B† JKT 30/10/00 2400 1.2 0.20 27.76
B† JKT 18/11/01‡ 2400 1.7 0.049$ 27.11

† multiple exposures used to check consistency of our observations, see section 3.6.
Only the first observation listed for each band is used in the remainder of this chapter.
‡ night with non-photometric conditions.
$ lower limit for photometric error only, due to non-photometric conditions during

observations.
∗ observations done in service mode at the JKT.
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Table 3.3: Isophotal properties: (1) UGC number; (2) RA and (3) Dec of central position;

(4) uncertainty in central position and (5) dominant source of uncertainty; (6) position angle

(north through east) of major axis; (7) ellipticity and (8) inclination angle.

UGC central position uncertainty PA ε i
RA (2000) Dec (2000) σpos source

h m s ◦ ′ ′′ ′′ ◦ ◦

(1) (2) (3) (4) (5) (6) (7) (8)
89 0 9 53.47 25 55 26.0 0.6 DSS -14 0.37 52
94 0 10 26.05 25 49 47.5 0.6 DSS -76 0.34 50

624 1 0 36.42 30 40 8.6 0.6 DSS -72 0.52 64
1378 1 56 19.37 73 16 58.0 0.6 DSS 6 0.50 62
1541 2 3 27.97 38 7 0.9 0.6 DSS 67 0.26 43
2487 3 1 42.34 35 12 20.6 0.6 DSS 70 0.20 38
2916 4 2 33.8 71 42 21.1 0.6 DSS 53 0.14 31
2953 4 7 46.7 69 48 46.7 0.6 DSS -85 0.33 49
3205 4 56 14.88 30 3 8.3 0.6 DSS 42 0.60 69
3546 6 50 8.7 60 50 45.4 0.6 DSS 51 0.37 52
3580 6 55 30.9 69 33 47.1 1.0 dust 7 0.48 61
3642 7 4 20.34 64 1 13.1 0.6 DSS -45 0.22 40
3965 7 41 18.13 34 13 55.5 0.6 DSS 80 0.10 26
3993 7 55 44.1 84 55 35.4 0.6 DSS 44 0.08 23
4458 8 32 11.34 22 33 38.3 0.6 DSS -72 0.12 29
5253 9 50 22.50 72 16 44.3 0.6 DSS -3 0.18 36
6118 11 3 11.22 27 58 21.4 0.7 DSS -64 0.06 20
6786 11 49 9.52 27 1 20.2 0.6 DSS 1 0.45 58†

6787 11 49 15.26 56 5 5.5 0.6 DSS -73 0.40 55†

7139 12 9 29.81 43 41 7.4 0.6 DSS -30 0.38 53
7989 12 50 26.57 25 30 2.4 0.6 DSS 41 0.45 58
8271 13 11 31.02 36 16 57.7 1.5 dust -81 0.75 81
8699 13 45 8.74 41 30 12.3 0.6 DSS -81 0.70 77
8863 13 56 16.62 47 14 8.9 0.6 DSS 30 0.43 57
9133 14 16 7.76 35 20 38.3 0.6 DSS 26 0.37 52

11670 21 3 33.56 29 53 51.2 0.6 DSS -26 0.58 68
11852 21 55 59.27 27 53 55.6 0.6 DSS 13 0.38 53
11914 22 7 52.43 31 21 34.5 0.6 DSS 81 0.10 26
12043 22 27 50.53 29 5 45.9 0.7 DSS -84 0.60 69
12713 23 38 14.4 30 42 30.0 1.5 dust 58 0.54 65
†But isophotes not representative of disk ellipticity; see text.
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Table 3.4: Photometric properties: (1) UGC number; (2) colour band for columns (3) to (14); (3) and (4) raw isophotal diameters at 25

and 26.5 mag arcsec−2; (5) and (6) idem, but corrected for inclination and galactic foreground extinction; (7) – (9) effective radii containing

20, 50 and 80% of the total light; (10) conversion factor to convert arcseconds into kpc; (11) and (12) total apparent magnitudes within the

25th mag arcsec−2 diameter and within the last measured point; (13) and (14) total absolute magnitudes.

UGC band D25 D26.5 Dc
25 Dc

26.5 R20 R50 R80 scale m25 mlim M25 Mlim
′′ ′′ ′′ ′′ ′′ ′′ ′′ kpc/′′ mag mag mag mag

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)
89 R 197 – 181 237 4.4 23 40 0.30 11.41 ± 0.08 11.38 ± 0.08 -22.66 -22.69

B 145 202 129 191 4.2 23 40 0.30 12.76 ± 0.12 12.68 ± 0.13 -21.37 -21.45
94 R 107 – 98 136 9.8 12 28 0.30 12.72 ± 0.04 12.69 ± 0.04 -21.36 -21.39

B 87 121 82 107 9.9 15 31 0.30 13.92 ± 0.03 13.83 ± 0.03 -20.23 -20.32
624 R 192 258 145 225 5.3 18 42 0.32 11.98 ± 0.05 11.96 ± 0.05 -22.23 -22.25

B 112 191 91 149 6.6 20 42 0.32 13.61 ± 0.03 13.48 ± 0.03 -20.70 -20.83
I – – 166 – 5.0 16 37 0.32 – 11.23 ± 0.07 – -22.94

1378 R 321 – 344 – 17 50 94 0.21 11.43 ± 0.19 11.39 ± 0.19 -23.01 -23.05
B 168 343 325 – 25 65 132 0.21 13.70 ± 0.21 13.17 ± 0.22 -21.53 -22.06
I – – – – 20 57 115 0.21 – 10.22 ± 0.18 – -23.87

1541 R 145 – 137 – 4.0 19 39 0.37 12.21 ± 0.09 12.17 ± 0.09 -22.37 -22.41
B 106 167 104 163 5.3 27 44 0.37 13.73 ± 0.16 13.55 ± 0.16 -20.94 -21.12
I – – – – 3.9 16 37 0.37 – 11.47 ± 0.05 – -23.07

2487 R 211 275 220 – 9.3 30 63 0.33 11.43 ± 0.03 11.39 ± 0.03 -23.20 -23.24
B 143 217 166 – 9.8 32 68 0.33 13.27 ± 0.08 13.06 ± 0.10 -21.67 -21.88

2916 R 113 148 125 – 5.0 14 33 0.31 12.80 ± 0.06 12.75 ± 0.06 -21.96 -22.01
B 80 118 106 – 6.3 17 35 0.31 14.34 ± 0.02 14.18 ± 0.03 -20.89 -21.05

2953 R 531$ – – – 32 81 150 0.073 9.49 ± 0.05$ 9.48 ± 0.05$ -22.53 -22.54
B 338 – – – 32 77 133 0.073 11.56 ± 0.15 11.49 ± 0.16 -21.15 -21.22
I – – – – 31 76 144 0.073 – 8.34 ± 0.16 – -23.37

3205 R 142 – 148 – 9.9 23 40 0.24 13.02 ± 0.12 13.00 ± 0.12 -21.86 -21.88
B 90 146 138 – 12 27 47 0.24 15.15 ± 0.17 14.88 ± 0.18 -20.62 -20.89
I – – – – 11 24 43 0.24 – 12.01 ± 0.21 – -22.48

$ Values from non-photometric data. Isophotal diameters uncertain; errors on magnitudes are lower limits only.
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Table 3.4: Photometric properties: continued

UGC band D25 D26.5 Dc
25 Dc

26.5 R20 R50 R80 scale m25 mlim M25 Mlim
′′ ′′ ′′ ′′ ′′ ′′ ′′ kpc/′′ mag mag mag mag

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)
3546 R 234 – 224 270 8.9 25 66 0.13 11.03 ± 0.03 11.02 ± 0.03 -21.34 -21.35

B 193 236 185 230 11 28 70 0.13 12.54 ± 0.22 12.47 ± 0.22 -19.95 -20.02
3580 R 196 253 164 231 8.9 25 58 0.093 12.18 ± 0.04 12.14 ± 0.05 -19.38 -19.42

B 140 215 111 189 8.6 26 62 0.093 13.52 ± 0.01 13.33 ± 0.02 -18.12 -18.31
3642 R 166 223 162 217 4.3 18 46 0.30 11.93 ± 0.19 11.89 ± 0.19 -22.19 -22.23

B 114 – 110 – 6.0 24 59 0.30 13.57 ± 0.08 13.31 ± 0.11 -20.63 -20.89
3965 R 92 – 93 – 4.0 13 30 0.30 13.03 ± 0.03 12.93 ± 0.04 -21.09 -21.19

B 72 104 74 107 5.4 15 32 0.30 14.31 ± 0.13 14.13 ± 0.14 -19.89 -20.07
I 96 – 96 – 3.4 11 24 0.30 12.38 ± 0.06 12.38 ± 0.06 -21.70 -21.70

3993 R 106 135 108 137 3.5 11 28 0.30 12.82 ± 0.16 12.78 ± 0.16 -21.31 -21.35
B 88 – 92 – 4.4 14 36 0.30 14.18 ± 0.19 14.04 ± 0.20 -20.05 -20.19

4458 R 188 272 186 270 4.5 19 56 0.31 11.58 ± 0.10 11.52 ± 0.10 -22.55 -22.61
B 134 222 134 222 5.6 25 67 0.31 13.05 ± 0.18 12.81 ± 0.18 -21.14 -21.38

5253 R 433 – 417 543 12 42 103 0.10 9.81 ± 0.24 9.79 ± 0.24 -21.88 -21.90
B 354$ – 333$ 490$ 17 55 123 0.10 10.97 ± 0.14$ 10.88 ± 0.15$ -20.77 -20.86

6118 R 207 249 207 249 5.9 25 54 0.11 10.65 ± 0.16 10.63 ± 0.16 -21.15 -21.17
B 171 – 173 – 5.0 25 54 0.11 11.79 ± 0.28 11.75 ± 0.28 -20.06 -20.10

6786 R 262 – 224 323 9.6 29 64 0.13 11.05 ± 0.05 11.02 ± 0.06 -21.10 -21.13
6787 R 316 – 288 365 7.4 29 75 0.092 10.17 ± 0.26 10.16 ± 0.26 -21.27 -21.28

B 260 383 223 340 9.5 37 90 0.092 11.57 ± 0.11 11.47 ± 0.11 -19.90 -20.00
7139 R 278$ – 243$ – 10 26 56 0.072 10.30 ± 0.08$ 10.29 ± 0.08$ -20.60 -20.61

B 175 229 156 213 11 26 51 0.072 12.05 ± 0.10 12.00 ± 0.10 -18.88 -18.93
7989 R 784 – 696 – 35 113 212 0.088 8.81 ± 0.03 8.79 ± 0.03 -22.52 -22.54

B 484 741 433 672 35 113 212 0.088 10.43 ± 0.03 10.30 ± 0.04 -20.92 -21.05
8271 R 181 – 102 155 7.4 17 35 0.086 12.33 ± 0.13 12.30 ± 0.13 -18.93 -18.96

B 158 254 85 131 7.7 18 38 0.086 13.12 ± 0.02 13.06 ± 0.02 -18.15 -18.21
$ Values from non-photometric data. Isophotal diameters uncertain; errors on magnitudes are lower limits only.
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Table 3.4: Photometric properties: continued

UGC band D25 D26.5 Dc
25 Dc

26.5 R20 R50 R80 scale m25 mlim M25 Mlim
′′ ′′ ′′ ′′ ′′ ′′ ′′ kpc/′′ mag mag mag mag

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)
8699 R 184 – 118 179 5.8 18 42 0.18 12.14 ± 0.24 12.11 ± 0.24 -20.71 -20.74

B 137 – 93 133 6.7 21 43 0.18 13.45 ± 0.11 13.39 ± 0.11 -19.42 -19.48
8863 R 318 – 281 384 11 36 88 0.13 10.66 ± 0.24 10.62 ± 0.24 -21.56 -21.60

B 240 312 170 285 11 37 87 0.13 12.19 ± 0.16 12.09 ± 0.16 -20.05 -20.15
9133 R 276 – 244 336 8.6 31 77 0.26 11.13 ± 0.09 11.09 ± 0.09 -22.58 -22.62

B 190 274 159 251 11 36 78 0.26 12.66 ± 0.09 12.52 ± 0.09 -21.08 -21.22
11670 R 306 – 282 365 12 34 76 0.062 10.57 ± 0.11 10.55 ± 0.11 -20.53 -20.55

B 224$ 305$ 218$ 299$ 14 36 79 0.062 12.33 ± 0.19$ 12.25 ± 0.19$ -19.12 -19.20
I 367 – 333 – 13 37 81 0.062 9.82 ± 0.14 9.81 ± 0.14 -21.12 -21.13

11852 R 101 – 93 – 4.8 13 29 0.39 13.20 ± 0.08 13.17 ± 0.08 -21.50 -21.53
B 81 121 76 112 6.4 16 37 0.39 14.57 ± 0.09 14.38 ± 0.10 -20.25 -20.44
I – – 122 – 5.7 16 37 0.39 – 12.51 ± 0.09 – -22.14

11914 R 367 – 374 – 16 45 91 0.072 9.77 ± 0.22 9.75 ± 0.22 -21.33 -21.35
B 251 342 266 356 16 42 81 0.072 11.04 ± 0.24 10.98 ± 0.24 -20.21 -20.27

12043 R 129 – 104 143 8.3 18 34 0.075 12.88 ± 0.26 12.85 ± 0.26 -18.23 -18.26
B 109 154 89 128 8.3 18 35 0.075 13.75 ± 0.12 13.68 ± 0.12 -17.46 -17.53

12713 R 96$ 129$ 79$ 114$ 8.8 17 32 0.028 13.99 ± 0.03$ 13.93 ± 0.04$ -14.95 -15.01
B 73 108 58 91 8.1 16 31 0.028 15.00 ± 0.20 14.83 ± 0.20 -14.05 -14.22

$ Values from non-photometric data. Isophotal diameters uncertain; errors on magnitudes are lower limits only.
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Table 3.5: Results from the bulge-disk decompositions: (1) UGC number; (2) colour band for columns (3) to (17); (3) conversion factor to convert

arcseconds into kpc; (4) bulge ellipticity; (5) bulge intrinsic axis ratio; (6) bulge effective surface brightness; (7) idem, but corrected for galactic foreground

extinction; (8) bulge effective radius; (9) bulge Sérsic parameter, (10) bulge total apparent magnitude; (11) bulge total absolute magnitude; (12) disk central

surface brightness; (13) idem, but corrected for inclination and galactic foreground extinction; (14) disk scale length; (15) disk total apparent magnitude;

(16) disk total absolute magnitude and (17) total bulge-to-disk luminosity ratio.

UGC band scale bulge parameters disk parameters
εb q µe µc

e re n mb Mb µ0 µc
0 h md Md B/D

kpc/′′ mag
arcsec2

mag
arcsec2

′′ mag mag mag
arcsec2

mag
arcsec2

′′ mag mag
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17)

89 R 0.30 0.25 0.5 17.53 17.43 2.9 1.2 12.77 -21.30 20.19 20.61 22.1 11.75 -22.32 0.39
B 0.30 idem 18.84 18.67 idem 14.08 -20.05 21.29 21.65 21.2 13.05 -21.08 0.39

94 R 0.30 0.14 0.7 21.43 21.33 3.7 2.5 15.58 -18.50 20.04 20.42 11.9 13.00 -21.08 0.09
B 0.30 idem 23.24 23.08 idem 17.41 -16.74 21.02 21.33 12.0 14.01 -20.14 0.04

624 R 0.32 0.33 0.5 21.10 20.95 15.0 3.7 12.30 -21.91 21.17 21.92 18.3 13.34 -20.87 2.60
B 0.32 idem 22.94 22.70 idem 14.19 -20.12 21.87 22.53 17.7 14.34 -19.97 1.15
I 0.32 idem 20.52 20.41 idem 11.82 -22.35 19.00 19.79 12.9 12.26 -21.91 1.50

1541 R 0.37 0.16 0.6 19.10 18.95 4.2 2.2 13.09 -21.49 20.84 21.03 19.6 12.73 -21.85 0.72
B 0.37 idem 20.78 20.54 idem 14.77 -19.90 22.26 22.36 21.5 13.92 -20.75 0.46
I 0.37 idem 18.40 18.29 idem 12.39 -22.15 19.91 20.14 18.1 12.02 -22.52 0.71

2487 R 0.33 0.11 0.7 19.89 19.40 6.7 1.7 12.94 -21.69 20.35 20.12 24.4 11.69 -22.94 0.32
B 0.33 idem 21.52 20.73 idem 14.57 -20.37 22.24 21.71 27.5 13.40 -21.54 0.34

2916 R 0.31 0.12† 0.4† 21.09 20.34 8.8 2.3 13.40 -21.36 21.57 20.99 16.1 13.60 -21.16 1.20
B 0.31 idem 22.97 21.76 idem 15.26 -19.97 22.31 21.27 14.6 14.68 -20.55 0.59

2953 R 0.073 0.20 0.6 21.34$ 20.22$ 24.1 3.3 11.38$ -20.64$ 19.92$ 19.25$ 56.1 9.69$ -22.33$ 0.21
B 0.073 idem 23.60 21.78 idem 13.68 -19.03 21.72 20.36 53.8 11.68 -21.03 0.16
I 0.073 idem 20.19 19.37 idem 10.26 -21.45 18.68 18.32 54.1 8.58 -23.13 0.21

3205 R 0.24 0.24‡ 0.7‡ 20.06 18.61 2.2 0.8‡ 16.03 -18.85 19.92 19.59 14.8 13.08 -21.80 0.07
B 0.24 idem 22.13 19.80 idem 18.12 -17.65 22.19 20.97 18.2 14.94 -20.83 0.05
I 0.24 idem 19.65 18.60 idem 15.78 -18.71 18.97 19.04 15.7 12.04 -22.45 0.03

3546 R 0.13 0.22 0.6 17.48 17.29 2.2 1.0 13.40 -18.97 19.15 19.49 21.1 11.13 -21.24 0.12
B 0.13 idem 19.14 18.84 idem 15.07 -17.42 20.71 20.93 22.0 12.56 -19.93 0.10

†Galaxy with nuclear bar. Ellipticity of bulge isophotes does not converge ‡Value poorly constrained due to small size of bulge. See text.
to constant value; average value is ad hoc estimate only. $ Values from non-photometric data.
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Table 3.5: Results from the bulge-disk decompositions: continued

UGC band scale bulge parameters disk parameters
εb q µe µc

e re n mb Mb µ0 µc
0 h md Md B/D

kpc/′′ mag
arcsec2

mag
arcsec2

′′ mag mag mag
arcsec2

mag
arcsec2

′′ mag mag
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17)
3580 R 0.093 0.28 0.6 20.22 20.08 8.0 1.4 13.22 -18.34 20.93 21.58 25.5 12.65 -18.91 0.59

B 0.093 idem 21.36 21.13 idem 14.37 -17.27 22.25 22.81 26.7 13.87 -17.77 0.63
3993 R 0.30 0.05# 0.5# 20.53 20.36 7.1 2.7 13.16 -20.97 22.45 22.37 18.2 14.07 -20.06 2.32

B 0.30 idem 22.03 21.76 idem 14.69 -19.54 23.42 23.23 24.0 14.91 -19.32 1.23
4458 R 0.31 0.10 0.4 19.21 19.12 5.8 2.6 12.32 -21.81 21.21 21.26 27.7 12.21 -21.92 0.91

B 0.31 idem 20.72 20.57 idem 13.82 -20.37 22.62 22.62 31.3 13.35 -20.84 0.65
5253 R 0.10 0.15 0.4 20.48 20.41 25.1 3.9 10.28 -21.41 21.16 21.32 52.2 10.80 -20.89 1.62

B 0.10 idem 21.98$ 21.86$ idem 11.82$ -19.92$ 21.95$ 22.06$ 57.6 11.43$ -20.31$ 0.70
6786 R 0.13 0.21 0.8∗ 22.43 22.35 43.5 5.5 11.18 -20.97 18.27@ 19.30@ 12.3@ 12.66 -19.49 3.91
6787 R 0.092 0.38 0.4∗∗ 18.43 18.37 8.8 2.3 11.13 -20.31 19.76 20.49 36.2 10.70 -20.74 0.68

B 0.092 idem 19.89 19.80 idem 12.59 -18.88 21.30 22.00 42.9 11.92 -19.55 0.54
8699 R 0.18 0.40 0.6 19.58 19.55 6.9 2.7 12.77 -20.08 20.65 22.24 20.8 13.14 -19.71 1.41

B 0.18 idem 21.14 21.10 idem 14.29 -18.58 21.81 23.39 21.0 14.13 -18.74 0.86
9133 R 0.26 0.32 0.3 19.79 19.75 9.9 2.7 12.05 -21.66 20.78 21.27 34.4 11.69 -22.02 0.72

B 0.26 idem 21.52 21.45 idem 13.78 -19.96 21.93 22.39 32.4 12.93 -20.81 0.46
11670 R 0.062 0.30 0.6 18.58 18.00 5.8 1.6 12.20 -18.90 19.09 19.58 28.5 10.83 -20.27 0.28

B 0.062 idem 20.76$ 19.83$ idem 14.39$ -17.06$ 20.69$ 20.82$ 28.3 12.42$ -19.03$ 0.16
I 0.062 idem 17.90 17.48 idem 11.53 -19.41 18.50 19.15 30.8 10.05 -20.89 0.26

11852 R 0.39 0.25 0.6 20.55 20.36 5.1 2.2 14.27 -20.43 20.37 20.74 11.6 13.66 -21.04 0.57
B 0.39 idem 22.06 21.76 idem 15.78 -19.04 22.04 22.29 15.3 14.73 -20.09 0.38
I 0.39 idem 19.98 19.84 idem 14.17 -20.48 20.27 20.69 15.8 12.77 -21.88 0.28

11914 R 0.072 0.08 0.5 20.90 20.66 26.2 3.1 10.63 -20.47 20.03 19.91 36.8 10.38 -20.72 0.80
B 0.072 idem 22.29 21.91 idem 12.06 -19.19 20.74 20.48 29.9 11.47 -19.78 0.58

12043 R 0.075
}

No bulge component present in this galaxy
18.96 19.90 11.3 12.85 -18.26 –

B 0.075 19.84 20.68 11.5 13.68 -17.53 –
#Values poorly constrained due to small inclination angle of galaxy. See text. $ Values from non-photometric data.
∗Bulge axis ratio calculated using inclination angle of 69◦. See text. @ Not a regular exponential disk. See text.
∗∗Bulge axis ratio calculated using inclination angle of 61◦. See text.
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3-II Appendix: Atlas of images and photometric results

On the following pages, we present the results of the photometric analysis and bulge-disk
decompositions. On pages 129 – 149, the 21 galaxies for which bulge-disk decompositions
are available are presented; the remaining galaxies for which only surface photometry is
available are presented on pages 150 – 154. For all galaxies, we show three columns with
photometric data. For the galaxies with bulge-disk decompositions, a second row with four
columns is shown. In case more than one observation was available in any of the bands for a
galaxy, we show only the ones listed on the first line in table 3.2.

The three columns with photometric data contain the following panels:
Left hand column:
R-band image. Grayscales are logarithmic in intensity. The cross denotes the center, its
coordinates are given in table 3.3. A bar indicating the physical size of the galaxy is shown
in the top left of the panel.
Middle column:
Top panel: photometric profiles in the available bands. Crosses, squares and triangles indicate
the I-, R- and B-band respectively. The errorbars on the symbols in the top right corner show
the photometric errors σphot, which are listed in table 3.2.
Bottom panel: colour profiles. Only points with error smaller than 0.5 mag are shown.
Right hand column:
Orientation and deviations from axisymmetry. All data in this column are measured from the
R-band images. From top to bottom:
– Position angle (north through east): the data points with errorbars give the results from an

ellipse fit to the image with position angle and ellipticity as free parameters. The dashed
line gives the adopted value which was used to derive the photometric profiles in the middle
column. It is listed in table 3.3.

– Ellipticity: symbols and dashed line as for the position angle above.
– Lopsidedness: data points show the amplitude of the m=1 fourier term of the intensity

distribution measured along the ellipses, relative to the average intensity at the ellipse.
– Phase of the m=1 fourier term: data points show the position angle, measured north through

east, where the m=1 fourier term reaches maximum intensity.
– Bar strength or oval distortion: same as the third panel, but for the m=2 fourier term.
– Phase of the m=2 fourier term: same as the fifth panel, but for one of the maxima of the

m=2 fourier term.

The four columns in the second row (only shown on pages 129 – 149) contain the following
results from the bulge-disk decompositions :
First column:
Model R-band image of the bulge; the grayscale used is the same as in the original image
shown in the first row.
Second column:
Top panel: bulge photometric profiles. Symbols show the photometric profiles measured
from the images with an initial estimate for the disk subtracted. Only points within the bulge-
disk transition radius are shown. The solid lines show the fitted Sérsic profiles; the fitted
parameters are given in table 3.5 and were used to create the model images shown in the first
column (see section 3.7.1 for details).
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Bottom panel: bulge colour profiles. Only the colours of the fitted profiles are shown; since
we used the same effective radius and Sérsic shape parameter for the fits in all bands, no
colour gradients are fitted, and only a global colour is derived for the bulges.
Third column:
Residual R-band image after subtraction of the bulge component; the grayscale used is the
same as in the original image shown in the first row. Black marks indicate regions in the
original image which were masked in an earlier stage of the reduction process (section 3.4.4).
All light in this image is assumed to originate from a flat disk component.
Fourth column:
Top panel: disk photometric profiles. Symbols show the profiles measured from the bulge-
subtracted images. Only points outside the bulge-disk transition radius are shown. The solid
lines show the fitted exponential profiles; the fitted parameters are given in table 3.5 (see sec-
tion 3.7.2 for details).
Bottom panel: disk colour profiles. Only points with error smaller than 0.5 mag are shown.

UGC 12043 does not have a distinctive bulge component, so no bulge-disk decomposition
was made and all light was assumed to originate from a flattened disk (see note in sec-
tion 3.9). For this galaxy, we show on page 149 the standard 3 columns with photometric
data. The fitted exponential profiles for this galaxy are overplotted with the bold lines over
the photometric profiles in the top panel of the middle column.
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4
Rotation curves of early-type disk

galaxies
ABSTRACT — We present rotation curves for 19 early-type disk galaxies (S0 – Sab).
The galaxies in our sample span a B-band absolute magnitude range from −17.5 to −22,
but the majority have a high luminosity with MB < −20. Rotation velocities are measured
from a combination of H velocity fields and optical long-slit spectra along the major
axis; the resulting rotation curves probe the gravitational potential on scales ranging from
100 pc to 100 kpc.
We find that the rotation curves generally rise very rapidly in the central regions and
often reach rotation velocities of 200 – 300 km/s within a few hundred parsecs of the
center. The detailed shape of the central rotation curves shows a clear dependence on
the concentration of the stellar light distribution and the bulge-to-disk luminosity ratio:
galaxies with highly concentrated stellar light distributions reach the maximum in their
rotation curves at relatively smaller radii than galaxies with small bulges and a relatively
diffuse light distribution. We interpret this as a strong indication that the dynamics in the
central regions are dominated by the stellar mass.
At intermediate radii, many rotation curves decline, with the asymptotic rotation velocity
typically 10 – 20% lower than the maximum. The strength of the decline is correlated
with the total luminosity of the galaxies, more luminous galaxies having on average more
strongly declining rotation curves. Such massive early-type disk galaxies mark the end of
the conspiracy between dark and luminous matter, which, in most spiral galaxies, conspire
to form a flat rotation curve. At large radii, however, all declining rotation curves flatten
out; no rotation curves are found with a fully Keplerian decline in the outer regions,
indicating that substantial amounts of dark matter must be present in these galaxies too.
A comparison of our rotation curves with the Universal Rotation Curve from Persic et al.
(1996) reveals large discrepancies between the observed and predicted rotation curves;
rotation curves of individual galaxies are too complex to describe with a simple formula
depending on total luminosity only.
In a number of galaxies from our sample, there is evidence for the presence of rapidly
rotating gas in the inner few hundred parsecs from the centers. The inferred central masses
and mass densities are too high to be explained by the observed stellar components and
suggest the presence of supermassive black holes in these galaxies.
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4.1 Introduction

Rotation curves are the prime tool for studying the mass distribution in disk galaxies. In
normal, unperturbed galaxies, gas is observed to move on circular orbits around the center,
so measurements of the circular velocity can be used to yield the enclosed mass at different
radii. The study of the shapes of rotation curves therefore gives important insight into the
overall distribution of mass in disk galaxies.

4.1.1 historical background

Early work by Rubin and collaborators on optical rotation curves showed that, after the initial
rise, they become generally flat or keep rising slowly till the outer point; no signs of a Kep-
lerian decline at large radii is observed in any system (Rubin et al. 1978, 1980, 1982, 1985).
These authors claimed that the flatness of the rotation curves is evidence for the presence of
dark matter (see also Burstein et al. 1982), but Kalnajs (1983) and later Kent (1986, 1988)
showed that, with an appropriate choice for the mass-to-light ratios of the bulges and disks,
in many galaxies the shape of the rotation curves can be explained from the luminous matter
alone, and that no additional dark matter is required. Even with modern, more sensitive data,
optical rotation curves do not put strong constraints on the dark matter content of galaxies
(e.g. Palunas & Williams 2000); they simply do not extend out to large enough radii.

Thus, H rotation curves, which generally probe the mass distribution to much larger radii,
are essential for any study of the dark matter properties of disk galaxies. In fact, it was the
discovery, first made in the 1970’s (Rogstad & Shostak 1972; Roberts & Whitehurst 1975;
Bosma 1978, 1981b), that even H rotation curves stay flat till the last measured points, well
outside the optical disk, which gave the final, irrefutable evidence of the presence of large
amounts of dark matter in galaxies (Bosma 1981b; van Albada et al. 1985; van Albada &
Sancisi 1986; Begeman 1987).

A long standing question has been what determines the shape of a rotation curve. Early
studies revealed several correlations between the shape of a rotation curve and the optical
properties of a galaxy, but the results were not always consistent.

Rubin et al. (1985) and Burstein & Rubin (1985) noted that the shape of (optical) ro-
tation curves was governed by the optical luminosity of a galaxy: slowly rising and low
amplitude for low-luminosity galaxies, high central gradient and high rotation velocities for
high-luminosity systems. No dependence on morphological type or on the shape of the light
distribution was found, implying that the luminous matter is dynamically unimportant and
that dark matter dominates the gravitational potential everywhere. The idea that the shape of
a rotation curve is solely determined by a galaxy’s luminosity led to the concept of a ‘uni-
versal rotation curve’. Rubin et al. (1985) and Burstein & Rubin (1985) already presented
synthetic rotation curves, and this idea was later elaborated by Persic & Salucci (1991) and
Persic et al. (1996), who presented an analytic formula describing the shape of a rotation
curve which only depends on total luminosity (see also Roscoe 1999).

In contrast, Casertano (1983) and Kent (1986) showed that in some cases, discontinuities
in a rotation curve correspond to features in the light distribution, implying that the luminous
matter is dynamically important. But Kent (1986) also noted that in many galaxies, there is no
correlation between features in the rotation curves and in the light distribution, which would
again argue in favour of a domination of dark matter. Corradi & Capaccioli (1990) found that
the shape of a rotation curve correlates with a galaxy’s morphological type: early-type spirals
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with large bulges have rotation curves that rise much more rapidly than galaxies of similar
luminosity but with a less concentrated light distribution. Casertano & van Gorkom (1991)
showed that, in general, the shape of the outer rotation curve is correlated with both the total
luminosity and the shape of the light distribution, and that in extreme cases, luminous galaxies
with highly concentrated light distributions have declining rotation curves. The dependence
of rotation curve shape on the optical characteristics was also confirmed by studies by e.g.
Broeils (1992a); Swaters (1999); Verheijen (2001); Matthews & Gallagher (2002) and Sancisi
(2004).

van Albada & Sancisi (1986) introduced the so-called ‘maximum-disk hypothesis’, claim-
ing that the luminous matter dominates the dynamics in the inner parts of galaxies, with the
dark component overtaking in the outer regions. In many galaxies, the stellar contribution
can indeed be scaled up (by varying the mass-to-light ratio) to explain the rotation velocities
in the inner regions and the maximum-disk hypothesis has proven very successful in fitting
the observed rotation curves of many galaxies (Kent 1986; Athanassoula et al. 1987; Bege-
man 1989; Sellwood & Sanders 1988; Broeils 1992a; Verheijen 1997; Sackett 1997; Swaters
1999; Palunas & Williams 2000; Weiner et al. 2001). However, there is no conclusive evi-
dence for the maximum-disk hypothesis, and in most galaxies, the observed rotation curves
can equally well be fitted with a lower stellar mass-to-light ratio and a larger contribution of
the dark matter (e.g. van Albada et al. 1985; Verheijen 1997; Swaters 1999). In fact, there are
also various lines of evidence which argue in favour of sub-maximal disks (e.g. Kuijken &
Gilmore 1989; Bottema 1993; Courteau & Rix 1999; Kranz et al. 2001; Kregel et al. 2005;
Pizagno et al. 2005). A possible way to reconcile the apparent discrepancies is to assume that
the relative contribution of the stellar disk to the overall gravitational potential varies along
the different classes of galaxies. It has been suggested that there is a general trend of the rel-
ative importance of the stellar mass with luminosity and surface brightness, in the sense that
low luminosity and low surface brightness galaxies are dominated by dark matter everywhere
and high luminosity, high surface brightness systems are ‘maximum disk’ (Persic & Salucci
1988; Ashman 1992; Persic et al. 1996; de Blok & McGaugh 1997; Bottema 1997; Kranz
et al. 2003).

4.1.2 present work

Clearly, the dark matter content and distribution in spiral galaxies, and their relation with
the luminous components, are important issues which need to be clarified in order to obtain
a proper understanding of the structure and evolution of galaxies. A systematic study of
H rotation curves in spiral galaxies, covering a large range of luminosities, morphological
types and surface brightnesses, is a crucial step towards this goal. Although much work has
been done in this field in recent years (e.g. de Blok et al. 1996; Swaters 1999; Côté et al.
2000; Verheijen 2001; Gentile et al. 2004), most studies have focused on late-type and low-
luminosity galaxies. Early-type disk galaxies, which generally contain less gas (Roberts &
Haynes 1994, see also chapter 2), have received considerably less attention. One of the few
studies so far aimed at a systematic investigation of H rotation curves over the full range
of morphological types was that by Broeils (1992a). However, in his sample of 23 galaxies,
only one was of morphological type earlier than Sb and only four had Vmax > 250 km s−1.
The only large-scale H survey directed specifically at S0 and Sa galaxies was carried out by
van Driel (1987), but his study was severely hampered by the low signal-to-noise ratio of his
data and his rotation curves were of rather poor quality compared to modern standards. In
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the optical, only little work has been done on early-type spiral galaxies either, since the early
studies by Rubin et al. (1985) and Kent (1988). S0 and Sa galaxies were thus also under-
represented in the study by Persic et al. (1996); their Universal Rotation Curve is based on
over 1000 rotation curves of which only 2 are of type Sab or earlier.

In this chapter, we aim to fill this lack and present rotation curves for 19 early-type disk
galaxies. Our results increase the number of early-type disk galaxies with high-quality rota-
tion curves by a large factor, and can thus be used to constrain the relation between dark and
luminous matter in galaxies at the high mass, high surface brightness end of the disk galaxy
population.

We derive our rotation curves from a combination of H and optical observations. The H
data are taken from chapter 2 and can be used to measure the rotation velocities of the gas out
to large radii. In the central regions, however, the rotation curves can often not be measured
from the 21cm observations due to the presence of holes in the gas disks (see section 2.4.4).
Furthermore, the spatial resolution of our H observations is usually insufficient to obtain de-
tailed information on the shape of the rotation curves in the inner regions, where our velocity
fields suffer from beam smearing.

In the past, much attention has been given to the effect of beam smearing on the deriva-
tion of H rotation curves (Bosma 1978; Begeman 1989; Swaters 1999). In general, beam
smearing tends to smooth out the velocity gradients in the central regions of the galaxies. If
this effect is not corrected for, the derived central rotation curves will be too shallow, which
leads to systematic errors in the derived mass distributions (e.g. van den Bosch et al. 2000;
Swaters et al. 2000; Blais-Ouellette et al. 2004). This problem is particularly severe in the
galaxies studied here, because they have generally very steep rotation curves in their central
parts. In principle it is possible to correct for the effects of beam smearing, but the procedures
are cumbersome and sometimes rely on the subjective judgement of the observer. The best
way to correct for the effects of beam smearing is to make full 3D models of the observed
H data cubes, such as done by e.g. Swaters et al. (1999, see also Böhm et al. 2004 for an
equivalent approach for optical observations of high-redshift galaxies). Nevertheless, even
with such time-consuming modelling, the corrections are always limited to radii comparable
to the beam size. The galaxies we study here have rotation curves which often rise from zero
to the maximum rotation velocity within one beam; in such cases, the exact shape of the rise
of the rotation curve cannot be derived from H data alone.

In this study, we use long-slit optical spectroscopy as a complement to our H observations
to measure the central rotation curves. In most galaxies, optical emission lines can be detected
in the very inner regions, out to radii where reliable rotation velocities can be determined
from the H velocity fields. Moreover, due to the higher spatial resolution of the optical
observations, the effects of beam smearing are strongly reduced.

The rest of this chapter is structured as follows. In section 4.2, the criteria which were
used to select suitable galaxies from the parent sample of chapter 2 are described. Sec-
tion 4.3 describes the techniques that were used to derive the rotation curves from the H
velocity fields and from the optical spectra. In section 4.4, the fitted orientation parameters
and systemic velocities of our galaxies are compared, as derived from different sources. In
section 4.5, we discuss the occurrence of warps in the galaxies in our sample. In section 4.6,
several aspects of the shape of our rotation curves are discussed, including an analysis of
the correlations with optical properties and the applicability of the concept of a ‘Universal
Rotation Curve’ to our data. Section 4.7 provides an interpretation of the central components
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which are present in some of our optical spectra. In section 4.8, a detailed description of the
individual rotation curves is presented. Finally, we briefly discuss our results and summarize
the main conclusions in section 4.9. The individual rotation curves for all 19 galaxies are
presented, together with several other figures, in appendix 4-I.

4.2 Sample selection

The galaxies for the rotation curve study presented here were selected from the 68 galaxies
with H observations presented in chapter 2. In order to be able to derive good quality H
rotation curves, the galaxies were selected on the basis of the following criteria: 1) the ve-
locity field must be well resolved (> 5 – 10 beams across) and defined over significant parts
of the gas disks (i.e. not confined to small ‘patches’); 2) the gas must be moving in regular
circular orbits around the center of the galaxy. Strongly interacting galaxies, or galaxies with
otherwise distorted kinematics cannot be used. Strongly barred galaxies are excluded as well,
because non-circular motions in the bar potential complicate the analysis of the data; 3) the
inclination angle must be well constraint and preferably lie between 40◦and 80◦.

Very few galaxies from chapter 2 satisfy all these conditions and a strict application of
these criteria (especially the second one) would lead to a very small sample. We have there-
fore relaxed the latter 2 selection criteria and included a number of galaxies with e.g. weak
bars, mild kinematical distortions or a more face- or edge-on orientation. The resulting sam-
ple consists of 19 galaxies; a few basic characteristics of the members are given in table 4.1.

The galaxies in the sample have morphological types ranging from S0- to Sab and span
two decades in optical luminosity (−17.5 > MB > −22). The majority of galaxies in our
sample have high optical luminosity, with MB < −20. See chapter 2 for a more elaborate
description of the properties of the galaxies in our sample.

4.3 Observations, data reduction and the derivation of the rotation
curves

As mentioned in the introduction, the rotation curves in this chapter were derived from a
combination of H synthesis observations and long-slit optical spectra. Below, we discuss the
analysis of both components separately.

4.3.1 H rotation curves

The H rotation curves were derived by fitting tilted ring models (Begeman 1987, 1989) to the
observed velocity fields, using the ROTCUR algorithm implemented in GIPSY. In chapter 2,
we showed velocity fields at either full (≈ 15′′), 30′′ or 60′′ resolution. Here, we fit tilted
ring models to the velocity fields at all available resolutions. The results from the higher-
resolution velocity fields can be used for the inner regions, whereas the velocity fields at
lower resolution generally extend out to larger radii and can be used to obtain information
about the rotation curves in the outer parts. For two highly inclined galaxies, UGC 4605 and
8699, the standard tilted ring method is not suitable and a modified analysis was applied (see
individual notes in section 4.8).

Tilted rings were fitted to the entire velocity fields, but points near the major axis were
given more weight than those near the minor axis by applying a | cos(α)| weighing scheme,
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Table 4.1: Sample galaxies: basic data. (1) sample number; (2) UGC number; (3) alternative name;

(4) morphological type; (5) distance; (6) and (7) absolute B- and R-band magnitudes; (8) R-band

central surface brightness and (9) R-band disk scale length. Column (4) was taken from NED, (5)

from chapter 2 and (6) – (9) from chapter 3.

sample UGC alternative Type D MB MR µc
0,R hR

number name Mpc mag mag mag
arcsec2 kpc

(1) (2) (3) (4) (5) (6) (7) (8) (9)
1 624 NGC 338 Sab 65.1 -20.83 -22.25 21.92 5.8
2 2487 NGC 1167 SA0- 67.4 -21.88 -23.24 20.12 8.0
3 2916 – Sab 63.5 -21.05 -22.01 20.99 5.0
4 2953 IC 356 SA(s)ab pec 15.1 -21.22 -22.54 19.25 4.1
5 3205 – Sab 48.7 -20.89 -21.88 19.59 3.5
6 3546 NGC 2273 SB(r)a 27.3 -20.02 -21.35 19.49 2.8
7 3580 – SA(s)a pec: 19.2 -18.31 -19.42 21.58 2.4
8 3993 – S0? 61.9 -20.19 -21.35 22.37 5.5
9 4458 NGC 2599 SAa 64.2 -21.38 -22.61 21.26 8.6

10 4605 NGC 2654 SBab: sp 20.9 -20.09† –† –† –†

11 5253 NGC 2985 (R’)SA(rs)ab 21.1 -20.86 -21.90 21.32 5.3
12 6786 NGC 3900 SA(r)0+ 25.9 -19.94† -21.13 19.30 1.5
13 6787 NGC 3898 SA(s)ab 18.9 -20.00 -21.28 20.49 3.3
14 8699 NGC 5289 (R)SABab: 36.7 -19.48 -20.74 22.24 3.7
15 9133 NGC 5533 SA(rs)ab 54.3 -21.22 -22.62 21.27 9.1
16 11670 NGC 7013 SA(r)0/a 12.7 -19.20 -20.55 19.58 1.8
17 11852 – SBa? 80.0 -20.44 -21.53 20.74 4.5
18 11914 NGC 7217 (R)SA(r)ab 14.9 -20.27 -21.35 19.91 2.7
19 12043 NGC 7286 S0/a 15.4 -17.53 -18.26 19.90 0.8

† No data available in chapter 3; MB taken from LEDA.

with α the azimuthal angle in the plane of the galaxy, measured from the major axis. Points
on the minor axis have zero weight.

In all cases, the rotation curves were determined in four steps. In the first step, all pa-
rameters (i.e. systemic velocity Vsys, dynamical center position (xc, yc), position angle PA,
inclination angle i and rotation velocity Vrot) were left free for each ring. In general, the fitted
systemic velocities and dynamical center positions show little variation with radius, espe-
cially in the inner regions, and the average values were adopted as the global values for the
galaxy. They are listed in table 4.3.

In the second step, the systemic velocity and dynamical center were kept fixed for each
ring at the values derived in the first step, leaving the position and inclination angles and
rotation velocity still free. From this fit, the position angle of the galaxy was determined.
The fitted values for each ring are shown in the figures in appendix 4-I. The position angle is
usually well-defined, but it often shows variations with radius as a result of warps in the gas
disk. If a clear trend was visible, we fitted it by hand, and used the fitted values for the next
steps; otherwise we used the average of all rings. The assumed range of position angles, or
the average value, for each galaxy is given in table 4.3, and plotted as bold line in the figures
in appendix 4-I.
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In the third step, only the inclination and rotation velocity were left as free parameters
for each ring. From this fit, the inclination angle was determined. This parameter is the most
difficult one to determine, because it is strongly coupled to the rotation velocity, especially
for inclinations lower than ≈ 45◦ (Begeman 1987, 1989). The fitted values are shown with the
data points in the bottom middle panels in the figures in appendix 4-I. It is clear that for the
more face-on galaxies, the uncertainties in the fitted inclinations are large. In practice, radial
variations in inclination could only be detected for galaxies that are sufficiently inclined; for
galaxies with i <∼ 45◦ only an average value could be determined. When necessary, the fitted
inclination angles were also compared to the values derived from the optical images (see
section 3.5.1 and table 3.3) to make a more reliable estimate. The range of inclination angles,
or the average value, used for the next step is given in table 4.3 and plotted as bold line in the
bottom middle panels in the figures in appendix 4-I.

We also estimate the uncertainty in the inclination ∆i(r). This was estimated by eye,
based on the spread of the individual data points around the fitted values and the comparison
between the tilted ring inclination angles and optical ellipticity. In general, we let the uncer-
tainty ∆i increase with radius, in order to account for the possibility of undetected or misfitted
warps in the outer gas disks of the galaxies. The adopted uncertainties in the inclination angle
are shown with the shaded regions in the bottom middle panels in the figures in appendix 4-I.

In the final step, we derived the rotation curves by doing a fit with all parameters fixed ex-
cept the rotation velocity. Note that, since the geometric parameters of all rings are predefined
in this fit, the outer rings will generally be fitted to a small number of pixels in the velocity
field. To prevent the inclusion of erroneous points in the final rotation curve, tilted rings were
not accepted if less than 25% of the area covered by them contains data in the velocity field.
In some cases where the outer parts of the velocity fields show clear signs of non-circular or
otherwise perturbed motions, we were more conservative and discarded rings even if a larger
fraction of the area covered by them contained data. The final H rotation curves are shown
as square data points in the bottom right panels in the figures in appendix 4-I.

4.3.2 rotation curves from optical spectra

To properly determine the shape of the central rotation curves, additional long slit optical
spectra were obtained. These observations have spatial resolutions that are typically a factor
of 10 better than the H data and drastically improve the quality of the derived rotation curves
in the central regions. In the following subsections, we describe the observations and the
analysis steps.

observations

For most galaxies in the sample, long-slit spectra were taken with the IDS spectrograph on
the Isaac Newton Telescope on La Palma. For UGC 2953, a spectrum was obtained from the
red arm of the ISIS spectrograph on the William Herschel Telescope, also on La Palma. The
spectrum of UGC 12043 was taken with the GoldCam spectrograph, mounted on the NOAO
2.1m telescope on Kitt Peak, Arizona. A summary of the observations is given in table 4.2.

The slits of the spectrographs were aligned with the major axes of the galaxies. In some
cases, the position angle of the slit on the sky was slightly different from the kinematical
position angle of the galaxy as derived from the H velocity field. In these cases, the rotation
curves were later corrected for the effect of the misalignment. The bulges of the galaxies were
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Table 4.2: Observational parameters for optical spectroscopic observations: (1) UGC number;

(2) telescope used: Isaac Newton Telescope (INT) or William Herschel Telescope (WHT) on La

Palma or NOAO 2.1m telescope on Kitt Peak (KP 2.1m); (3) observing dates; (4) total exposure

time; (5) and (6) effective slit width and length; (7) position angle (north through east) of the slit on

the sky and (8) – (12) line weights used in the stacking procedure.

UGC telescope dates texp slit orientation line weights wi

width length PA N6548 Hα N6583 S6716 S6731

sec ′′ ′ ◦

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
624 INT 26/1/01 2400 1.5 3.3 106 0.5 2.0 1.0 0.5 0.5

2487 INT 28/1/01 7200 1.0 3.3 70 0.5 1.0 1.0 0.5 0.5
2916 INT 27/1/01 2400 1.0 3.0 76 0.0 1.0 1.0 0.0 0.0
2953 WHT 2/1/00 7200 1.0 4.0 99 0.5 1.0 1.0 0.5 0.5
3205 INT 26/1/01 6000 1.5 3.3 47 0.0 1.0 1.0 0.0 0.0
3546 INT 26/1/01 3600 1.5 3.3 57 0.0 1.0 2.0 0.0 0.0
3580 INT 28/1/01 3600 1.0 3.3 5 0.25 1.0 0.5 0.5 0.5
3993 INT 26/1/01 7200 1.5 3.0 44 0.25 0.5 1.0 0.5 0.5
4458 INT 27/1/01 3600 1.0 3.0 100 0.25 1.0 1.0 0.25 0.25
4605 INT 28/1/01 4800 1.0 3.3 63 0.0 2.0 1.0 0.5 0.5
5253 INT 27/1/01 2400 1.0 3.2 0 0.1 1.0 1.0 0.3 0.3
6786 INT 29/1/01 2400 1.0 3.3 2 0.0 1.0† 1.0† 0.0 0.0
6787 INT 31/1/01 6000 1.0 3.3 105 0.1 1.0 0.5 0.25 0.25
8699 INT 22/5/01 3600 1.0 3.6 100 0.25 1.0 1.0 0.5 0.5
9133 INT 22/5/01 7200 1.0 3.6 27 0.0 1.0 1.0 0.0 0.0

11670 INT 22/5/01 4200 1.0 3.6 157 0.25 1.0 1.0 0.5 0.5
11852 INT 23/5/01 4800 1.0 3.6 15 0.0 1.0 1.0 0.0 0.0
11914 INT 23/5/01 3150 1.0 3.6 89 0.25 1.0 1.0 0.25 0.25
12043 KP 2.1m 8/12/01 2400 1.0 5.2 98 0.25 2.0 0.5 0.7 0.0
† Lines could not be stacked because of stellar absorption feature in Hα (see note in section 4.8).

usually bright enough to enable the slit to be positioned accurately over the centers using the
TV camera in the focal plane.

The spectral range of all observations was chosen such that each spectrum contains the
redshifted lines of Hα (λ0 = 6562.80 Å), N (6548.04 and 6583.46 Å) and S (6716.44
and 6730.81 Å). The spectral resolution of the spectra taken on the INT is 1.0 and 1.4 Å
(FWHM) for slit widths of 1.0 and 1.5′′ respectively, corresponding to a velocity resolution
of approximately 45 and 65 km/s respectively. The spectrum for UGC 2953 has a spectral
resolution of 0.9 Å (∼ 40 km/s), whereas the resolution of the spectrum for UGC 12043 is
slightly worse at 2.0 Å (∼ 90 km/s).

Total exposure times were broken up into single exposures of typically 20 minutes; the
number of exposures for each galaxy was determined at the telescope, based on the strength
of the emission lines in the first exposure.

data reduction

Standard data reduction steps were performed within the IRAF environment. Readout bias
was subtracted using the overscan region of the chips; any remaining structure was removed
using special bias frames. The spectra were then flatfielded using Tungsten flatfields. Wave-
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length calibrations were performed using arc spectra from Copper, Neon and Argon lamps,
taken before or after the galaxy spectra. The resulting wavelength solutions were later
checked by comparing the measured wavelengths of a few strong night-sky lines with the
values given by Osterbrock et al. (1996). The accuracy of our wavelength calibrations lies
typically in the range 0.05 – 0.10Å, corresponding to about 2.5 – 5 km/s.

Individual exposures were then combined and cosmic rays were rejected using a simple
sigma-clipping criterion. The continuum emission of the galaxy and the night-sky emission
lines were removed by fitting low-order polynomials along the spectral and spatial axes of
the spectra respectively.

In the final, cleaned spectrum, the Hα line is usually the strongest line in the outer parts
of the galaxy. In the central parts however, the 6583.46 Å N line and the S lines are
often stronger. Rather than first determining rotation curves for each line separately and then
combining them into one single curve, we have chosen the reverse order. The parts of the
spectrum around each of the 5 emission lines were shifted according to the difference in rest
wavelength and stacked to create a single spectrum which contains emission from all lines.
Each line was roughly weighted according to its relative strength; the weights wi used are
given in table 4.2. This procedure has the added advantage that the signal-to-noise ratio in
the stacked spectrum is higher than in the original one; emission that was too weak to be
detected in each line individually could sometimes be detected with sufficient significance in
the stacked spectrum.

The final cleaned and stacked spectra are shown in the top middle panels in the figures in
appendix 4-I.

derivation of the rotation curves

From the stacked spectra, the radial velocity of the emitting gas was determined at each
position along the slit by fitting Gaussian profiles along the wavelength direction. Before
performing the fits, the spectra were binned in the spatial direction to ∼ 1 − 2′′ pixels to
increase the signal-to-noise ratio of the data and to ensure that only one data point is fitted
per resolution element. In some cases, parts of the spectra had such low-level emission that
the signal-to-noise ratio was still too low in the binned spectra; for those regions, larger bin
sizes were used. Spurious fits or fits with very large errorbars were discarded by hand. The
fitted velocities are shown overplotted over the binned spectra in the top middle panels in the
figures in appendix 4-I. They are also overplotted over a major-axis slice through the H data
cube, shown in the top right panels in the same figures.

The radial velocity curves for the approaching and receding sides were then folded, using
the center of the optical continuum emission as central position. In two cases, UGC 3205 and
3580, the centers of symmetry of the emission lines appear shifted with respect to the location
of the brightest continuum emission, in both cases by approximately one arcsecond (see the
figures in the appendix). In these two cases, we determined by eye the central position which
gave the largest degree of symmetry in the folded rotation curves. In the case of UGC 3580,
the offset can easily be explained as a result of absorption of continuum emission by dust (see
section 4.8); for UGC 3205, the origin of the offset is unclear.

The systemic velocity was determined by taking, at each radius, the midpoint of the ve-
locities of the approaching and receding sides and taking the average of the resulting values.
This procedure maximizes the symmetry between the approaching and receding halves of the
rotation curves over the full length of the spectra. In most cases, the systemic velocity thus
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derived is consistent with the value found from the H data (see also figure 4.1). In some
cases, small differences were found; this happened mostly in galaxies which are kinemati-
cally lopsided, where an unambiguous determination of the systemic velocity is difficult. In
those cases, we closely inspected the optical spectrum and the H velocity fields and deter-
mined interactively the systemic velocity which led to the smallest asymmetry in the final,
combined optical and H rotation curves.

Next, the radial velocity relative to the systemic velocity was calculated for each point
and, at radii where emission was detected on both sides of the galaxy, the weighted average
was determined. The final rotation curves were subsequently derived by correcting the aver-
age radial velocity curves for the inclination of the galaxy and for possible misalignments of
the slit with the true major axis; the values for the inclination and position angle were taken
from the results of the tilted ring fits to the H velocity fields, described above. The resulting
rotation velocities are shown with the filled circles in the bottom right panels in the figures in
appendix 4-I.

beam smearing and other line-of-sight integration effects

Close inspection of the optical spectra reveals that in many cases, the rotation curves rise so
steeply in the centers of the galaxies that even in the optical spectra, the gradients are not
fully resolved. Thus, although the optical spectra are a major improvement over the lower
resolution of the H observations, they suffer from the optical equivalent of beam smearing
as well and the fitted velocities in the central parts may still not represent the actual rotation
velocities.

Furthermore, many spectra have line profiles that are broadened even at positions several
arcseconds away from the centers of the galaxies, where lack of resolution is not expected
to play a major role anymore. These broadened profiles may be the result of line-of-sight
integration effects through the disks and bulges of the galaxies. Especially in galaxies with
high inclination angles, the observed emission at a certain position along the slit can originate
from widely separated locations in the galaxy, where the rotation velocity is significantly
different, leading to strongly broadened and asymmetric line profiles. This is similar, albeit
less extreme, to the situation in fully edge-on galaxies, where emission is collected through
the entire disk (see Kregel 2003 for a thorough review of line-of-sight integration effects
in edge-on galaxies). Again, the simple Gaussians which were fitted to line profiles which
are affected by line-of-sight integration effects will not recover the true radial velocity at the
projected radius and cannot be used for the final rotation curves.

We have adopted a method similar to the envelope-tracing (or terminal velocity) technique
(Sancisi & Allen 1979; Sofue 1996; Garcı́a-Ruiz et al. 2002) to correct the inner points of
the optical rotation curves which are affected by optical beam smearing and/or line-of-sight
integration effects. We determined by eye the terminal velocities of the affected line profiles,
taking into account the instrumental velocity resolution. The effect of random motions of
the emitting gas clouds is ignored, as it is generally much smaller than the instrumental
broadening of the profiles (∼10 vs. ∼50 km/s). The radial velocities that were thus derived
were then processed in the same way as the results from the Gauss fits to derive the average
inner rotation curve. The resulting rotation velocities are shown with the open circles in the
figures in appendix 4-I.

Although the manually corrected rotation velocities are certainly a better approximation
of the true velocities than the results of simple Gauss fits to the line profiles, there are many
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uncertainties, particularly regarding the detailed 3D distribution of the gas, that cannot be
accounted for with the data used here. A more rigorous investigation of the kinematics in
the central parts of the galaxies studied here would require even higher spatial resolution and
preferably a fully 2D velocity field, i.e. either space-based or adaptive-optics assisted integral
field spectroscopic observations.

4.3.3 final steps

For the final rotation curves, the output from the tilted ring fits to the H velocity fields was
compared to the derived optical rotation curves and it was determined which points from
the H velocity fields were affected by beam smearing. Central H data points which lay
significantly below the optical velocities were discarded. In almost all cases, the effect of
beam smearing was limited to 1 – 2 H beam sizes from the center, and only the inner two
or three points of the H rotation curves had to be rejected. Only in highly inclined galaxies,
such as UGC 4605 or 8699, do beam smearing and line-of-sight integration effects play a role
at larger radii; these galaxies were treated individually to ensure that optimal corrections were
applied (see section 4.8). Outside the regions where the H observations are affected by beam
smearing, the optical and H rotation curves generally agree to a high degree (<∼ 10 km/s).

The remaining H data points were then combined with the optical data to produce the
final rotation curves. Our final curves probe the rotation velocities over 2 – 3 decades of radii
and we are able to measure both small scale variations in the inner parts of the optical disks
as well as the behaviour in the outer parts of the gas disks, many optical scale lengths away
from the center.

The combined data points and their corresponding errors can be used, without further
manipulation, to fit detailed mass models and to study the distribution of luminous and dark
matter in the galaxies; this is done in chapter 6. For the remainder of this chapter, we are
interested mainly in the global properties and shapes of the rotation curves. For this purpose,
the statistical fluctuations between the individual data points, especially those from the optical
spectra, need to be removed. To do so, we fitted a cubic spline through the data points, using
the interactive fitting task CURFIT in IRAF. Individual data points from the rotation curves
were weighted according to their errors (see below); points that were clearly offset from the
main rotation curve were eliminated during the fits. The resulting curves are smooth but still
follow the general behaviour that underlies the individual data points; they will be used in the
remainder of the chapter to study the shapes of the rotation curves and possible correlations
with global properties of the galaxies (section 4.6). They are plotted as bold lines in the
rotation curve panels in the appendix.

Finally, a few basic quantities are derived from the rotation curves. The rotation curves
were classified on the basis of the quality and reliability of the data. Galaxies which are sym-
metric, show no signs of strong non-circular motion and have well-defined orientation angles
are classed as category I. This class contains the following galaxies: UGC 2953, 3205, 4605,
6786, 6787, 8699, 9133 and 12043. Category II contains galaxies with, for example, mild
asymmetries, bar-induced streaming motions or signs of interactions or tidal distortions, as
well as galaxies for which the orientation angles cannot be determined with sufficient accu-
racy. The following galaxies were classed as category II: UGC 2487 (Seyfert nucleus), 2916
(interacting, lopsided), 3546 (strong bar and Seyfert nucleus), 3580 (lopsided), 3993 (inclina-
tion angle uncertain), 4458 (possibly tidally disturbed), 5253 (tidally disturbed), 11670 (large
bar), 11852 (bar, kinematically disturbed) and 11914 (inclination angle uncertain). UGC 624
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was classified as category III, because of the large-scale asymmetries present in the optical
spectrum and particularly in the H velocity field. The rotation curve of this galaxy is of
insufficient quality to be used in the mass modelling of chapter 6. The classification of the
rotation curves is listed in column (11) of table 4.3.

We determined by eye the maximum and asymptotic rotation velocities, Vmax and Vasymp

respectively. They are listed in table 4.3 and indicated with the horizontal arrows in the
bottom right panels of the figures in appendix 4-I. Similarly, the rotation velocity at 2.2
R-band disk scale lengths, V2.2h was determined.

From the velocity at the outermost point of the rotation curve, the total enclosed mass is
calculated as:

Menc =
V2

outRout

G
= 2.325 · 105

(

Vout

km/s

)2 Rout

kpc
M�, (4.1)

with Vout the velocity at the last measured point and Rout the corresponding radius. The
resulting masses are listed in table 4.3 as well. In this calculation, it was implicitly assumed
that the mass distribution interior to Rout is spherical. Clearly, this is not the case for the
luminous matter, most of which resides in a flattened disk. It will be shown in chapter 6,
however, that the luminous matter usually constitutes only a small fraction of the total mass
in our galaxies, and moreover, it is generally confined to radii much smaller than Rout. Thus,
the error in the total enclosed mass that results from neglecting the flattening of the luminous
matter will be small. If, on the other hand, the dark haloes of our galaxies are flattened as
well, the total enclosed mass can be lower than our derived value, and Menc is an upper limit
only.

4.3.4 rotation curve errors

Many factors can cause errors in the derived rotation velocities, both statistical and systema-
tic. For a meaningful interpretation of the results, it is crucial to make a reliable estimate
of all relevant uncertainties and much effort was therefore put into the identification and
quantification of possible sources of errors.

We account for three main contributions to the errors in the rotation curves. The first is
simply the measurement error ∆Vm. For the H data, this is given by the ROTCUR algorithm,
based on the velocity dispersion around the fitted tilted ring velocities; for the optical data, it
is the fitted error on the profile center, given by the Gaussian fitting routine. For the manually
adapted velocities, the errors were estimated by eye, based on the shape of the line profiles
and the degree to which the data are degraded by beam smearing and line-of-sight integration
effects. The contribution ∆Vm is usually significant only in the optical rotation curves and
in the very inner parts of the H rotation curve, where only few points are available on the
velocity field. At larger radii in the H rotation curves, where each tilted ring covers many
data points in the velocity field, the measurement error is usually small (∼1 − 2%).

The second contribution ∆Vnc comes from kinematical asymmetries and non-circular mo-
tions in the galaxies. These were estimated by deriving rotation curves for the approaching
and receding halves of the galaxies separately. Additional tilted ring models were fitted to the
approaching and receding sides of the velocity fields and the resulting rotation curves were
combined with the fitted velocities from the corresponding halves of the optical spectra. The
resulting rotation curves are shown with the crosses and plus-signs respectively in the bottom
right panels in the figures in appendix 4-I. The error in the rotation curve ∆Vnc was then esti-
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Table 4.3: Dynamical properties: (1) UGC number; (2) and (3) position of the dynamical center; (4) heliocentric systemic velocity;

(5) position angle (north through east) of major axis; (6) inclination angle; (7) maximum rotation velocity; (8) rotation velocity at 2.2

R-band disk scale lengths; (9) asymptotic rotation velocities at large radii; (10) total enclosed mass within last measured point and

(11) rotation curve quality.

UGC dynamical center Vsys PA i Vmax V2.2h Vasymp Menc quality
RA (2000) Dec (2000)
h m s ◦ ′ ′′ km/s ◦ km/s km/s km/s M�

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
624 1 0 36.0 30 40 10 4789 288 64† 300 300 270 5.2 · 1011 III

2487 3 1 42.7 35 12 21 4952 250–256 36 390 360 330 2.1 · 1012 I
2916 4 2 33.5 71 42 19 4537 242 42–50 220 210 180 2.8 · 1011 II
2953 4 7 46.8 69 48 46 892 98–104 50 315 315 260 1.1 · 1012 I
3205 4 56 14.9 30 3 8 3586 230–224 67 240 230 210 4.3 · 1011 I
3546 6 50 8.6 60 50 46 1837 56 55 260 185 190 2.4 · 1011 II
3580 6 55 31.2 69 33 54 1203 6–356 63 127 100 125 9.0 · 1010 II
3993 7 55 44 84 55 33 4364 220 20 300 290 250 8.6 · 1011 II
4458 8 32 11.2 22 33 36 4756 288–295 25 490 280 240 7.8 · 1011 II
4605 8 49 11.1 60 13 14 1347 240–247 84–74 225 220∗ 185 2.8 · 1011 I
5253 9 50 22.2 72 16 44 1329 356–340 37 255 245 210 5.5 · 1011 II
6786 11 49 9.2 27 1 15 1795 181–186 68–64 230 –$ 215 3.1 · 1011 I
6787 11 49 15.3 56 5 5 1172 107–118 69–66 270 250 250 5.0 · 1011 I
8699 13 45 7.7 41 30 19 2516 280 73 205 190 180 1.9 · 1011 I
9133 14 16 7.7 35 20 37 3858 24–45 53 300 265 225 1.3 · 1012 I

11670 21 3 33.5 29 53 50 774 336–330 70–68 190 155 160 1.6 · 1011 II
11852 21 55 59.6 27 53 55 5843 200–175 50–60 220 210 165 5.9 · 1011 II
11914 22 7 52.3 31 21 36 951 265–268 31 305 300 300# 1.9 · 1011 II
12043 22 27 50.4 29 5 45 1007 97–92 67 93 82 90 3.2 · 1010 I
† Kinematical inclination poorly constrained by observations. Value copied from optical isophotal analysis.
∗ No accurate photometry available due to edge-on orientation of optical disk; optical scale length is estimate only.
$ Galaxy does not have regular exponential disk; no optical scale length available.
# Rotation curve extends out to 3.3 R disk scale lengths only. Rotation curve may converge to different velocity at larger radii.
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mated as one fourth of the difference between the rotation velocities measured for each side
separately (cf. Swaters 1999). With this, rather ad hoc, assumption, the difference between
the rotation velocity for each half separately and the average value represents a 2σ deviation.
Note that small-scale non-circular motions, or asymmetries perpendicular to the major-axis,
are naturally not accounted for in this estimate.

The first two contributions to the rotation curve errors, ∆Vm and ∆Vnc were added quadrat-
ically, and are shown with the errorbars in the figures in the appendix.

The third contribution to the rotation curve errors comes from the uncertainty in the orien-
tation of the gas disks. The main contribution comes from the uncertainty ∆i in the inclination
angle, estimated as in section 4.3.1. Errors in position angle are usually much smaller, and
moreover, only contribute in second order to the rotation curve errors; in practice, the effect
of position angle errors can be neglected compared to the uncertainties in inclination. The
effect of the inclination error on the rotation curves is derived as follows. The rotation veloc-
ities Vrot in the rotation curve can be written as Vrot ∝ Vrad/sin i, where Vrad is the measured
radial velocity from either the optical spectrum or the H velocity field. Thus, an error ∆i in
the inclination leads to an error ∆Vi in the rotation velocity of

∆Vi =
Vrot

tan i
∆irad, (4.2)

where ∆irad is measured in radians. So, not only is it more difficult to derive the inclination
accurately for near face-on galaxies, the resulting uncertainty in the rotation velocities due to
a given error ∆i becomes progressively larger as well.

The derived errors ∆Vi(r) are indicated with the shaded regions in the bottom right panels
in the figures in appendix 4-I; for clarity, they are drawn around the smoothed rotation curves,
rather than around the individual data points. Note that these errors account not only for
systematic offsets of the rotation curves, but also for the effect of undetected or misfitted
warps, which would alter the shape of the rotation curves.

4.4 Parameter comparison

A proper derivation of a rotation curve depends crucially on the assumed orientation param-
eters and systemic velocity of the galaxy. It is instructive to compare the values which we
assumed for the rotation curves here, derived from the tilted ring fits, with those obtained
from other sources.

Figure 4.1 shows that, in general, there is good agreement between the parameters from
the tilted ring analysis and those derived from e.g. the optical isophotal analysis. In most
cases, the dynamical and the isophotal centers coincide within a few arcseconds, well within
one H beam. Larger offsets are only observed in galaxies with strong dust features in the op-
tical image (e.g. UGC 3580) or in highly inclined systems (e.g. UGC 8699), where extinction
and line-of-sight integration effects complicate a proper determination of the central position.
The observed offsets can be fully explained by observational effects, and no galaxies seem to
have a true, physical offset between the dynamical and morphological centers.

A comparison of the systemic velocities from different methods shows that they all agree
within 5 – 10 km/s. In galaxies with well-resolved H velocity fields, however, the tilted
ring systemic velocity is the preferred value, as it uses dynamical information from the entire
gas disk. The other methods are expected to have larger intrinsic errors, so the dispersions



P  169

Figure 4.1: Comparison of global tilted ring (TR) parameters with values from other sources.

Data points give offsets of central position (a), systemic velocity (b), inclination (c) and position

angle (d) with respect to the values derived from the tilted ring analysis. For warped galaxies,

the tilted ring values in the inner regions were used, such that they correspond to the same re-

gions as probed by the optical observations. Filled squares represent the values from the optical

isophotal analysis (a, c, d) or from the optical spectra (b). Open squares show the comparison

with LEDA. The crosses in panel b show the comparison with the systemic velocities derived

from the global H  profiles. The errorbars in (c) show the adopted uncertainties in the tilted ring

inclinations. The standard deviations of the distributions are given in the bottom left corner of

each panel. Cases where parameters derived from different sources were not independent (e.g.

UGC 624) are not considered here.

given in the figure will probably come predominantly from errors in those measurements; the
typical error with which one can determine the systemic velocity using tilted ring models lies
probably in the order of 2 – 4 km/s.

The disk orientation parameters derived from the optical isophotes usually agree within a
few degrees with the tilted ring parameters. In particular, panel (c) shows that our assumed
errors ∆i on the inclinations are reasonable. Only 2 galaxies show an offset between the
isophotal and kinematical inclination angles that is significantly larger than the assumed er-
ror. One is UGC 2916, which is interacting with a companion galaxy. Close inspection of
the fitted optical ellipticities (appendix 3-II) shows that the shape of the isophotes at interme-
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diate radii is consistent with the kinematical inclination; the outer isophotes are most likely
disturbed by the tidal influence of the companion. The other case is UGC 6787, where the
isophotal inclination is poorly constrained due to the influence of the dominant bulge. Again,
since the tilted ring analysis uses dynamical information from the entire gas disks, it will gen-
erally give more accurate values for the inclination and position angles, so figure 4.1 mostly
shows the uncertainties in the isophotal parameters. Note that the inclinations from LEDA
have a large scatter around our values, up to 20◦.

4.5 Warps

It has been known for a long time that the outer parts of the gas disks of many spiral galaxies
are not coplanar with the inner disk, but that they are ‘warped’ (Rogstad et al. 1974; Sancisi
1976). Bosma (1991) reported that at least 50% of all galaxies are warped. More recently,
Garcı́a-Ruiz et al. (2002) studied 26 edge-on galaxies and found that all galaxies with an H
disk more extended than the stellar one are warped.

Most galaxies in our sample are fairly face-on and warps are therefore detected less easily
than in Garcia-Ruiz’ galaxies. Nevertheless, we can infer the presence of warps from the tilted
ring fits to the velocity fields. Inspection of the figures in appendix 4-I shows that the fitted
inclination or position angles show significant radial variations in 14 of our 19 galaxies. For
three of the remaining five galaxies (UGC 624, 3993 and 8699), the quality of the velocity
fields is insufficient to put strong constraints on the orientation of the gas disks and we cannot
exclude the possibility that these systems are warped as well. Only two galaxies, UGC 3205
and 3546, show very little variation in the fitted orientation angles (the variations in the inner
part of UGC 3205 can be attributed to bar-induced streaming motions) and seem to have no
warp at all.

Briggs (1990) claimed that warping tends to set in in the outer parts of the optical disk
(around R25). Although many of the galaxies in our sample are consistent with having a flat
gas disk within the optical radius, we also find a few counter examples. The velocity fields
of UGC 6786, 6787 and 11852 show clear signs of warping in the inner parts. The first two
systems are unbarred and the observed variations in their orientation parameters must be real.
UGC 11852 has a bar, but it is smaller than the H beam; the observed warping occurs at
larger radii and must, again, be real. Note, however, that in all three cases, the inner warps
are mild. Strong warps are only observed outside the bright optical disks, e.g. in UGC 9133
and 11852.

4.6 Rotation curve shape

The shape and amplitude of a galaxy’s rotation curve are directly related to the gravitational
field in the midplane of its disk, and thus to the distribution of its main mass components. A
systematic study of the shapes of rotation curves, and a comparison with the optical proper-
ties of the galaxies, can therefore yield important information on the distribution and relative
importance of dark matter in galaxies. In particular, many studies have addressed the cor-
relation between the distribution of luminous matter and the shape of a rotation curve (see
section 4.1 for references). If the luminous matter plays a significant rôle in the dynamics
of galaxies, the shape of a rotation curve must depend on the distribution of the luminous
matter. On the other hand, if dark matter is dominant, such a correlation will be much weaker
or completely absent.
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Figure 4.2: Compilation of rotation curves from all galaxies in the sample. The top panels show

the rotation curves with Vmax > 250 km/s, the bottom panels show those with Vmax < 250 km/s.

In the left hand panels, the rotation curves are plotted on the same physical scale; the insets

show the inner 5 kpc of all curves. In the right hand panels, all radii are scaled with the R-band

disk scale lengths. The curves are identified with the sample numbers from table 4.1. To limit

confusion, the curves of UGC 2916 (#3), 3993 (#8), 6787 (#13) and 9133 (#15) are plotted

using different linestyles (dot-dash, short dash, long dash and dots respectively).

In figure 4.2, we show a compilation of all the rotation curves in our sample. In the left
hand panels, the rotation curves are plotted on the same physical scale; in the right hand
panels, all radii are scaled with the R-band scale lengths of the stellar disks (from table 3.5).
Although there is a large variety in rotation curve shapes among the galaxies in our sample,
there are also some general features which can be recognised from this figure and from the
individual rotation curves shown in appendix 4-I.

Almost all rotation curves in our sample rise extremely steeply in the center. In most
cases, the rise of the rotation curve is unresolved, even in the optical spectrum, and the rota-
tion velocities rise from 0 to >∼ 200 km/s within a few hundred parsecs. In some cases (such
as UGC 2953 (#4), 3205 (#5) or 3580 (#7)), the steep central rise is followed by a more gentle
increase before the maximum rotation velocity is reached; in other cases (e.g. UGC 4458
(#9), 5253 (#11), 9133 (#15)), the rotation curve rises to its maximum immediately.

At larger radii, many rotation curves show a marked decline, especially those with Vmax >∼
200 km/s. Such galaxies mark the ‘end of a conspiracy’ (Casertano & van Gorkom 1991)
between dark and luminous matter, which, in most spiral galaxies, conspire to form a rotation
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curve that is flat out to large radii (van Albada & Sancisi 1986). In several cases (for example
UGC 2487 (#2), 2916 (#3), 5253 (#11)), the rotation curves are more or less flat in the inner
regions and the decline sets in quite suddenly around the edge of the optical disks (near R25);
this behaviour is similar to that in e.g. NGC 3992 (Bottema & Verheijen 2002) and NGC 5055
(Battaglia et al. 2005). But there are also cases where the rotation velocities start decreasing
well inside the optical disk (e.g. UGC 2953 (#4), 9133 (#15)), or even right from the very first
point in the rotation curve (UGC 4458 (#9)).

Although the total decline in the rotation curve can be large (more than 50% in the case of
UGC 4458 (#9); ∼ 25% for UGC 9133 (#15) and 11852 (#17)), all declining rotation curves
appear to flatten out at large radii. No rotation curves are found with a fully Keplerian decline
in the outer regions, indicating that we have not reached the point where the mass density
becomes negligible. Thus, although the rotation curves of massive, early-type disk galaxies
look remarkably different from those of later-type spiral galaxies at small and intermediate
radii, they show the same ‘flatness’ in the outer regions, proving that they too must contain
large quantities of dark matter.

It is worth mentioning that many galaxies show distinct features in their rotation curves
(e.g. UGC 6787 (#13), 8699 (#14); see the notes on individual cases in section 4.8). Only
very few galaxies have smooth rotation curves without ‘bumps’ or ‘wiggles’ and the declines
at intermediate radii are rarely featureless and monotonous. Although these irregularities
may sometimes be caused by e.g. noise or non-circular motions of the gas, they can often be
recognized on both sides of the optical spectra or H velocity fields and must, in most cases,
reflect small-scale features in the underlying mass distribution. In particular, we will show
in chapter 6 that the ‘wiggles’ and the detailed shape of the drop-off in the rotation curves
can, in some cases, be linked to features in the light or gas distributions and can be used to
constrain the relative contributions of the luminous and dark matter in these galaxies.

In some cases, such as UGC 2953 (#4), 3993 (#8) or 11670 (#16), there are indications that
the rotation curves start to rise again at the outer edges of the H disks. Whether this effect
is real or an artefact in the data is hard to tell. The corresponding points in the H velocity
fields were derived from low signal-to-noise ratio line profiles and have large uncertainties.
Furthermore, we cannot exclude the possibility that the gas in the outer regions moves on
non-circular orbits, or that we have not determined the inclination of the orbits correctly.
Follow-up observations at higher sensitivity are required to investigate this in more detail.

4.6.1 correlations with optical properties

To investigate the dependence of rotation curve shape on the optical properties of the galax-
ies, we have ordered the rotation curves from our sample according to several parameters. In
figures 4.3 and 4.4, we present a compilation of our rotation curves in a similar fashion as
Casertano & van Gorkom (1991); the rotation curves are ordered according to the maximum
rotation velocity Vmax and the R-band disk scale length (figure 4.3) or bulge-to-disk luminos-
ity ratio (figure 4.4). In figure 4.5, we have divided our galaxies into different subsamples,
according to several optical parameters, and plot the rotation curves for each subsample sep-
arately.
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Figure 4.3: Compilation of rotation curves following Casertano & van Gorkom (1991). The

origin of each rotation curve is placed according to the maximum rotation velocity Vmax and

the R-band exponential scale length of the stellar disk. Dashed lines are used to indicate the

origins for galaxies where the central rotation curve was not measured. The individual rotation

curves are labelled using the sample numbers from table 4.1 and scaled in radius and velocity,

as indicated with the small axes at the bottom right. The scale lengths for UGC 4605 and 6786

(#10 and #12) are estimates only, so their exact position in the figure is uncertain.

inner rotation curves

Early results by Rubin et al. (1985) showed that the inner shape of a rotation curve is cou-
pled to a galaxy’s luminosity: bright galaxies have steeply rising rotation curves, whereas
low-luminosity systems reach the maximum rotation velocity at relatively larger radii. This
relation was later confirmed by several other studies (e.g. Broeils 1992a; Swaters 1999). The
galaxies with the lowest luminosity (and corresponding maximum velocity) in our sample
(UGC 3580 (#7) and 12043 (#19)) follow this trend and have rotation curves which rise rel-
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Figure 4.4: Compilation of rotation curves similar to figure 4.3, this time with the origin of each

curve placed according to the maximum rotation velocity Vmax and the R-band bulge-to-disk

luminosity ratio. UGC 4605 was not included in this figure, since no bulge-disk decomposition

was available for this galaxy.

atively slowly. In particular, UGC 12043 (#19) is the only galaxy in our sample which com-
pletely lacks the characteristic steep rise in the center; instead, its rotation velocities increase
gradually, in solid-body fashion and only reach the maximum around 3 disk scale lengths.
The remaining galaxies in our sample, however, seem to indicate that the systematic progres-
sion breaks down above a maximum rotation velocity of ∼ 200 km/s (see figure 4.3). All
galaxies with a rotation velocity larger than ∼ 200 km/s have the characteristic steep rotation
curve in the center. Whether the rotation velocities continue to increase after this initial rise,
or whether the maximum is reached in the very center, does not seem to depend on the total
luminosity of the galaxy.

Instead, the shape of the rotation curve in the inner regions seems to depend more strongly
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Figure 4.5: Rotation curves ordered according to (from top to bottom) absolute magnitude of

the entire galaxy, absolute magnitude of the stellar disk, absolute magnitude of the stellar bulge,

central surface brightness of the stellar disk and compactness of the stellar light distribution

(measured by the ratio of the effective radii R80 and R20 which contain respectively 80 and 20%

of the light). All parameters are derived from the R-band images (see tables 3.4 and 3.5). The

bins are chosen in order to distribute the rotation curves evenly over the panels. All rotation

curves are labelled with the sample numbers from table 4.1 and scaled with the R-band disk

scale lengths. Since no accurate photometry is available for UGC 4605 (#10), this galaxy is not

included in these plots. Furthermore, UGC 12043 (#19) does not have a bulge component and

is not included in any of the plots in the third row.
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Figure 4.6: Strength of the decline in the rotation curves vs. total magnitude (a), scale length

of the stellar disk (b) and ratio of the effective radii R80 and R20 (c) (all measured from the

R-band images). The open symbol indicates UGC 11914; due to the small radius of the last

measured point in the rotation curve, its asymptotic rotation velocity is poorly defined (see

also section 4.8). Since no accurate photometry is available for UGC 4605, this galaxy is not

included in these plots.

on the concentration of the stellar mass distribution. This can be seen most clearly in fig-
ure 4.4 and in the bottom panels in 4.5, where the rotation curves are ordered according to the
bulge-to-disk luminosity ratio and the more generic measure of light concentration R80/R20

respectively. These figures show that galaxies with faint bulges and a relatively diffuse stellar
light distribution reach the maximum in their rotation curves at relatively larger radii than
galaxies with highly concentrated light distributions. This also explains why UGC 12043
(#19) has such a shallow central rotation curve: it has no bulge component at all. The only
system with a small bulge which appears to reach its maximum rotation velocity at very small
radii is UGC 3546 (#6), but this galaxy has a Seyfert nucleus which makes its central rotation
velocities highly uncertain (see the errorbars in the figure in the appendix); it is well possible
that the rotation curve of this galaxy rises more slowly than we have derived here.

Thus, our data seem to be at odds with the claims of Rubin et al. (1985) and Burstein &
Rubin (1985) that the luminous matter does not influence the shape of a rotation curve and that
dark matter must be dominantly present everywhere. Our data indicate that at least the bulge
stars have a strong influence on the central rotation curves, and suggest that they dominate
the gravitational potential in the inner regions (in agreement with Corradi & Capaccioli 1990;
Verheijen 1997; Sancisi 2004).

outer rotation curves

Inspection of figures 4.3 – 4.5 shows that the shape of the rotation curves in the outer parts
is correlated with the luminosity of the galaxies: luminous galaxies are more likely to have
a declining rotation curve than low-luminosity systems (in agreement with Casertano & van
Gorkom 1991 and Broeils 1992a). This is shown in a more quantitative way in panel a) of
figure 4.6, where we plot the ratio of asymptotic and maximum rotation velocity as a function
of total absolute magnitude. This figure shows that all galaxies with MR < −20 have at least
a modest decline in their rotation curve and that the most strongly declining rotation curves
are observed in high-luminosity systems.
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The strength of the decline shows, however, little dependence on the shape of the light dis-
tribution. Casertano & van Gorkom (1991) concluded that strongly declining rotation curves
are predominantly observed in galaxies with a compact light distribution, where ‘compact’
in their terminology means ‘small disk scale length’. Our data disprove this conclusion, as
our sample also contains a number of galaxies with large scale lengths which have falling
rotation curves (see the upper panel in figure 4.3). This is in agreement with Broeils (1992a),
who also found a number of large galaxies with declining rotation curves. In fact, two of the
galaxies in our sample with the most strongly declining rotation curves (UGC 4458 (#9) and
9133 (#15)), have large scale lengths (8.6 and 9.1 kpc respectively). Panel b) in figure 4.6
shows that, if a trend with linear size of the galaxies exists at all, it is in the opposite direc-
tion as claimed by Casertano & van Gorkom (1991): larger galaxies have on average more
strongly declining rotation curves.

No trend is seen when, instead of the disk scale length, we use the more generic pa-
rameter R80/R20 to define the compactness of the stellar light distribution (bottom panels in
figure 4.5 and panel c) in figure 4.6). Declining rotation curves are seen both in galaxies with
a compact light distribution and in galaxies with a more diffuse stellar component (such as
UGC 2487 (#2) or 2953 (#4)). Note, however, that according to this criterion, the galaxy with
the strongest decline in its rotation curve is also the most concentrated: UGC 4458 (#9).

4.6.2 the Universal Rotation Curve for early-type disk galaxies

Persic et al. (1996) claimed, based on a study of over a thousand optical rotation curves and
a small number of H rotation curves, that the shape of a rotation curve is solely governed by
the galaxy’s luminosity and can be written as the following simple formula:

VURC(x) = Vopt

{

(0.72 + 0.44 log λ)
1.97x1.22

(x2 + 0.782)1.43
+ 1.6 e−0.4λ x2

x2 + 1.52λ0.4

}1/2

. (4.3)

Here, x = R/Ropt is the radius expressed in units of the optical radius Ropt, the radius encom-
passing 83% of the light; for a simple exponential disk, this radius corresponds to 3.2 disk
scale lengths, but for early-type galaxies with a bulge component, Ropt is relatively smaller.
Vopt is the rotation velocity at Ropt and λ = LB/L∗B is the B-band luminosity of the galaxy
scaled with L∗, for which they assumed log(L∗B/L�) = 10.4. In principle, Vopt can also be re-
lated to the luminosity via the Tully-Fisher relation, but since we are mostly interested in the
shape of the rotation curve here, we empirically determine Vopt from our observed rotation
curves; the amplitudes of our rotation curves and deviations from the Tully-Fisher relation
are discussed in the next chapter.

This Universal Rotation Curve (URC) has received considerable attention in the litera-
ture, as it implies (together with other scaling relations such as the Tully-Fisher relation) a
tight connection between the luminous and dark matter in galaxies and, as such, has impor-
tant consequences for the theory of galaxy formation (Dalcanton et al. 1997; Hernandez &
Gilmore 1998; Elizondo et al. 1999). However, from the observational point of view, no con-
sensus has yet been reached concerning the general applicability of the concept of the URC to
real galaxies. Although the URC seems to give a reasonable description of the general trends
in rotation curve shapes, it was readily noted that individual rotation curves often show large
deviations from the URC (Courteau 1997; Verheijen 1997) and that other parameters than
luminosity must also influence a galaxy’s rotation curve (e.g. surface density, bulge-to-disk
ratios, etc., see also Roscoe 1999).
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Figure 4.7: Comparison of our rotation curves (data points) with the Universal Rotation Curve

from Persic et al. (1996) (solid lines). Shaded regions give the uncertainties due to inclination

errors. All rotation curves are scaled with R80, the radius containing 80% of the B-band light

(see table 3.4) and V80, the rotation velocity at R80. See text for details.

Our findings that the shape of the rotation curves of early-type disk galaxies, in particular
in the inner regions, is only weakly coupled to their luminosity, raise the question as to how
our rotation curves compare to the URC. In figure 4.7, we overplot the predicted rotation
curves from equation 4.3 over our observed rotation curves. We did not measure the optical
radius Ropt for our galaxies, but use the effective radius R80, containing 80% of the light in
the B-band (see table 3.4), as an approximation instead. All velocities are scaled with V80,
the rotation velocity at R80. For UGC 6786, no B-band data was available in chapter 3; we
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Figure 4.8: Data points show the rotation curves after subtraction of the bulge component

(shown with the thin lines). The bold line shows the Universal Rotation Curve for the disk

component. All radii are scaled to 3.2 times the B-band disk scale lengths (see table 3.5) and

V3.2h, the corresponding bulge-subtracted rotation velocities. See text for details.

used the R-band image to measure the effective radius, and the B-band absolute magnitude
from LEDA to calculate the URC. UGC 4605 was omitted entirely from this analysis, since
no accurate photometric data were available at all.

The most obvious result from figure 4.7 is that the URC completely fails to account
for the steep central rise in our rotation curves. In all galaxies, except the bulgeless sys-
tem UGC 12043, the URC severely under-predicts the rotation velocities in the center. For
UGC 2953, it is hard to see the discrepancy in the figure due to the crowding of the points, but
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also in this case, the observed velocities inside 0.4 R80 lie far above the predicted curve. The
failure in the inner regions is, however, not surprising, as Persic et al. (1996) derived their
relations specifically for disk-dominated galaxies and did not take bulges into account. In the
outer parts, the agreement is good in some cases (e.g. UGC 2953, 3205, 9133), but there are
also many galaxies where the observed rotation curves have a markedly different shape than
the predictions from the URC. In particular, the slope of the outer rotation curve seems to
be poorly predicted by the URC, with the observed rotation curves flat instead of rising (e.g.
UGC 6786, 11670, 12043), declining instead of flat (UGC 11852) or not declining rapidly
enough (UGC 2487). But some of these differences at larger radii may be attributed to the
presence of the bulges as well. Not only do bulges influence the observed rotation velocities
in the galaxies, they also change the shape of the predicted rotation curve by altering the total
luminosity and the optical radius; thus, they may cause discrepancies at large radii too.

To investigate to what extent the difference between the observed rotation curves and
the URC can be explained by the presence of the massive bulges in our galaxies, we have
subtracted their contribution from the observed and predicted rotation curves; the results are
shown in figure 4.8. In this figure, the data points show the observed rotation curves after
the subtraction of the contribution of the bulge (shown with the thin lines). The bulge con-
tributions were calculated using the prescriptions outlined in appendix 6-I and assuming the
mass-to-light ratios from the best fitting mass models from chapter 6 (see table 6.3). For
UGC 3205, we assumed a bulge mass-to-light ratio of 2.2, instead of the best fitting but un-
physical value of 0. The bold lines show the predicted rotation curves from equation 4.3,
now using the absolute B-band magnitudes of the disk components (see table 3.5). All ro-
tation curves are now scaled with the B-band disk scale length, assuming Ropt ≈ 3.2h. For
UGC 6786, we used the R-band disk scale length to scale the rotation curves and assumed a
B-R colour of 1.19 (see table 4.1) to convert the R-band disk magnitude to B-band luminosity.

The correction for the bulge influence has indeed alleviated some of the discrepancies
present in figure 4.7, especially in the central parts; some galaxies show almost perfect agree-
ment with the predicted rotation curves now (e.g. UGC 2953, 6786, 9133). However, even
after the bulge corrections, many differences remain. Most rotation curves still rise more
rapidly than predicted by the URC and reach a flat plateau where the URC is still rising (e.g.
UGC 624, 3205, 3546, 3993, 4458, 11670, 11852). Also in the outer regions, the observed
slopes of the rotation curves often still differ from the predicted ones, although the differences
are generally smaller than in figure 4.7.

In conclusion, a universal rotation curve that depends only on luminosity appears insuffi-
cient to account for the observed diversity in rotation curve shapes. The URC of Persic et al.
(1996) may be seen as an empirical tool to parameterise global trends of several properties of
disk-dominated galaxies (surface brightness, size, etc.) with luminosity and the reflection of
those on the gravitational fields. In individual cases, however, the differences with observed
rotation curves are large, indicating that other factors must contribute to the detailed shape of
a rotation curve as well. For early-type disk galaxies in particular, the massive bulges cause
additional systematic deviations from equation 4.3 in the inner regions and the detailed shape
of the drop-off in the outer parts is not well reproduced either. Clearly, real galaxies are more
complex than the simple URC prescription suggests.
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4.7 Broad central velocity profiles in the optical spectra

In about half of the galaxies in our sample, broad velocity profiles are present in the optical
spectra of the central regions; the velocity amplitudes of those features often exceed the rota-
tional velocities observed at larger radii. In some cases, especially in the Seyferts UGC 2487
and 3546, these broad components may be explained as a result of nuclear activity and re-
lated gas flows. In the other cases, however, no strong nuclear activity is observed and the
most natural explanation of the observed velocities is a nuclear disk or ring, possibly rotating
around a massive nuclear star cluster or super-massive black hole. Similar rapidly rotating
components have been observed in the centers of many other spiral galaxies (e.g. Carter &
Jenkins 1993; Bertola et al. 1998; Sofue et al. 1998, 1999; Sofue & Rubin 2001 and references
therein; McDermid et al. 2004; Fathi 2004), and may well be the spectroscopic counterparts
to the nuclear structures imaged by e.g. Carollo et al. (1997, 1998).

In most cases, the central structures are spatially unresolved in our spectra, but in a few
cases (e.g. UGC 11670, 11852) the resolution is sufficient to detect a velocity gradient. These
gradients are always in the same direction as the sense of rotation of the gas at larger radii,
which further strengthens our assumption that the central features in the spectra originate
from regularly rotating gas.

The data presented here lack the spatial resolution to unambiguously determine the na-
ture of the central components in our spectra. A proper investigation would require sub-
arcsecond resolution, both for the kinematic as for the photometric data, i.e. either space-
based or adaptive-optics assisted observations. A nice example of the potential of such ob-
servations was recently presented by Atkinson et al. (2005), who used imaging and long-slit
spectroscopy from the Hubble Space Telescope to derive limits on the mass of the central
black holes in NGC 1300 and 2748 (see also Harms et al. 1994; Ferrarese & Ford 1999).

With our data, we can only estimate the total mass in the central regions of our galaxies.
The results of our crude analysis are summarized in table 4.4. The rotational velocities of
the gas were derived from the width Wc of the central line profile, measured at 20% of the
maximum flux, assuming that the central gas has the same orientation as the outer disk:
Vc = Wc/(2 sin i). Note that the true rotational velocities may be larger or smaller if the central
disks are tilted with respect to the main disk for which we derived the inclination angle, or
if significant non-circular motions are present. The total extent of the gas in the central
component was estimated by eye from the spectrum directly; table 4.4 gives the estimated
diameters Dc. In most cases, the resolution of our data allows us to probe diameters of a
few hundred parsecs or less; for the distant galaxy UGC 11852, the constraints are somewhat
worse. Since in all cases, the structures are not or only marginally resolved, the diameters
given in table 4.4 are highly uncertain and, strictly speaking, upper limits only. Finally,
if we make the additional assumption that the central mass concentration has a spherically
symmetric shape, the total enclosed mass can be estimated using equation 4.1.

Table 4.4 clearly shows that the inferred central masses and densities are high, especially
in the nearby galaxies where we have better constraints on the total extent of the rapidly
rotating gas. Central densities of order 103 M� pc−3 and higher can almost certainly not be
explained by the normal stellar components. In column (8) of table 4.4, we give the total R-
band luminosities within Dc, as measured from the optical images presented in chapter 3. It is
clear that the observed luminosities are too small to account for the derived dynamical masses;
the local mass-to-light ratios are much larger than what is expected for the surrounding bulge
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Table 4.4: Central features in the optical spectra. (1) UGC number; (2) central velocity of

line profile; (3) profile width, measured at 20% of the maximum flux; (4) derived rotational

velocity; (5) estimated diameter; (6) total enclosed mass; (7) average density within Dc;

(8) total R-band luminosity within Dc and (9) R-band mass-to-light ratio within Dc.

UGC V0 Wc Vc Dc Mc ρc Lc,R (M/L)c,R

km/s km/s km/s ′′ kpc 109 M� 103 M�
pc3 108 L� M�/L�

(1) (2) (3) (4) (5) (6) (7) (8) (9)
2487 – Seyfert nucleus –
2953 911 470 307 1.1 0.08 0.86 3.4 0.34 25
3546 – Seyfert nucleus –
5253 1324 317 263 1.1 0.11 0.88 1.3 1.3 7
8699 2553 434 227 1.1 0.20 1.2 0.28 0.58 21
9133 3860 490 307 1.5 0.40 4.4 0.13 5.7 8

11670 781 357 190 2.6 0.16 0.69 0.30 0.96 7
11852 5851 355 232 1.9 0.74 4.6 0.022 4.5 10
11914 947 472 458 1.1 0.08 2.0 6.9 0.42 48

material (see the results of the mass decompositions in chapter 6).
Our inferred masses are also a few orders of magnitudes larger than those of the most

massive stellar clusters known to date (e.g. Mengel et al. 2002; Maraston et al. 2004; Walcher
et al. 2005), so it is unlikely that the high rotation velocities are caused by unresolved central
condensations of stars. For UGC 2953, 5253, 11670 and 11914, HST images are available
(e.g. Carollo et al. 2002; Hunt & Malkan 2004) and we could explicitly verify that no bright
and compact sources of light are hidden in our own, lower-resolution images.

In conclusion, the central components in our spectra seem to be a strong indication for the
presence of super-massive black holes in at least a fraction of our galaxies. Sub-arcsecond
observations, however, are required to obtain more detailed knowledge on the spatial extent
and orientation of the rapidly rotating gas and to provide conclusive evidence for the presence
and mass of the black holes.

4.8 Notes on individual galaxies

UGC 624 (NGC 338) has strongly lopsided kinematics, which makes it difficult to determine
the systemic velocity accurately. When the systemic velocity is left as a free parameter in
the tilted ring fits, it shows a gradual decline of almost 50 km/s towards larger radii, in an at-
tempt to symmetrize the rotation curve. The value of 4789 km/s minimizes the asymmetries
in the central parts, but even then there are differences between the approaching and receding
sides of the optical spectrum. On the approaching side, the rotation curve rises rapidly to a
more or less flat plateau at about 285 km/s, whereas on the receding side, the rotation curve
rises more gradually to a peak of approximately 310 km/s, after which it declines slowly. In
the outer parts of the H disk (R >∼ 50 kpc), the differences are even more pronounced. On
the receding side, the rotation curve declines gradually, whereas it starts to rise again on the
approaching side. At the outermost point, the difference between the two halves amounts to
almost 100 km/s.
It seems plausible that the asymmetries in UGC 624 are caused by gravitational interaction
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with its neighbour, UGC 623. Note that the distribution of the neutral gas in UGC 624 is also
asymmetric (cf. chapter 2).
The strong asymmetries in the velocity field lead to large residual velocities with respect to
the model velocity field. Additionally, they make it difficult to accurately determine the incli-
nation of the gas disk and we were forced to use the value from the optical isophotal analysis.
This all results in large uncertainties in the rotation curve, especially in the outer parts. This
galaxy is therefore not suitable for a derivation of the dark matter properties and it is not used
in chapter 6.

UGC 2487 (NGC 1167) is a giant S0 galaxy (MB = −21.88,DB
25 = 54 kpc; see table 3.4)

with an extended, highly regular gas disk. We can trace the H rotation curve out to radii of
80 kpc (10 R-band disk scale lengths) and although there is a small decline in the rotation
velocities, they remain well above 300 km/s till the outermost point. The total mass enclosed
within the last measured point is Menc = 2.1 ·1012 M�, which makes UGC 2487 the most
massive galaxy in our sample. The total enclosed mass is larger even than those in the giant
Sc galaxies NGC 2916 and UGC 2885 (Rubin et al. 1979; Roelfsema & Allen 1985, note that
in both papers a Hubble constant of H0 = 50 km s−1 Mpc−1 is assumed; their derived masses
have to be divided by 1.5 when using our value of 75 km s−1 Mpc−1); to our knowledge, it
is the largest mass ever derived from a rotation curve. Saglia & Sancisi (1988) list a number
of other large disk galaxies with extremely high rotation velocities; some of those galaxies
may be even more massive than UGC 2487, but since no spatially resolved rotation curves
are available for these systems, no accurate values for the total masses can be derived. In
any case, UGC 2487 seems member of a class of extremely massive disk galaxies (see also
Giovanelli et al. 1986; Carignan et al. 1997), with masses that rival those of the most massive
elliptical galaxies (e.g. Bertin et al. 1988; Minniti et al. 1998).
UGC 2487 is also classified as a Seyfert galaxy, explaining the broad emission lines in the
nucleus (cf. Filippenko & Sargent 1985). It has a central compact steep spectrum (CSS) ra-
dio source (e.g. Sanghera et al. 1995; Giovannini et al. 2001), which is responsible for the H
absorption in the center. Away from the bright nucleus, we detect some very faint emission
in the optical spectrum. Although this emission seems to follow the general sense of rotation
of the galaxy, the emission profiles are broad and do not have well-defined peaks. From these
data alone, it is difficult to determine whether this faint emission traces regular rotation in the
circumnuclear regions, or whether it is related to outflows from the active nucleus. Thus, this
emission gives no useful information on the shape of the potential in the inner regions and
we have decided not to use it in the derivation of the rotation curve. A small H region is
detected 30′′ away from the center on the approaching side; the emission from this region has
regular line profiles and its velocity is consistent with the rotation velocities of the H at the
corresponding location.

UGC 2916 has a regular, symmetric rotation curve in its central regions. In the outer parts,
however, a strong asymmetry is present between the approaching and the receding halves of
the galaxy. At the approaching side, the rotation velocities show a strong increase outside the
optical disk and reach a maximum of approximately 240 km/s at 20 kpc; further outwards the
rotation velocities decline again. At the receding side, the rotation velocities do not rise at all
outside the optical disk, but start to decline immediately. It seems likely that the lopsidedness
in this galaxy is the result of the interaction with its nearby companion PGC 14370.
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UGC 2953 (IC 356) is by far the best resolved galaxy in our sample, with 117 independent
data points in the rotation curve. The inner points, from the optical spectrum, sample the
rotation velocities at intervals of ∼80 pc or 0.02 R-band disk scale lengths, whereas the last
measured point lies at a projected radius of 59 kpc (14 disk scale lengths). The central rise
in the rotation curve is unresolved even in the optical spectrum; the rotation velocities rise to
∼200 km/s within 1 arcsecond from the center, and keep rising more gradually from there to
a maximum of 310 km/s at R≈ 100′′ (≈ 7.5 kpc, 2 disk scale lengths). In the outer regions,
the rotation curve declines, with the asymptotic velocity about 15% lower than the maximum.
The strong variation in the fitted inclination angles around R = 600′′ is probably an artefact
caused by streaming motions in the large spiral arm in the western half of the galaxy; it was
not judged to be real and was therefore not used in the final tilted ring fits.

UGC 3205 has one of the most symmetric H disks of all galaxies in our sample, both in its
morphological appearance (see chapter 2) and in its kinematics. The optical image is highly
regular as well (chapter 3). There is an almost perfect symmetry in the velocity field, and
the rotation curves for the approaching and receding halves of the galaxy are identical within
the measurement errors. The residual velocities are small too; the only significant residuals
are detected in the regions where the bar causes non-circular streaming motions. It seems
plausible that such streaming motions are also responsible for the apparent variation in incli-
nation angle in the center; we find it unlikely that the fitted variation is real and have assumed
a constant value for the final tilted ring fits. Outside the bar region, the residual velocities
are of order 10 km/s or less everywhere, indicating that the gas motion is highly regular and
undisturbed.
In the very center of the optical spectrum, a peculiar offset is detected between the center of
symmetry of the rotation curve and the center of the continuum emission; the former is shifted
by about one arcsecond to the south-west with respect to the latter. It seems unlikely that this
offset is caused by absorption of light by dust (as is most likely the case in UGC 3580), as
the optical image is highly symmetric and shows no signs of dust extinction whatsoever. No
other peculiarities are seen in this galaxy at all and the origin of the offset remains unclear
to us. For the derivation of the optical rotation curve, we have used the center of symmetry
of the line emission, rather than the continuum center, to fold the two halves onto each other.
Given the flatness of the rotation curve and the high degree of symmetry at larger radii in
the spectrum, a different choice for the dynamical center would not have led to significantly
different rotation velocities, except for the very inner points.
The resulting rotation curve of this galaxy seems to lack, almost completely, the characteristic
steep rise in the center which is observed in most other galaxies in our sample. Parts of the
central regions are devoid of gas though, and we cannot trace the entire rise of the rotation
curve.

UGC 3546 (NGC 2273) is classified as a Seyfert galaxy (Huchra et al. 1982). High-resolution
observations with the VLA revealed a bright radio continuum source in the center, consisting
of two separate lobes separated by about 0.9′′ or ≈ 120 pc (Ulvestad & Wilson 1984; Nagar
et al. 1999). The optical spectrum shows strong nuclear emission lines, the nature of which
has been discussed by Ho et al. (1997). The Hα emission in our optical spectrum is clearly
extended (cf. Pogge 1989b; Mulchaey et al. 1996), but the line profiles are irregular and very
broad out to a radius of about 10′′; within this radius, it is difficult to disentangle the effects
of quiescent rotation from possible in- and outflows from the nucleus. The uncertainties in
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the inner points of the rotation curve are therefore large, and the sharp peak and subsequent
decline in the rotation curve may not be real.
In contrast, the H velocity field displays smooth and regular rotation throughout the entire
gas disk of the galaxy. Only in the very inner parts of the disk does the velocity field appear
distorted, but this is an artefact caused by beam smearing (see the figure on page 64). This
also explains the erratic behaviour of the fitted orientation angles in the inner regions; for the
final tilted ring fits, we have used the position angle and inclination determined from larger
radii, as indicated with the bold lines in the figures in the appendix. No effects can be seen
of non-circular motion in the bar, possibly due to its favourable orientation (perpendicular to
the major axis).

The center of symmetry in the optical spectrum of UGC 3580 has an offset of approximately
one arcsecond (∼100 pc) with respect to the peak in the continuum emission (indicated with
the dashed line in the figure in the appendix). This difference is most likely caused by obscu-
ration of the continuum emission by dust. As was noted in chapter 3, the optical image shows
strong dust features in the central regions of this galaxy. Thus, a determination of the center
of the galaxy based on the peak in the light distribution is problematic and it is not surprising
that the dynamical center is offset with respect to the isophotal one.
Not only the optical appearance of this galaxy is peculiar, the kinematical structure is re-
markably different from that of most galaxies in our sample as well. There is a marked
asymmetry between the approaching and receding halves of the optical spectrum. Whether
this reflects a true lopsided kinematics in the center or is a result of dust extinction too, is
difficult to determine from these data alone. The major axis slice through the H data cube is
also asymmetric, but it appears that this asymmetry is peculiar to the major axis; it does not
occur equally strong at different position angles and the rotation curves averaged over the full
halves of the velocity field are only marginally different. Similarly to other galaxies in our
sample, the central rise of the rotation curve of UGC 3580 is very steep. But where in most
of our galaxies the rotation curve becomes flat after the initial rise, or even starts to decline,
it continues to rise gradually till twice the optical diameter (∼8.5 R-band disk scale lengths)
in this galaxy and only flattens out at the very edge of the gas disk. This behaviour resembles
that of typical late-type and dwarf galaxies (Broeils 1992a; Swaters 1999) which generally
have slowly rising rotation curves too. However, although UGC 3580 is one of the least lu-
minous galaxies in our sample (MB = −18.31) and correspondingly has one of the lowest
maximum rotation velocities (Vmax = 127 km/s), its luminosity is still too high to classify
it as a dwarf galaxy. UGC 3580 thus seems to be a relatively luminous member of a class
of low-luminosity early-type disk galaxies which have distinctly different morphological and
kinematical features as their high-luminosity counterparts; other nice examples of this class
are UGC 6742, UGC 12043 and UGC 12713 (see chapter 2).

UGC 3993 is an S0 galaxy with a regularly rotating gas disk. It resembles UGC 2487, but it
is not as large nor as massive. Although the galaxy is quite face-on, the H velocity field is
of sufficient quality to determine the inclination with reasonable accuracy. Nevertheless, the
uncertainties in the rotation velocities due to the inclination errors are large. In particular, we
cannot exclude the possibility that the decline in the rotation curve of this galaxy is caused
by a small warp in the outer parts towards a more face-on orientation. Note also that this
galaxy has a relatively large deviation from the Tully-Fisher relations as fitted in section 5.4
and seems to rotate faster than expected for its luminosity. This could in part be explained by
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the uncertainty in the inclination and would indicate that we have slightly underestimated the
inclination angle.
The optical spectrum complements the H data well, although the central rise in the rotation
curve is still not fully resolved.

The rotation curve of UGC 4458 (NGC 2599) looks remarkably different from the canonical
flat rotation curves normally observed in spiral galaxies. Instead, it rises very rapidly to an
extreme peak velocity of 490 km/s, after which it shows a sharp decline of more than 50%
before it asymptotically approaches a constant rotation velocity of ∼ 240 km/s. The central
rise in the rotation curve is unresolved even in our optical spectrum; it is possible that in the
very inner regions, gas moves at even higher rotation velocities. Already, a rotation velocity
of 490 km/s is unusually high, and seems surpassed only by that of UGC 12591 (Giovanelli
et al. 1986).
The extreme decline in the rotation curve of UGC 4458 makes this galaxy a good example of
the effect of the shape of a galaxy’s rotation curve on its position on the Tully-Fisher relation
(see chapter 5). UGC 4458 lies far to the right of the main TF-relations when using the width
of the H profile or the maximum rotation velocity. When, instead, we use the asymptotic
rotation velocity from the outer parts as kinematic parameter, it shifts far to the left, and lines
up exactly with the main relation.
UGC 4458 is, however, close to face-on and the errors in the rotation velocities, caused by
the uncertainties in the exact value of the inclination, are large. Thus, the peak velocity could
be substantially lower if the galaxy were slightly more inclined in the inner parts, and the ex-
treme decline in the rotation curve could partly be explained by a small warp towards a more
face-on orientation in the outer parts. To fully explain the decline as a result of a warped gas
disk, the inclination would have to decrease steadily from 31◦ in the center to 15◦ in the outer
parts (assuming a constant rotation velocity of 400 km/s). Such a change in inclination angle
is not detected in the tilted ring fits, and it seems unlikely that the decline in the rotation curve
can be explained fully by warping of the gas disk.

The central parts of the gas disk of UGC 4605 (NGC 2654) are close to edge-on, with an
estimated inclination angle of 84◦. At larger radii, the gas disk warps towards a more face-on
orientation. Due to the high inclination and the resulting line-of-sight integration effects, the
central regions of the velocity field have a bias towards the systemic velocity and do not give
an accurate representation of the projected rotational velocities (see also chapter 2), so the
usual tilted ring analysis could not be used there. Within a radius of R = 30′′, this problem
could be circumvented by using the optical spectrum; due to its higher spatial resolution, it
suffers much less from projection effects. Between R = 30′′ and R = 110′′, where no opti-
cal information is available, we determined the rotation velocities by hand from the H data,
using the same method that was normally used for the inner regions of the optical spectra
(section 4.3.2). At each position along the major axis, the terminal velocity of the line pro-
file was determined and assumed to represent the projected rotational velocity at the line of
nodes; the average of the rotation velocities for the approaching and receding halves of the
galaxy was then taken as the true rotation velocity at that radius. Outside R = 110′′, the
gas disk becomes sufficiently less inclined that tilted ring fits could be applied to the velocity
field; the rotation curve for R > 110′′ was therefore determined in the usual way.
The edge-on orientation of this galaxy also has a positive effect, namely that the uncertainties
in the inclination angle are small; the resulting errors in the rotation velocities are almost
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negligible.
The final rotation curve is well defined and symmetric, except for the region around 120′′,
where the rotation velocities on the approaching side are declining already while those on
the receding side are still constant. Beyond this region, the rotation curve is symmetric and
shows a strong decline on both halves. At larger radii (R >∼ 200′′), the rotation curve flattens
out at a level of approximately 185 km/s.
Due to the edge-on orientation of this galaxy, no accurate optical photometry could be ob-
tained and we were only able to obtain an estimate for the radial scale length of the stellar
disk. But the rotation curve is relatively flat between 2 and 3 times the estimated scale length,
so the value for V2.2h is reasonably robust. Due to the lack of detailed information on the stel-
lar mass distribution, however, this galaxy can not be used for the mass modelling presented
in chapter 6.

The outer parts of the gas disk of UGC 5253 (NGC 2985) are dominated by a large spiral
arm extending from the north of the galaxy. Although the gas in the arm is clearly rotating,
it is impossible to determine the exact orientation of the arm and we have only fitted a tilted
ring model to the inner parts. Even so, our rotation curve extends out to a radius of 49 kpc,
or ∼9 R-band disk scale lengths.
The most interesting aspect of UGC 5253, however, is the strong m=0 component in the
residual velocity field. Both in the inner (R <∼ 200′′) and in the outer (R >∼ 400′′) regions,
the residual velocities are small, indicating that our fitted tilted ring model is an accurate de-
scription of the observed gas motions. Around a radius of 300′′, however, a ring-like feature
is detected in the residual field with an amplitude of −20 km/s. This feature has a high degree
of symmetry with respect to the center of the galaxy and the residual velocities are almost
constant with position angle; only at the western end of the ring are the residuals slightly
lower (∼−10 km/s). In the rotation curve, the feature manifests itself as a marked asymmetry
between the approaching and receding side. However, simple kinematical asymmetries can
only explain residuals along the major axis of a galaxy; without additional radial motions,
they must always vanish on the minor axis. Thus, the fact that the residual velocities in the
ring are so symmetric and also present on the minor axis, argues against a simple kinematical
asymmetry.
A more plausible explanation of the marked m=0 component in the residual field is that it is
induced by the gravitational perturbations from the large spiral arm in the outer parts. It was
shown by Schoenmakers et al. (1997) on theoretical grounds that an m=1 perturbation in the
gravitational potential leads to a strong m=0 term in the residual velocity field. The combi-
nation of the large m=1 spiral arm in the gas distribution of UGC 5253 and the pronounced
m=0 term in its residual field are thus a strong empirical confirmation of their predictions.
Furthermore, Schoenmakers et al. (1997) showed that it is, in principle, possible to use the
amplitude of the m=0 term in the residual field to measure the strength of the perturbation on
the potential. This analysis is, however, beyond the scope of this thesis and will be postponed
to a later time.
Alternatively, we could be seeing a vertical vibrational mode in the gas disk of UGC 5253,
where the entire ring is moving upwards (i.e. towards us) with respect to the rest of the
galaxy. Sellwood (1996) and Edelsohn & Elmegreen (1997) showed the results of N-body
simulations which suggest that vertical vibrations can exist in the disks of galaxies, possibly
triggered by a tidal interaction with a companion galaxy. It seems, however, questionable if
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such a mechanism could explain the highly symmetric feature we observe in UGC 5253, and
we judge the explanation of Schoenmakers et al. (1997) more plausible.
Note that the feature in the residual field coincides with a marked drop in the rotation curve.
Both inside R = 200′′ and outside R = 400′′, the rotation curve is flat, but around R = 300′′, it
suddenly drops from 245 to 210 km/s; the rate of the decline is consistent with pure Keplerian
decay. Whether it is a coincidence that this drop occurs at similar radii as the feature in the
residual field, or whether both effects are related, is unclear.

A strong stellar Hα absorption feature is present in the central arcseconds of the optical spec-
trum of UGC 6786 (NGC 3900); no Hα emission is detected in the inner parts. Emission is
detected in the central parts in the 6583.46 Å N line, but the standard procedure of stacking
together the different emission lines in the optical spectrum cannot be used here. Instead,
we analysed the Hα and N lines separately in this case, and combined the resulting rota-
tion curves afterwards; at positions where emission was detected in both lines, the average
velocity was calculated. The spectrum shown in the figure in appendix 4-I was created by
replacing the inner part (15 pixels on either side of the center) of the Hα spectrum by the
corresponding region of the N line. Thus, it shows the extended Hα emission in the outer
regions, together with the N emission in the nuclear region.
Note that the central emission in the N line is irregular, with broad line profiles. This may
be explained as a result of line-of-sight integration effects through the inner regions of the
massive bulge of UGC 6786 (see chapter 3), but observations at higher spatial resolution and
sensitivity are required to investigate this in more detail. At a radius of 5′′ on the approaching
side, a strong emission feature is detected which has a velocity that lies more than 100 km/s
closer to the systemic velocity than the emission at smaller radii. It seems unphysical that
this emission traces regular rotation of gas in the plane of the galaxy and we did not include
it in the combined rotation curve.
The outer parts of the H disk are distorted as well, with two large spiral arms extending from
the symmetric inner disk. It is impossible to determine the exact orientation of the gas in these
arms and no tilted rings were fit outside a radius of 240′′. The residual velocity field shows
a peculiar m=5 harmonic component in the azimuthal direction. According to the results of
Schoenmakers et al. (1997), this implies an m=6 perturbation in the gravitational potential of
this galaxy. No obvious source of such a perturbation can be identified in the visible matter
in this galaxy, so the perturbation must be caused by the dark matter halo.
Since UGC 6786 does not have a regular exponential stellar disk, no disk scale lengths are
indicated in the figures in appendix 4-I.

The rotation curve of UGC 6787 (NGC 3898) is well resolved and shows some characteristic
‘wiggles’ with an amplitude of 30 – 50 km/s. The kinematics in the central parts are only
barely resolved in the optical spectrum, and due to the high inclination angle and resulting
line-of-sight integration effects, the central line-profiles are strongly broadened. After the
initial rise of the rotation curve to the peak velocity of 270 km/s, the rotation velocities drop
to approximately 220 km/s at a radius of 30′′ (∼ 2.75 kpc), after which they gradually rise
again to 250 km/s at R ≈ 100′′ (∼9 kpc). The rotation velocities then drop again to 220 km/s,
after which they rise again to reach a more or less flat plateau at 250 km/s. Although there are
clear indications that the gas disk of UGC 6787 is warped, the locations of the ‘wiggles’ in
the rotation curve do not coincide with the radii where the position angle and the inclination
change and the variations in the rotation velocity seem to be real. This is further confirmed by
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the fact that the variations occur symmetrically at all position angles over the velocity field.
The discrepancy between the kinematic inclination angle derived here and the optical incli-
nation from chapter 3 can be explained by the dominance of the bulge in the optical image.
As was noted in chapter 3, the optical image of this galaxy is dominated by the spheroidal
bulge out to large radii, which makes it impossible to obtain a reliable estimate for the incli-
nation. The kinematical inclination derived here is free of such effects and thus reflects the
true orientation of this galaxy more accurately.

UGC 8699 (NGC 5289) is highly inclined and the central line profiles in the optical spectrum
are severely broadened by the combined effect of beam smearing and line-of-sight integration
effects. Similar to UGC 6787, the rotation curve of this galaxy shows a distinct ‘bump’. After
an initial rise, the rotation curve reaches a peak velocity of 205 km/s at a radius of approxi-
mately 8′′(≈1.4 kpc). At R ≈ 30′′ (≈5.5 kpc), the rotation velocities have fallen to 170 km/s,
but unfortunately, no Hα emission is detected between 15 and 30′′ on either side of the galaxy,
so the exact shape of the decline in the rotation curve cannot be recovered. Between R = 30′′

and R = 45′′, the rotation curve rises back to approximately 200 km/s, symmetrically on both
sides of the galaxy. At the approaching side of the optical spectrum, no emission is detected
anymore beyond this radius; at the receding side, the spectrum indicates a small decline again
in the rotation velocities, out to the last measured point at 54′′(≈9.7 kpc).
In the H observations, UGC 8699 is virtually unresolved along the minor axis, making it
effectively edge-on. Comparison of the xv-slice through the H data cube with the optical
spectrum shows that there is probably a central hole in the H disk, explaining the absence
of H emission at high rotation velocities close to the center. Thus, this galaxy is another
good illustration of the necessity of the optical observations to resolve the shape of the inner
rotation curve. Because of the poor resolution along the minor axis, standard tilted ring fits
did not recover the rotation velocities accurately in this case. Instead, we used only points
close to the major axis to determine the H rotation curve; points within 60◦ of the minor
axis were discarded in the fits. In the outer parts, a small asymmetry is detected between
the rotation velocities of the approaching and receding halves of the galaxy, with the former
rotating about 10% slower than the latter.

UGC 9133 (NGC 5533) has the most extended rotation curve in our sample, with the out-
ermost point in the rotation curve lying at a projected radius of 103 kpc (> 11 R-band disk
scale lengths). With a rotation velocity at this radius of 225 km/s, the total enclosed mass is
1.3 · 1012 M�. Most gas at large radii lies in a giant spiral arm which extends from the north-
east side of the gas disk and is warped with respect to the inner parts of the galaxy. Although
the arm is clearly rotating and the fitted position and inclination angles are well-behaved, the
lack of symmetry in the arm makes it difficult to exclude the possibility that the gas in the arm
is not rotating at perfectly circular orbits. Therefore, care should be taken with the rotation
velocities outside R ≈ 200′′. Note, however, that we have assumed rather conservative values
for the uncertainty ∆i in the inclinations, such that the corresponding uncertainties ∆Vi in the
rotation curve (indicated with the shaded area in the figures in appendix 4-I) also include,
at least partly, the uncertainties introduced by the orientation of the spiral arm. Note also
that the residual velocities with respect to the tilted ring model are small, indicating that the
non-circular motions are not dominant.
The optical observations do not have sufficient resolution to trace the rise of the rotation ve-
locities in the center. Furthermore, a bright central component complicates the interpretation
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of the spectrum in the inner few arcseconds. At larger radii, however, the spectrum is highly
regular and symmetric.
The rotation curve of UGC 9133 keeps declining almost to the outermost points in the H
rotation curve. The asymptotic velocity is about 25% lower than the maximum. Only at a
radius of approximately 80 kpc does the rotation curve flatten out.

UGC 11670 (NGC 7013) has a giant bar; the large ‘wiggle’ in the rotation curve around R =
50′′ may well be an artefact caused by streaming motions in this bar. The change in position
angle which is detected at those radii is most likely also caused by non-circular motions and
for the final rotation curve, we assumed that the position angle is constant at -24◦ in the inner
regions. At larger radii, the rotation curve becomes smoother and shows a gradual decline
out to a radius of about 300′′(18 kpc), after which the rotation velocities seem to rise again.
The upturn is only visible in the low-resolution data, but seems to occur on both sides of the
galaxy, which strengthens the detection. We can, however, not exclude the possibility of in-
and outflows in the outer parts of the gas disk of this galaxy; deeper observations are needed
to verify if the gas in the outer parts is truly on circular orbits and if the rise in the rotation
curve is real.
In the center, a bright nuclear component complicates the interpretation of the optical spec-
trum and the inner points of the rotation curve may not be reliable.

UGC 11852 has the most extended gas disk, relative to the optical size, of all galaxies in our
sample. It allows us to trace the rotation curve to a radius of ∼ 90 kpc, or ∼ 21 R-band disk
scale lengths. This galaxy is clearly warped: the fitted position angles from the tilted ring fits
change by more than 20◦ from the inner to the outer parts of the disk. The inclination changes
as well and the galaxy becomes more edge-on in the outer parts. The apparent variation in the
fitted inclinations in the inner regions is probably an artefact caused by non-circular motions
in and around the bar; it is not included in the final fit. The rotation curve can be seen to rise
very steeply in the inner regions, although the exact shape of the inner rotation curve cannot
be recovered due to the strong central component present in the optical spectrum. Outside
the optical disk, the rotation curve shows a marked decline, but it seems to flatten out in the
outer parts. The asymptotic rotation velocity is approximately 25% lower than the maximum.
Strong residual velocities (up to −50 km/s) are detected northwest of the center of the galaxy.
The velocities of the gas in this region are incompatible with regular rotation and indicate
large-scale streaming motions.

UGC 11914 (NGC 7217) has a highly regular gas disk; the rotation curves of the approach-
ing and receding sides separately are almost indistinguishable. Unfortunately, however, the
inclination is not tightly constrained and the resulting uncertainties in the rotation curve are
large.
The location of UGC 11914 on the Tully-Fisher relations using the asymptotic rotation ve-
locities Vasymp imply that this galaxy should have a declining rotation curve, similarly to
comparable galaxies in our sample. The fact that we do not see such a decline may well be
caused by the small radial extent of the H disk, which enabled us to measure the rotation
curve out to 3.3 R-band disk scale lengths only. In several other galaxies in our sample (e.g.
UGC 2487, 5253), the decline in rotation velocities sets in around the edge of the optical
disks, so it seems not unreasonable to assume that the rotation curve of UGC 11914 declines
at radii larger than can be measured with our data.
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Due to its relative proximity, UGC 11914 is one of the few galaxies where we fully resolve
the inner rise of the rotation curve in the optical spectrum. We clearly see the gradual change
in velocity from the approaching to the receding side over the central 30′′. Superposed over
the ‘normal’ emission, we detect a bright and unresolved central component, which seems
fully decoupled from the surrounding gas. The line profile of this central component is very
broad and implies velocities well in excess of the quiescent rotation velocities at larger radii.
The derived estimates for the enclosed mass and densities in the center are highly suggestive
for the presence of a supermassive black hole (cf. section 4.7).

UGC 12043 (NGC 7286) is the least luminous galaxy in our rotation curve sample and the
amplitude of the rotation curve is correspondingly low (Vmax = 95 km/s). In contrast, the
rotation curve is the second most extended, compared to the optical size, of all galaxies in
our sample, with the outermost point lying at a projected radius almost 19 times larger than
the R-band disk scale length. This galaxy is the only case in our sample with a slowly ris-
ing rotation curve. It completely lacks the steep central rise observed in all other galaxies
in our sample and instead, rises gradually to the maximum which is only reached around 3
optical scale lengths. This behaviour can be explained by the fact that UGC 12043 has no
bulge and thus has a much smaller central surface density than all other galaxies in our sam-
ple (see chapter 3). UGC 12043 is a member of a class of low-luminosity early-type disk
galaxies which have distinctly different morphological and kinematical features than their
high-luminosity counterparts; other nice examples of this class are UGC 3580, UGC 6742,
and UGC 12713.
The interpretation of the optical spectrum is complicated by the low spectral resolution of
the GoldCam spectrograph used for these observations. Although the rotation of the galaxy
can clearly be detected, the line profiles are practically unresolved and no corrections can
be made for beam smearing or line-of-sight integration effects. A sudden jump occurs in
the receding side of the optical spectrum, around R=20′′, the nature of which is unclear; no
emission is detected at the corresponding radius on the approaching side.
The H velocity field is highly symmetric, and the inferred rotation curves for the approach-
ing and receding halves separately are virtually indistinguishable, except for the outer parts
of the low-resolution velocity field (not shown in the figure in appendix 4-I), where the ap-
proaching half exhibits a sudden rise in the rotation velocity. This rise is probably caused by
non-circular motions in the outer disk of the galaxy and most likely does not correspond to
a real increase in the rotation velocity; it is not included in the final, azimuthally averaged
rotation curve.

4.9 Summary and conclusions

In this chapter, we have derived rotation curves for a sample of 19 early-type disk galaxies
spanning almost 2 decades in optical luminosity. The majority of the galaxies are luminous,
with MB < −20. The rotation curves were derived from a combination of H synthesis ob-
servations and long-slit optical spectroscopy and probe the rotational velocities and mass
distributions on scales ranging from 100 pc to 100 kpc. Almost all rotation curves share a
number of properties, which appear to be typical for this type of galaxies.

The rotation velocities generally rise very rapidly and often reach values of 200 – 300 km/s
(and up to 500 km/s for extreme cases such as UGC 4458) within a few hundred parsecs from
the centers of the galaxies. After the initial steep rise, the rotation curves show a diversity in
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shapes. In some cases, the rotation velocities gradually increase further and reach the maxi-
mum at intermediate radii. In other cases, the rotation curves remain flat after the initial rise,
or even start to decline immediately. This diversity in shape seems to be related to differences
in the shape of the light distribution in these galaxies: galaxies with concentrated light dis-
tributions and luminous bulges generally reach the maximum rotation velocity at small radii,
whereas galaxies with a more diffuse stellar component, or small bulges, generally have rota-
tion curves which peak further out. This is in contrast with some previous claims (e.g. Rubin
et al. 1985; Burstein & Rubin 1985) that the shape of the rotation curves is determined by
a galaxy’s luminosity only and that the way the light is distributed is irrelevant. Our results
contradict this and, in fact, indicate that above rotation velocities of about 200 km/s, the total
luminosity has very little impact on the shape of the central rotation curve and that, instead,
the shape of the stellar light distribution governs the dynamics in the inner parts. Our data
strongly suggest that, at least in the central regions of the early-type galaxies presented in this
study, the luminous matter dominates the gravitational potential.

At larger radii, many rotation curves decline, with the asymptotic rotation velocity typ-
ically 10 – 20% lower than the maximum. The strength of the decline is coupled to the
luminosity of the galaxy, more luminous galaxies having on average more strongly declin-
ing rotation curves, in agreement with Casertano & van Gorkom (1991). However, where
Casertano & van Gorkom (1991) claimed that the strength of the declines is also coupled to
the concentration of the stellar light (galaxies with smaller disk scale lengths having more
strongly declining rotation curves), our data do not show such a trend. If there is any corre-
lation at all, it is in the opposite direction: galaxies with large optical disk scale lengths have
on average more strongly declining rotation curves.

In the outer regions, all rotation curves flatten out; no rotation curves are found with a
fully Keplerian decline in the outer regions. This shows that early-type disk galaxies, despite
being dominated by luminous matter in the central parts, must also contain large amounts of
dark matter.

Two low-luminosity galaxies, UGC 3580 and 12043, have a distinctly different kinemati-
cal structure than the other systems in our sample. The rotation curve of the former does rise
rapidly in the center, but where in most other galaxies the rotation velocities decrease or re-
main constant at large radii, they continue to rise almost all the way till the outer point in the
case of UGC 3580 (out to ∼ 8.5 disk scale lengths). UGC 12043 completely lacks the steep
central rise in the rotation curve; instead, its rotation velocities increase gradually, in solid-
body fashion, before becoming constant outside approximately 3 disk scale lengths. The rota-
tion curves of these two galaxies resemble those of typical late-type and dwarf galaxies which
generally have slowly rising rotation curves too (Broeils 1992a; Swaters 1999). UGC 3580
and 12043 also have different optical morphologies than most galaxies in our sample (see
chapter 3) and the conclusion seems justified that they belong to an entirely different class of
dwarf early-type disk galaxies.

We have compared our rotation curves with the predictions from the Universal Rotation
Curve from Persic et al. (1996). Since they did not include bulges in their models, their URC
fails to account for the steep central rise in our observed rotation curves. These discrepancies
are reduced, but not removed entirely, when we subtract the bulge influence from the rotation
curves. Furthermore, there are also many differences between the observed and predicted
rotation curves at larger radii. The concept of a Universal Rotation Curve which depends
only on luminosity appears to be insufficient to account for the observed diversity in rotation
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curve shape; other factors must contribute to the detailed shape of a rotation curve as well.
In a number of cases, our optical spectra show evidence for the presence of rapidly ro-

tating gas in the inner few hundred parsecs of the galaxies. The inferred central masses and
mass densities are high and cannot be explained by the observed stellar components. The
most plausible explanation for the observed high velocities is the presence of supermassive
black holes in the centers of these galaxies.

The rotation curves presented in this chapter will be used in chapter 6 to construct detailed
mass models for the galaxies and to study the relation between luminous and dark matter in
a quantitative way.
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4-I Appendix: Rotation curves

On the following pages, we present the rotation curves and several other related quantities
for all galaxies in the sample. For each galaxy, we show a figure consisting of the following
panels:

Left hand column:
Grayscale and contour representation of the observed H velocity field from chapter 2 (top).
Darker shading indicates the receding side of the galaxy. Contours are spaced 25 km/s, the
thick contour indicates the systemic velocity from table 4.3.
Model velocity field, based on the tilted ring fits to the velocity field shown above (middle).
Contours and grayscales are the same as in the observed velocity field.
Residual velocity field, produced by subtracting the model velocity field from the observed
one (bottom). The grayscales range from -40 to +40 km/s (white to black). Contours are
spaced 25 km/s, the thick contour indicates zero residual velocity.
The cross in each panel indicates the dynamical center, as given in table 4.3.

Top row:
Cleaned and stacked optical spectrum (middle) and major axis slice through the H data cube
(right); the position angles on the sky of each are indicated in the top left corner of the panels.
Contours in both panels are at -1.5 and -3 (dotted) and 1.5, 3, 6, 12, . . . times the rms noise in
the respective datasets. The dashed horizontal and vertical lines denote the systemic velocity
and the center of the galaxy respectively.
The fitted rotation velocities are overplotted. For each of the two halves of the plots, ap-
proaching and receding, we plot the velocities derived from fits to that half only. Filled
squares show velocities derived from the final tilted ring fits to the H velocity fields; filled
circles show velocities fitted to the optical line profiles. Open circles show the central rotation
velocities that were estimated by eye from the line profiles in the optical spectrum.

Bottom row, middle panels:
Orientation parameters from the tilted ring fits to the H velocity fields. The data points in
the top panels show the fitted position angles (north through east) from fits with position and
inclination angle left free. The bold lines give the values that were used for the final fits to
derive the rotation curves; the arrows give the values derived from the outer isophotes of the
optical image (see table 3.3).
The data points in the bottom panels show the fitted inclination angles from fits with inclina-
tion angle left free and position angle fixed at the values shown with the bold line in the top
panels. The bold lines give the values for the inclination angle that were used for the final fits
to derive the rotation curves; the shaded regions show the adopted uncertainties. The arrows
give the values derived from the outer isophotes of the optical image.

Bottom row, right hand panels:
Rotation curves. Left hand panels show the inner regions, right hand panels show the full
rotation curves; the axes at the bottom show radii in arcseconds, those at the top show the
corresponding radii in kiloparsecs. As in the top row, filled squares show velocities derived
from the final tilted ring fits to the H velocity fields; the position and inclinations angles as-
sumed for these final fits are indicated with the bold lines in the middle panels of the bottom
row. Diamonds show velocities that were derived from H data at lower resolution than those
shown in the left column and top row. Filled circles show the velocities from the optical
spectra and open circles show optical velocities that were manually adapted to correct for
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beam-smearing and line-of-sight integration effects in the optical spectra. The errorbars are
a combination of fitting errors and differences between the approaching and receding halves
(see section 4.3.4). The bold lines show the smoothed rotation curves, derived from cubic
spline fits through the individual data points (see section 4.3.3 for details). Regions where no
optical emission was detected are indicated with dashed lines. The shaded regions show the
uncertainties in the rotational velocities due to the adopted uncertainties in the inclination; for
clarity, they are drawn around the smoothed rotation curve, rather than around the individual
data points. Crosses and plus-signs indicate the rotation curves for the approaching and re-
ceding halves respectively. The vertical arrows at the bottom show the radii corresponding to
one (left) and two (right) disk scale lengths of the R-band image (see table 3.5). The horizon-
tal arrows at the right show the derived maximum and asymptotic rotation velocities and the
rotation velocity at 2.2 R-band disk scale lengths (see table 4.3).
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5
The high mass end of the

Tully-Fisher relation
ABSTRACT — We study the location of our massive early-type disk galaxies on the
Tully-Fisher relation. Using a combination of our own data and those from Verheijen
(2001), we show that in traditional formulations of the TF relation (using the width of the
global H profile or the maximum rotation velocity), early-type disk galaxies with rotation
velocities larger than 200 km/s lie systematically to the right of the relation defined by the
less massive systems, causing a characteristic ‘kink’ in the relations.
We also show that the change in slope largely disappears when we use the asymptotic
rotation velocity as kinematic parameter and that the remaining deviations from linearity
can be removed when we simultaneously use the total baryonic mass (stars + gas) instead
of the optical or near-infrared luminosity. Our results strengthen the view that the Tully-
Fisher relation fundamentally links the mass of dark matter haloes with the total baryonic
mass embedded in them.

5.1 Introduction

The notion of a tight correlation between absolute luminosities of spiral galaxies and their
rotational velocities has been with us for almost thirty years now (Tully & Fisher 1977) and
has been confirmed to hold over many decades in luminosity (Courteau 1997; McGaugh et al.
2000; Verheijen 2001, hereafter V01) and in different galaxy environments (Giovanelli et al.
1997; Willick 1999). Courteau et al. (2003) showed that the presence of a bar does not influ-
ence the location of a galaxy on the ‘Tully-Fisher’ (TF) relation either. Galaxies of different
morphological types do follow different TF relations (Roberts 1978; Rubin et al. 1985; Hinz
et al. 2001; Mathieu et al. 2002; Russell 2004), but these offsets disappear almost entirely
when using, instead of optical luminosities, near-infrared photometry (Aaronson & Mould
1983; Peletier & Willner 1993), indicating that most of the differences at bluer wavelengths
can be attributed to variations in star formation history along the Hubble sequence and the
resulting differences in stellar populations.

The Tully-Fisher relation has become one of the most widely used relations in extragalac-
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tic astronomy. It has been commonly used as a powerful tool to estimate distances to galaxies
(e.g. Tully & Pierce 2000, and references therein). As a statistical correlation between funda-
mental properties of spiral galaxies, it has also been used to constrain numerical simulations
of galaxy formation (Dalcanton et al. 1997; Navarro & Steinmetz 2000; Bullock et al. 2001),
probe galaxy evolution on cosmological timescales (Vogt et al. 1997; Ziegler et al. 2002;
Milvang-Jensen et al. 2003; Böhm et al. 2004), or study the structure and stellar populations
of nearby galaxies (Courteau & Rix 1999; Bell & de Jong 2001).

Our results regarding the shape of the rotation curves in massive early-type disk galax-
ies, described in section 4.6, raise the question where such galaxies lie on the Tully-Fisher
relation as defined by later-type spiral galaxies. Peletier & Willner (1993) noted that the TF
relation seems to ‘turn over’ above rotation velocities of about 225 km/s. Similarly, V01
showed, based on a sample of 31 galaxies in the Ursa-Major cluster with well-defined ro-
tation curves and K-band photometry, that galaxies with declining rotation curves (typically
bright systems with high rotation velocities) lie systematically on the high velocity side of
the relation defined by galaxies with flat rotation curves, when using the maximum rotation
velocity Vmax or the inclination corrected width of the H profile. Clearly, the existence of a
change in slope of the Tully-Fisher relation has important consequences and, if not corrected
for, will lead to systematic biases when deriving cosmological distances or probing galaxy
evolution.

However, V01 also showed that the systematic offset at the high mass end disappeared
when the rotation velocities Vasymp in the outer, flat parts of the rotation curves were used.
Bearing in mind that the asymptotic rotation velocities are determined by the dark matter
haloes, V01 interpreted his results as a strong indication that the TF relation fundamentally
links the total baryonic content of (disk) galaxies with their dark matter haloes, and that as
far as this relation is concerned, there is no fundamental difference between low and high
mass galaxies. Unfortunately, Verheijen’s sample only contained a small number of galaxies
with declining rotation curves and the declines were only small. Our sample contains many
galaxies with strongly declining rotation curves where the difference between the maximum
and asymptotic rotation velocities is much larger than in Verheijen’s galaxies. It therefore
enables us to investigate the relation between the rotation curve shapes and the change in
slope at the bright end of the TF relation much better. In this chapter, we combine our sample
of rotation curves from chapter 4 with the data for the galaxies with flat and declining rotation
curves from V01 to study the TF relation over 2 decades of luminosity (∼5 magnitudes).

The outline of this chapter is as follows. In section 5.2, we describe the B-, R-, I- and
K-band photometric data used for the analysis and the corrections which were applied to
correct for internal extinction. The kinematic data are described in section 5.3. In section 5.4,
we present the Tully-Fisher relations and show that there is indeed a change in slope around
200 km/s. In section 5.5, we discuss the location of the massive, early-type disk galaxies
on the Baryonic Tully-Fisher relation. Finally, we summarize our results and draw some
conclusions in section 5.6.

5.2 Photometric data for the TF analysis

In chapter 3, we derived absolute magnitudes and errors for our galaxies in B and R; for 5
galaxies, I-band photometry was available as well. In a few cases, however, the magnitudes
in chapter 3 were derived from observations on non-photometric nights. Although it was
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Figure 5.1: Comparison of 2MASS K-band magnitudes with the data from T96. Data points

show the difference between the total apparent magnitudes from 2MASS and those from T96;

errorbars show the combined errors. Open symbols indicate low surface brightness galaxies

(µ0,K > 18 mag arcsec−2), filled symbols indicate HSB systems. Vertical arrows indicate the

2MASS apparent magnitudes for the galaxies in the present sample.

attempted to include the resulting photometric calibration uncertainties into the errors, those
data lack the reliability required for the present study, and were therefore rejected here.

V01 also had K-band photometry at his disposal. We did not observe our galaxies in
the near-infrared, but all galaxies in our sample were observed in K in the framework of the
Two Micron All Sky Survey∗. To judge the reliability of the 2MASS photometric data, we
compared the K-band magnitudes from Tully et al. (1996, hereafter T96) with the total ex-
trapolated magnitudes from 2MASS; the results are shown in figure 5.1. This figure clearly
shows that the 2MASS photometric data are reliable for high surface brightness (HSB) galax-
ies. For the galaxies with measured central surface brightness µ0,K < 18.0 mag arcsec−2, the
average difference between 2MASS’ and T96’s magnitudes is 0.01 mag, with a standard
deviation of 0.14 mag. V01 reported, based on an internal comparison of their observa-
tions from different nights, an average photometric uncertainty of 0.08 mag in the K-band
magnitudes of T96. This implies that the uncertainties in the 2MASS magnitudes must be
approximately 0.11 mag, significantly larger than the average errors given by the 2MASS
database (0.03 mag for the HSB galaxies in figure 5.1). Photometric errors of 0.03 mag seem
somewhat optimistic, in particular since the 2MASS images are significantly less deep than
those of T96.

Figure 5.1 also shows that for low surface brightness galaxies, the 2MASS magnitudes
are not reliable and sometimes deviate strongly from the values from T96. Inspection of the

∗2MASS: http://www.ipac.caltech.edu/2mass/
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2MASS images for these galaxies shows that they are of such low surface brightness that
they are often barely detected (in fact, most of the LSB galaxies from Tully’s sample are not
detected at all by 2MASS). Apparently, 2MASS has missed a large fraction of the flux of
many LSB galaxies, compared to the deeper data from T96.

The galaxies from the present sample are all early-type disk galaxies of high surface
brightness. For these galaxies, it seems safe to adopt the 2MASS magnitudes, but we as-
sume an average photometric uncertainty of 0.11 mag instead of the smaller errors given by
2MASS. The 2MASS apparent magnitudes were converted to absolute magnitudes using the
distances from table 2.3 and the corrections for galactic foreground extinction from Schlegel
et al. (1998).

The absolute magnitudes in the four bands have not yet been corrected for internal extinc-
tion caused by dust in the galaxies themselves. Several correction schemes exist to determine
the amount of internal extinction; the most commonly used methods are based on those of
Tully & Fouqué (1985) or Giovanelli et al. (1994). Here, we follow V01, who employed
the following relation, originally derived by Tully et al. (1998), for the internal extinction
parameter:

Ai→0
λ = −γλ log

(

b
a

)

, (5.1)

with b/a the observed minor-to-major axis ratio of the optical image. γλ is wavelength de-
pendent and was found by Tully et al. (1998) to depend also on the absolute luminosity of
the galaxy: brighter galaxies contain on average more dust than fainter ones. These authors
use the Tully-Fisher relation itself, in an iterative way, to express the absolute luminosity in
terms of the H line width, and give the following description for γλ:

γλ = αλ + βλ(log Wc,i
20,R − 2.5), (5.2)

where Wc,i
20,R is the H line width, corrected for inclination and broadening due to instrumental

effects and random gas motions (see below). For the wavelength dependent parameters αλ
and βλ, we use the values given by Tully et al. (1998).

In table 5.1, we give for each galaxy the raw apparent magnitudes, the galactic fore-
ground and internal extinction parameters, Afg

λ
and Ai

λ
, and the resulting corrected absolute

magnitudes used in the remainder of this chapter. The table shows that the internal extinction
corrections can be quite substantial, up to one magnitude in the B-band for highly-inclined
galaxies such as UGC 8699. Even in the K-band, the corrections are significant, although
they do not exceed 0.1 magnitude except in the most inclined systems.

The errors in columns (2) and (6) of table 5.1 are photometric errors only. In addition
to these errors, we also account for the distance uncertainties by assuming a typical peculiar
velocity of 200 km/s; the resulting error on the absolute magnitude δMdist is given in column
(11) of table 5.1 and was added quadratically to the photometric errors to obtain the total
uncertainties used for the subsequent analysis. V01 does not give individual errors on the
magnitudes of his galaxies, but only gives an average photometric uncertainty of 0.05 mag in
B, R and I and 0.08 mag in K, and a distance uncertainty of 0.17 mag. We simply adopt these
uncertainties for all galaxies from his sample here, but note that individual galaxies may have
larger deviations.

We have not included the uncertainties in the internal extinction corrections in our error
budget here. Especially for the optical magnitudes of the highly-inclined systems in our sam-
ples, the corrections Ai

λ
are large and galaxy-to-galaxy variations of γλ can cause substantial
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deviations from the corrections used here. However, without additional information about
the dust content of our galaxies, the corrections listed in table 5.1 are the best possible esti-
mate and the uncertainties are very difficult to quantify. We will ignore these uncertainties
for the subsequent analysis here, but note that some of the scatter in our TF relations might
be explained by the uncertainties in the internal extinction.

5.3 Kinematic data for the Tully-Fisher analysis
We use three kinematic parameters for our Tully-Fisher analysis. The first is the inclination
corrected width of the H line profile. The profile widths given in chapter 2 were already cor-
rected for instrumental broadening. Here, we apply an additional correction for broadening
of the profiles caused by random gas motions in the gas disks. We use the corrections given
by Verheijen & Sancisi (2001, based on Tully & Fouqué 1985):

(

Wc
20,R
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=

(
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, (5.3)

with Wc
20 taken from table 2.3. Wc indicates the profile width where the transition from a

Gaussian to a boxy shape occurs; we assume here Wc = 120 km/s (de Vaucouleurs et al.
1983). In practice, all our galaxies have profile widths larger than Wc, such that equation 5.3
yields a linear subtraction of Wt, which gives the amount by which a profile is broadened due
to the random gas motions. Verheijen & Sancisi (2001) present an extensive discussion about
the suitable choice for Wt; here we simply copy their preferred value of Wt = 22 km/s. The
derived profile widths Wc

20,R were corrected for inclination using the values given in table 4.3;
for warped galaxies we use the inclination in the inner regions where most of the gas is
concentrated.

The two other kinematic parameters are the maximum rotation velocity Vmax and the
asymptotic rotation velocity Vasymp, which are both derived directly from the rotation curves
(see section 4.3.3). The rotation curve of UGC 11914 only extends out to about 3.3 R-band
disk scale lengths and does not show the characteristic decline that we see in other galaxies of
similar type and luminosity (see section 4.8 and appendix 4-I). Since in many other cases, the
decline in the rotation velocities sets in outside the optical disk only, it is well possible that
the rotation curve in UGC 11914 would also decline at larger radii if we were able to measure
it. The asymptotic rotation velocity Vasymp for UGC 11914 seems therefore ill-defined and
we excluded this galaxy from the sample for the asymptotic velocity relations.

The errors on the profile widths are dominated by the uncertainties in inclination, which
were derived in section 4.3.1. The errors on the two other kinematic parameters were es-
timated by eye, based on the errors in the rotation curves (see section 4.3.4). They include
contributions from measurement errors, kinematic asymmetries and inclination uncertainties;
for the more face-on galaxies, the latter are usually dominant.

All three kinematic parameters and corresponding errors for each galaxy are given in
table 5.1. The kinematic parameters and corresponding errors from V01 were copied here
without further modifications.

5.4 Tully-Fisher relations
In figure 5.2, we show the Tully-Fisher relations for the samples from this study (open cir-
cles) and from V01 (solid dots), for the four available photometric bands and three kinematic
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Table 5.1: Photometric and kinematic properties used for the Tully-Fisher analysis: (1) UGC number; (2), (6) total apparent magnitudes and errors,

taken from chapter 3 (B, R and I) and the 2MASS galaxy catalogue (K); (3), (7) correction for galactic foreground extinction, taken from Schlegel

et al. (1998); (4), (8) correction for internal extinction, calculated using equation 5.1; (5), (9) resulting absolute magnitudes; (10) assumed distance,

taken from chapter 2; (11) magnitude error due to distance uncertainties; (12) maximum and asymptotic rotation velocities, taken from chapter 4;

(13) width of global H  profile, taken from chapter 2, corrected for instrumental broadening, random gas motions and inclination.

UGC mB Afg
B Ai

B Mc
B mI Afg

I Ai
I Mc

I D δMdist
Vmax Wc,i

20,R

mR Afg
R Ai

R Mc
R mK Afg

K Ai
K Mc

K Vasymp

——————– mag ——————– ——————– mag ——————– Mpc mag ——— km/s ———
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

624
13.48 ± 0.03 0.24 0.74 -21.57 11.23 ± 0.07 0.11 0.44 -23.38

65.1 0.09
300 ± 16 599 ± 38

11.96 ± 0.05 0.15 0.53 -22.78 9.26 ± 0.11 0.02 0.11 -24.94 270 ± 30

2487
13.06 ± 0.10 0.79 0.25 -22.13 – – – –

67.4 0.09
390 ± 21 755 ± 36

11.39 ± 0.03 0.49 0.18 -23.42 8.64 ± 0.11 0.07 0.04 -25.61 330 ± 24

2916
14.18 ± 0.03 1.21 0.14 -21.19 – – – –

63.5 0.09
220 ± 17 501 ± 39

12.75 ± 0.06 0.75 0.10 -22.11 10.01 ± 0.11 0.10 0.02 -24.13 180 ± 17

2953
11.49 ± 0.16 1.82 0.41 -21.63 8.34 ± 0.16 0.82 0.24 -23.61

15.1 0.38
315 ± 9 603 ± 18

– – – – 6.04 ± 0.11 0.15 0.06 -25.07 260 ± 16

3205
14.88 ± 0.18 2.33 0.79 -21.68 12.01 ± 0.21 1.05 0.47 -22.95

48.7 0.12
240 ± 7 451 ± 7

13.00 ± 0.12 1.45 0.57 -22.45 9.50 ± 0.11 0.20 0.11 -24.24 210 ± 5

3546
12.47 ± 0.22 0.31 0.38 -20.40 – – – –

27.3 0.21
260 ± 65 421 ± 13

11.02 ± 0.03 0.19 0.28 -21.63 8.48 ± 0.11 0.03 0.05 -23.78 190 ± 12

3580
13.33 ± 0.02 0.23 0.36 -18.67 – – – –

19.2 0.30
127 ± 5 246 ± 7

12.14 ± 0.05 0.14 0.27 -19.69 10.12 ± 0.11 0.02 0.05 -21.37 125 ± 5

3993
14.04 ± 0.20 0.28 0.08 -20.27 – – – –

61.9 0.09
300 ± 45 550 ± 79

12.78 ± 0.16 0.17 0.06 -21.41 10.33 ± 0.11 0.02 0.01 -23.66 250 ± 40

4458
12.81 ± 0.18 0.15 0.13 -21.51 – – – –

64.2 0.09
490 ± 75 620 ± 93

11.52 ± 0.10 0.09 0.09 -22.70 9.31 ± 0.11 0.01 0.02 -24.76 240 ± 43
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Table 5.1: Photometric and kinematic properties used for the Tully-Fisher analysis: continued

UGC mB Afg
B Ai

B Mc
B mI Afg

I Ai
I Mc

I D δMdist
Vmax Wc,i

20,R

mR Afg
R Ai

R Mc
R mK Afg

K Ai
K Mc

K Vasymp

——————– mag ——————– ——————– mag ——————– Mpc mag ——— km/s ———
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

4605
– – – – – – – –

20.9 0.28
225 ± 5 412 ± 2

– – – – 8.46 ± 0.11 0.02 0.14 -23.30 185 ± 4

5253
– – – – – – – –

21.1 0.27
255 ± 20 495 ± 34

9.79 ± 0.24 0.07 0.13 -22.03 7.36 ± 0.11 0.01 0.03 -24.30 210 ± 21

6786
– – – – – – – –

25.9 0.22
230 ± 5 456 ± 6

11.02 ± 0.06 0.08 0.58 -21.71 8.70 ± 0.11 0.01 0.11 -23.48 215 ± 10

6787
11.47 ± 0.11 0.09 0.60 -20.60 – – – –

18.9 0.31
270 ± 10 495 ± 7

10.16 ± 0.26 0.06 0.43 -21.71 7.66 ± 0.11 0.01 0.08 -23.82 250 ± 7

8699
13.39 ± 0.11 0.04 0.94 -20.42 – – – –

36.7 0.16
205 ± 6 382 ± 10

12.11 ± 0.24 0.03 0.68 -21.42 9.74 ± 0.11 0.00 0.13 -23.22 180 ± 9

9133
12.52 ± 0.09 0.07 0.44 -21.66 – – – –

54.3 0.11
300 ± 15 537 ± 18

11.09 ± 0.09 0.04 0.32 -22.94 8.80 ± 0.11 0.01 0.06 -24.94 225 ± 12

11670
– – – – 9.81 ± 0.14 0.42 0.37 -21.50

12.7 0.46
190 ± 5 341 ± 6

10.55 ± 0.11 0.58 0.46 -21.01 7.72 ± 0.11 0.08 0.09 -22.97 160 ± 6

11852
14.38 ± 0.10 0.30 0.38 -20.82 12.51 ± 0.09 0.14 0.23 -22.37

80.0 0.07
220 ± 16 401 ± 29

13.17 ± 0.08 0.19 0.28 -21.81 10.69 ± 0.11 0.03 0.05 -23.90 165 ± 11

11914
10.98 ± 0.24 0.38 0.11 -20.38 – – – –

14.9 0.39
305 ± 43 583 ± 85

9.75 ± 0.22 0.24 0.08 -21.43 6.83 ± 0.11 0.03 0.01 -24.08 –

12043
13.68 ± 0.12 0.28 0.37 -17.90 – – – –

15.4 0.38
93 ± 6 185 ± 3

12.85 ± 0.26 0.17 0.28 -18.54 10.81 ± 0.11 0.02 0.05 -20.21 90 ± 4
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Figure 5.2: Tully-Fisher relations in B-, R-, I- and K-band (top to bottom), using the corrected

widths of the global H  profiles (left) and the maximum (middle) and asymptotic rotation ve-

locities (right). Open circles indicate the galaxies from the present sample, dots show galaxies

with flat or declining rotation curves from V01. The full lines show the fits to the combined

sample, the dashed lines shows the fits from V01 to galaxies with flat rotation curves.



T-F  223

Table 5.2: Results from the least-χ2 fits to the Tully-Fisher relations shown in figure 5.2:

kinematic
parameter

band # of zero point slope scatter χ2
red Q

points
mag mag

Wc,i
20,R

B 37 -2.44 ± 0.56 -6.96 ± 0.23 0.41 3.62 1.8 · 10−13

R 39 -1.81 ± 0.56 -7.64 ± 0.22 0.35 2.60 6.0 · 10−8

I 27 0.19 ± 0.69 -8.62 ± 0.29 0.34 2.56 5.0 · 10−6

K 41 -1.38 ± 0.60 -8.56 ± 0.24 0.41 2.98 1.7 · 10−10

Vmax

B 37 -3.13 ± 0.61 -6.67 ± 0.23 0.44 3.29 1.6 · 10−11

R 39 -2.64 ± 0.62 -7.28 ± 0.24 0.38 2.26 4.7 · 10−6

I 27 -0.75 ± 0.77 -8.24 ± 0.30 0.32 1.62 1.2 · 10−2

K 41 -2.34 ± 0.67 -8.16 ± 0.25 0.44 2.60 3.2 · 10−8

Vasymp

B 36 -0.13 ± 0.78 -7.98 ± 0.30 0.42 2.42 1.4 · 10−6

R 38 0.60 ± 0.77 -8.65 ± 0.31 0.36 1.65 3.8 · 10−3

I 27 1.77 ± 0.93 -9.33 ± 0.36 0.31 1.24 1.2 · 10−1

K 40 1.33 ± 0.81 -9.71 ± 0.33 0.40 1.78 8.7 · 10−4

Vasymp

(UGC 3993
and 6787
excluded)

B 34 0.38 ± 0.80 -8.17 ± 0.31 0.39 2.13 5.7 · 10−5

R 36 0.85 ± 0.82 -8.77 ± 0.32 0.33 1.41 3.2 · 10−2

I 27 1.77 ± 0.93 -9.33 ± 0.36 0.31 1.24 1.2 · 10−1

K 38 1.73 ± 0.87 -9.90 ± 0.34 0.37 1.50 1.4 · 10−2

parameters. In the I-band, our study only adds 5 data points to Verheijen’s sample, but two of
those (UGC 624 and 2953) are about 0.7 magnitudes more luminous than his brightest galax-
ies, so our data still form a relevant addition to his sample. In the other bands, our data greatly
increase the number of luminous galaxies, with our most luminous system, UGC 2487, being
1.2 magnitudes brighter in K than the most luminous object in Verheijen’s sample.

The solid lines in the figure indicate the results from least-χ2 fits to the combined sample.
The results of these fits are summarized in table 5.2. The scatter around each of the fits
given in this table is a weighted rms scatter, with the weight for each data point given by
wi = (σ2

Mi + s2σ2
log Vi)

−1. Here, σMi are the magnitude errors, σlog Vi are the errors in the
parameters on the x-axes and s are the fitted slopes of the relations. Thus, we take the errors
in both directions into account. For comparison, we also show with dashed lines the fits to
the ‘F’-sample from V01, i.e. the fits made to galaxies with flat rotation curves only.

A number of interesting results can be recognised from figure 5.2 and table 5.2. First of
all, our data strongly suggest a ‘kink’ in the Tully-Fisher relation: the TF relation seems to
become shallower above a rotation velocity of about 200 km/s (equivalent to Mc

R < −21.5).
This is consistent with the claim first made by Peletier & Willner (1993), but the effect is
much more clearly visible here than in their data. The kink is most apparent when using
the width of the global profile (Wc,i

20,R) or the maximum rotation velocity Vmax as kinematic
parameter. In the left and middle panels in the figure, almost all galaxies from our sample
lie to the right of the relation defined by the later-type galaxies with flat rotation curves from
V01. As a result, the fits to the combined samples have a shallower slope than those to the
galaxies with flat rotation curves from Verheijen.
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However, the turnover is greatly reduced when using the asymptotic rotation velocity
Vasymp as kinematic parameter. Many of the galaxies in our sample with Vmax > 200 km/s
have strongly declining rotation curves (see section 4.6). Galaxies such as UGC 4458, 4605,
3546, which lie far to the right of the main relation in the left and middle panels, shift to the
left when the (lower) asymptotic velocity is used, thereby straightening the TF relation. This
effect is also reflected in the values for the rms scatter and χ2 of the data around the fits and
the ‘goodness-of-fit’ parameters Q. Table 5.2 shows that the TF relations using Vasymp are
much better represented by straight lines than the relations with the other two parameters.
However, the kink does not disappear completely. Even in the right hand panels of figure 5.2,
most galaxies at the bright end lie to the right of the relation defined by the less luminous
galaxies with flat rotation curves from V01, indicating that the slope of the TF relation also
changes when the asymptotic rotation velocities Vasymp are used.

We confirm the results from previous studies (e.g. Pierce & Tully 1992; Tully & Pierce
2000; Verheijen 2001) concerning the colour-dependencies in the Tully-Fisher relation. The
TF relation steepens when going from blue to red bands. The fact that our I-band TF relations
using Wc,i

20,R or Vmax are slightly steeper than the corresponding K-band relations, can be
explained by the small number of galaxies from our own sample with I-band photometry.
Inclusion of more galaxies with declining rotation curves at the top end of the I-band relations
would probably flatten their slopes to values between the R- and K-band slopes. Note that in
the relations using Vasymp, there is a steady increase in the slopes from B to K.

The scatter in our relations using the asymptotic rotation velocities is systematically larger
than the corresponding values found by V01. This difference can partly be attributed to
the fact that Verheijen’s galaxies all lie in the Ursa-Major cluster, such that the distance
uncertainties are small (at least in a relative sense). Our galaxies lie predominantly in the
field, where peculiar motions with respect to the Hubble flow lead to errors in the derived
distances and absolute luminosities (see table 5.1), and thus to additional scatter in the TF
relations. More importantly however, the scatter in our relations is artificially increased by
the deviations from a straight line. Even in the relations using the asymptotic rotation velocity
Vasymp, the kink around 200 km/s causes systematic deviations from the fitted straight lines.
Since V01 had only 2 galaxies with Vasymp > 200km/s, the change in slope at the high mass
end had virtually no influence on the scatter around the fits for his data. Note also that the
scatter and χ2 are smallest for our I-band data (and that the corresponding ’goodness-of-fit’
parameter Q is highest), where our study only adds 3 data points to Verheijen’s data above
200 km/s.

Finally, the scatter in the relations with Vasymp is heavily influenced by two galaxies with
unusually large deviations from the main relation: UGC 3993 and UGC 6787. In figure 5.3,
we show the deviations of the galaxies from our sample with respect to the R-band vs. Vasymp

fit described in table 5.2. The errorbars in the figure take the uncertainties of the points in
both directions into account, and were calculated as ∆eff =

√

[∆ log(2V)]2 + [∆M/ − 8.65]2,
with −8.65 the slope of the fit. UGC 3993 is a nearly face-on galaxy (i ≈ 20◦), with corre-
spondingly large uncertainties in the derived rotational velocities (also reflected in the large
errorbars in figures 5.2 and 5.3). The deviation of this galaxy may partly be caused by a slight
under-estimation of the true inclination angle. It seems unlikely, however, that the inclina-
tion uncertainty is responsible for the full deviation of UGC 3993; to bring this galaxy to
the middle of the relation would require an inclination angle of 30◦, a value which seems to
fall outside the range supported by our data (see the figure in appendix 4-I). The most likely
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Figure 5.3: Deviations of the galaxies

from the present sample with respect to

the R-band vs. Vasymp TF relation from

table 5.2. Galaxies are numbered ac-

cording to their UGC numbers. Error-

bars are the effective errors, calculated

by combining the magnitude and veloc-

ity uncertainties (see text).

explanation for the offset of UGC 6787 from the main relation lies in the distance determi-
nation. UGC 6787 lies close to the center of the Ursa Major cluster, but has a redshift that
is about 200 km/s higher than the high velocity envelope of the cluster (Tully et al. 1996). It
may thus lie behind the main cluster, which might in turn imply that it is being drawn into the
cluster and that the recession velocity is lower than expected in the case of pure Hubble flow.
In that case, our adopted distance of 18.9 Mpc and the derived luminosities are too small,
explaining the offset in the TF relations.

For completeness, we also list in table 5.2 the results of fits to the TF relations with the
asymptotic rotation velocities when UGC 3993 and 6787 are excluded from the sample. It is
clear that the exclusion of the two points from the fits does not lead to significantly different
slopes or zeropoints. As expected, the scatter is reduced, but since the kink in the relations
has not been removed by the exclusion of the two discrepant points, the values are still larger
than the corresponding ones from V01 and the χ2 and Q-parameter indicate that the deviations
from a straight relation are still real.

5.5 The Baryonic Tully-Fisher relation
What could be the origin of the change of slope in the Tully-Fisher relation? Does it truly
indicate a break in the relation between baryons and dark matter, or could it be explained by
other effects? In this context, it is interesting to consider the so-called ‘Baryonic Tully-Fisher
relation’, first discussed by McGaugh et al. (2000, see also McGaugh 2005). They showed
that there exists another break in the Tully-Fisher relation at the low luminosity end (around
Vrot = 90 km/s), below which galaxies are also under-luminous. They were, however, able
to restore a linear TF relation when, instead of using the stellar luminosity, they adopted the
total observed baryonic mass (stars and gas). Since dwarf galaxies contain on average more
gas than higher-luminosity spirals, the former shifted upwards more than the latter, and the
break in the Tully-Fisher relation disappeared.

In chapter 2, we have shown that the early-type disk galaxies in the present sample have
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Figure 5.4: Baryonic Tully-Fisher relation in the K-band. The total gas mass in each galaxy

was converted to K-band luminosity, assuming a mass-to-light ratio of the stars of 0.8 (see text).

Open circles indicate the galaxies from the present sample, dots show galaxies from V01. The

full lines show the fits to the combined sample, the dashed line in the right hand panel shows

the fit from V01.

a wide range in relative gas masses and that some of our systems are very gas-poor. In such
galaxies, the baryonic budget is dominated by the stars and adding the gas contribution will
not lead to a significant increase in magnitude. In this section, we investigate whether the
observed break at the high mass end in our Tully-Fisher relations can be explained as a result
of the relatively low gas-content of early-type disk galaxies.

We have converted the total gas masses for the galaxies from the present sample (ta-
ble 2.3) and those from V01 to K-band luminosities, assuming an average mass-to-light ratio
of the stellar populations of 0.8: LK,gas = 1.43MHI/(M∗/LK), where the factor 1.43 was used
to account for the presence of helium. The choice of M∗/LK = 0.8 was made following Mc-
Gaugh et al. (2000), and is consistent with the average values found from maximum-disk fits
from Verheijen (1997) and Palunas & Williams (2000). In reality, the values of M∗/LK are
expected to vary from galaxy to galaxy, but the variations will be modest in the K-band and
the adopted average value will suffice for the statistical approach taken here.

The equivalent K-band luminosities of the gas were added to the total stellar luminosities
and absolute baryonic magnitudes were calculated according to MK,bar. = −2.5 log[(LK,stars+

LK,gas)/L�] + MK,�. The resulting baryonic TF relations are shown in figure 5.4 for the same
three kinematic parameters as used before; the resulting least-χ2 fits are summarized in ta-
ble 5.3.

Due to the relatively high gas content of low luminosity galaxies and the gas deficiency
in high luminosity systems, the former shift up more than galaxies at intermediate luminosi-
ties, and the latter less, such that the baryonic Tully-Fisher relations have a shallower slope
than the standard stellar TF relations. More importantly, the ‘kink’ in the TF relations from
figure 5.2 is reduced. The relations with Wc,i

20,R and Vmax are better represented by a straight
line than the original relations in figure 5.2; the scatter and χ2 are reduced with respect to
the original values and the Q-parameters are increased. In the case of the relation with the
asymptotic rotation velocity Vasymp, the small ‘kink’ which was still present in the bottom
right hand panel in figure 5.2 seems to have disappeared almost completely now, but at the
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Table 5.3: Results from the least-χ2 fits to the K-band Baryonic Tully-Fisher

relations shown in figure 5.4:

kinematic zero point slope scatter χ2
red Q

parameter
mag mag

Wc,i
20,R -4.45 ± 0.59 -7.48 ± 0.23 0.34 2.23 4.4 · 10−6

Vmax -5.28 ± 0.62 -7.09 ± 0.24 0.39 2.29 2.0 · 10−6

Vasymp -2.19 ± 0.78 -8.44 ± 0.30 0.40 1.99 8.9 · 10−5

same time, the scatter around the mean relation appears to have increased, and the quality of
the fit, as measured with the χ2 and Q-parameter, is actually reduced.

The concept of the Baryonic Tully-Fisher relation may be useful to increase the linearity
in the traditional relations with the width of the H profile or the maximum rotational ve-
locity. Where McGaugh et al. (2000) found that the inclusion of the gas mass straightened
the TF relation at the low mass end, our results show that it also reduces the kink around
200 km/s. However, this effect is smaller than the one discussed in the previous section, and
the Baryonic Tully Fisher relations using Wc,i

20,R or Vmax are still worse than our stellar K-band
luminosity vs. Vasymp relation shown in figure 5.2 and table 5.2.

The inclusion of the gas also removes the small kink that was still present in the latter
relation, and the baryonic K-band vs. Vasymp TF relation appears to be fully consistent with a
linear relation over the full extent of our data. However, it also introduces additional scatter
in the relation and the formal quality of the fit is worse than the original without the gas mass
included. The scatter might be reduced if more accurate K-band mass-to-light ratios become
available for individual galaxies instead of the constant value of M∗/LK = 0.8 we assumed
here, but since these are currently not available, this hypothesis cannot be checked yet.

5.6 Concluding remarks

In the previous sections, we have shown that traditional formulations of the Tully-Fisher
relation, using stellar luminosities and the widths of the H profiles or the maximum rotational
velocities, show a characteristic ‘break’ in the relation around a rotation velocity of about
200 km/s, above which most galaxies rotate faster than expected (or equivalent, are less
luminous). This change in slope has important consequences for the use of the Tully-Fisher
relation as a tool for estimating distances to galaxies or for probing galaxy evolution. For
example, several authors have recently studied the evolution of the Tully-Fisher relation since
a redshift of z ≈ 1. Vogt et al. (1996, 1997) reported that galaxies at redshift z ∼ 1 were on
average 0.6 mag brighter (B-band) than galaxies in the local universe. Ziegler et al. (2002)
and Böhm et al. (2004) claimed that the evolution in the Tully-Fisher relation is luminosity
dependent, with high mass galaxies (Vmax > 150 km/s) showing little or no evolution, but low
mass galaxies being up to 2 magnitudes brighter at high redshift. Our results indicate that high
mass galaxies are under-luminous in the local universe, compared to a simple extrapolation
of the linear relation for lower-luminosity galaxies. Inspection of the B-band luminosity vs.
maximum rotational velocity relation (top middle panel) in figure 5.2 shows that this effect
can easily be as large as 1 magnitude. Thus, the evolution of the Tully-Fisher relation for
high mass galaxies may be much larger than derived by the authors mentioned above.
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We have also shown that the ‘kink’ in the TF relation can be reduced in two different ways,
namely 1) by using the asymptotic rotation velocity from the rotation curve as kinematic pa-
rameter and 2) by adopting the total baryonic mass (stars + gas) as luminosity parameter.
The first correction appears to be the most important one for high mass galaxies and the TF
relations using the asymptotic rotation velocities show only a small deviation from linearity.
However, the inclusion of the gas mass also improves the linearity and only when both refine-
ments are used in conjunction does the ‘kink’ disappear completely and is a linear relation
recovered. Our results seem to be a strong confirmation of the idea that the Tully-Fisher re-
lation is fundamentally a relation between the mass of the dark matter haloes (which define
Vasymp) and the total baryonic mass in galaxies (cf. McGaugh et al. 2000; Verheijen 2001).
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6
Dark matter in early-type disk

galaxies

ABSTRACT — We present mass models for a sample of 17 early-type disk galaxies,
based on decompositions of their rotation curves into contributions from the stellar bulges
and disks, the neutral gas disks and dark matter haloes. A new method is developed to
deproject the observed intensity distribution of a flattened bulge and to calculate its con-
tribution to the gravitational field.
We study the constraints on the mass-to-light ratios of the stellar components and show
that there are strong reasons to believe that bulges are at least close to ‘maximal’ and
dominate the gravitational potential in the inner regions. The constraints on the contribu-
tions of the stellar disks are not as tight and well-fitting models can be constructed with
a range of disk M/L ratios Γd; in some cases, however, Γd = 0 is not allowed and we can
also put firm lower limits on the contribution of the disk.
We compare mass models created with isothermal haloes to similar fits with dark mat-
ter density profiles as predicted by the simulations of structure formation in a cold dark
matter dominated universe from Navarro et al. (1997, NFW). We show that, on average,
equally good fits can be made with either density profile. In particular, the rotation curves
of most galaxies in our sample are compatible with the NFW dark matter density profiles,
provided that the stellar disks have low mass-to-light ratios (∼ 1 – 3 in the R-band). Max-
imum disks, which give good fits in the models with isothermal haloes, are not allowed
in combination with NFW haloes.
We discuss several tentative correlations between the derived dark halo parameters and
optical properties of the galaxies, but show that without independent, more accurate mea-
surements of the disk mass-to-light ratios, little can be said with certainty on the detailed
relation between dark and luminous matter. In particular, we cannot exclude the possibil-
ity that galaxies with very different optical characteristics live in similar haloes.
Finally, we also discuss the possibility that dark matter does not reside in spherical haloes,
but is instead coupled to the neutral gas. We show that in many cases, good fits can be
made, but that the required H scaling factors are high (∼ 10 – 50). In a number of cases,
the H-scaled model rotation curves fail in the outer regions and keep on declining where
the observed rotation curves stay flat.
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6.1 Introduction

The shape of rotation curves of spiral galaxies provides one of the most secure pieces of
evidence for the existence of dark matter in the universe. In the 1970’s, it was found that
rotation curves derived from 21cm radio observations of neutral hydrogen remain more or
less flat till the outermost points, well outside the optical disks, demonstrating that the stars
only constitute a fraction of the total gravitating mass in disk galaxies (Rogstad & Shostak
1972; Shostak 1973; Roberts & Whitehurst 1975; Bosma 1978, 1981b).

The presence of large amounts of dark matter in galaxies is now well-established and
widely accepted. However, due to its elusive nature, much is still unknown regarding the dis-
tribution of dark matter in galaxies and its relation with the luminous components. Despite
intensive research in the past decades, fundamental questions such as “What is the spatial
distribution of dark matter?”, “How far does dark matter extend?” or “Are the dynamics in
the inner regions in galaxies dominated by the luminous material, with dark matter taking
over at larger radii, or does dark matter dominate everywhere?” still await definitive answers.
Knowledge on these issues is, however, important to understand the processes of galaxy for-
mation and evolution. Modern simulations of structure formation in a dark matter dominated
universe make detailed predictions on the shape and extent of dark matter haloes and their
density profiles (Navarro et al. 1996, 1997; Moore et al. 1998, 1999; Klypin et al. 2001;
Bullock et al. 2001; Wechsler et al. 2002). These predictions are dependent on the assumed
properties of the dark matter (cold or warm, self-interacting or not), the assumed merging
history of the galaxies and on the initial conditions in the early universe. A comparison of
observed dark matter properties in galaxies with the results from the simulations can yield
important insight in all these parameters.

In this chapter, we study the radial distribution and relative importance of dark matter in a
sample of 17 early-type disk galaxies. We decompose their rotation curves into contributions
from the stellar bulges and disks, the gaseous disks and spherical dark matter haloes. All
galaxies in our sample have a high surface brightness and most lie at the high-mass end of
the disk galaxy population; the least luminous galaxy in our sample has an R-band absolute
magnitude of -18.3, 13 members have MR < −21. Our study is the first to address the dark
matter properties in a sample of massive, early-type disk galaxies based on H rotation curves
in a systematic way. It will serve as a complement to recent studies of late-type, dwarf and
LSB galaxies, such as the ones by de Blok & McGaugh (1997), Swaters (1999) and Swaters
et al. (2000), to provide information on the relation between dark and luminous matter over
the full extent of the disk galaxy population.

A complicating factor in rotation curve decompositions is the fact that the stars in the
galaxies contribute a significant, but not precisely known, fraction to the overall gravitational
potential. Kalnajs (1983) and Kent (1986, 1988) showed that the shape of the rotation curves
in the central regions of many spiral galaxies can be explained fully by assuming appropriate,
high mass-to-light ratios for the bulges and disks. In such ‘maximum disk’ situations, the
dark matter becomes dominant only at larger radii (van Albada & Sancisi 1986). However,
fits can usually be made with lower mass-to-light ratios for the stars and a significant rôle
for dark matter in the inner regions of galaxies as well (van Albada et al. 1985; Athanas-
soula et al. 1987; Verheijen 1997; Swaters 1999). This disk-halo degeneracy complicates the
unambiguous determination of the dark matter content and distribution in galaxies.

The situation in early-type disk galaxies is particularly difficult, as the presence of the
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luminous bulges creates an additional degree of freedom in the fits. Moreover, the high
concentration of light in the central regions means that small changes in the assumed mass-to-
light ratios lead to large variations in the inferred dark matter densities. We will pay particular
attention to the constraints which can be put on the stellar M/L ratios in our galaxies and the
consequences for the derived dark matter content and distribution. In particular, we will show
that there are strong reasons to believe that the gravitational potential in the inner regions of
early-type disk galaxies is dominated by the stellar components.

The structure of this chapter is as follows. In section 6.2, we briefly describe the rotation
curve sample used for the mass models and discuss some basic properties of the galaxies. The
techniques used to decompose the observed rotation curves into contributions from stars, gas
and dark matter are described in section 6.3. In section 6.4, we discuss the constraints on the
contributions of the stellar bulges and disks to the gravitational potential in our galaxies and
compare the inferred mass-to-light ratios to the values expected for their stellar populations.
In section 6.5, we compare our observed rotation curves with the predictions of structure
formation in a cold dark matter universe. In particular, we investigate whether our rotation
curves are consistent with the dark matter density profiles proposed by Navarro et al. (1997).
In section 6.6, we study the relation between dark and luminous matter as derived from our
mass models and in section 6.7, we consider the possibility that the dark matter in our galaxies
is not distributed in spherical haloes, but is instead coupled to the extended gas disks. Finally,
in section 6.8, we briefly discuss the implications of our results and summarise the main
conclusions from the previous sections. Appendix 6-I describes the method used to deproject
the observed intensity profiles of the bulges of early-type disk galaxies and to calculate their
contribution to the rotation curves. The tables and figures describing the mass models for
individual galaxies are presented in appendix 6-II and 6-III respectively.

Throughout this study, we will assume that the Newtonian description of gravity (or,
more correctly, General Relativity) is adequate at galactic scales. This may not be the case
and several attempts have been made to explain the shape of the rotation curves in the context
of alternative theories of gravity. In particular the theory of MOND (Milgrom 1983) has
been remarkably successful in explaining the shapes of rotation curves without the need for
additional dark matter (Sanders 1996; McGaugh & de Blok 1998a; Sanders & Verheijen
1998; de Blok & McGaugh 1998; Sanders & McGaugh 2002). In the current study, we
restrict ourselves to studies involving ‘normal’ Newtonian gravity and dark matter; a study of
our rotation curves in the context of MOND will not be done here.

6.2 The sample

The sample of rotation curves studied in this chapter is almost identical to that of chapter 4
and we refer the reader to section 4.2 for a detailed description of the selection criteria. Two
galaxies were rejected from the sample of chapter 4. UGC 624 was not included because of
the poor quality of its rotation curve; UGC 4605 has a well-defined rotation curve, but due
to its edge-on orientation, we do not have accurate information on the radial distribution of
gas and stars in its disk and detailed mass decompositions are not possible. The resulting
sample studied in this chapter consists of 17 galaxies; some basic properties of the members
are given in table 6.1.

The galaxies in the present sample have morphological types ranging from S0− to Sab
and span two decades in optical luminosity (−18 > MR > −23.5). Most galaxies are highly
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Table 6.1: Sample galaxies: basic data. (1) UGC number; (2) alternative name; (3) morphological

type; (4) distance; (5) absolute R-band magnitude; (6) R-band disk scale length; (7) and (8) maxi-

mum and asymptotic rotational velocities and (9) rotation curve quality. Column (3) was taken from

NED, (4) from chapter 2, (5) and (6) from chapter 3 and (7)–(9) from chapter 4.

UGC alternative Type D MR hR Vmax Vasymp RC
name Mpc mag kpc km/s km/s quality

(1) (2) (3) (4) (5) (6) (7) (8) (9)
2487 NGC 1167 SA0− 67.4 -23.24 8.0 390 330 I
2916 – Sab 63.5 -22.01 5.0 220 180 II
2953 IC 356 SA(s)ab pec 15.1 -22.54 4.1 310 260 I
3205 – Sab 48.7 -21.88 3.5 240 210 I
3546 NGC 2273 SB(r)a 27.3 -21.35 2.8 260 190 II
3580 – SA(s)a pec: 19.2 -19.42 2.4 127 125 II
3993 – S0? 61.9 -21.35 5.5 300 250 II
4458 NGC 2599 SAa 64.2 -22.61 8.6 490 240 II
5253 NGC 2985 (R’)SA(rs)ab 21.1 -21.90 5.3 255 210 II
6786 NGC 3900 SA(r)0+ 25.9 -21.13 1.5 230 215 I
6787 NGC 3898 SA(s)ab 18.9 -21.28 3.3 270 250 I
8699 NGC 5289 (R)SABab: 36.7 -20.74 3.7 205 180 I
9133 NGC 5533 SA(rs)ab 54.3 -22.62 9.1 300 225 I

11670 NGC 7013 SA(r)0/a 12.7 -20.55 1.8 190 160 II
11852 – SBa? 80.0 -21.53 4.5 220 165 II
11914 NGC 7217 (R)SA(r)ab 14.9 -21.35 2.7 305 300 II
12043 NGC 7286 S0/a 15.4 -18.26 0.8 93 90 I

luminous; the average R-band absolute magnitude is 〈MR〉 = −21.40. In general, they are
not exceptionally large; only 3 galaxies have an R-band exponential disk scale length hR ≥
8.0 kpc, and the average value is 〈hR〉 = 4.3 kpc.

The rotation curves were derived from a combination of H synthesis observations and
long-slit optical spectroscopy (see section 4.3 for details). The use of optical data ensures
that our rotation curves are well resolved in the inner regions (typical spatial resolution 0.1 –
0.5 kpc, depending on the distance of the galaxies) and that the effects of beam smearing in
the radio observations are largely eliminated. In some cases, line-of-sight integration effects
complicated the derivation of the rotation curves in the very inner arcseconds of the optical
spectra and led to large errorbars in the inner points, but these effects seldom extend beyond
the inner 1 – 2 kpc of the rotation curve and do not hamper our study. The H data usually
extend to large radii, far outside the optical disks (up to 20 disk scale lengths in exceptional
cases), and allow us to probe the rotation velocities in regions which are fully dominated by
dark matter.

6.3 Rotation curve decomposition

Throughout this chapter, it is assumed that the gravitational field in a galaxy can be written
as the sum of the individual contributions from the stellar bulge, stellar disk, gaseous disk
and an enveloping dark matter halo. Furthermore, it is assumed that gravity alone governs
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the rotation of the gas disk; the influence of for example pressure terms and magnetic forces
are neglected (see e.g. Battaner et al. 1992, Binney 1992, Cuddeford & Binney 1993, Jokipii
et al. 1993, Vallee 1994 and Sánchez-Salcedo & Reyes-Ruiz 2004 for a discussion on the
(ir)relevance of the latter). Then, the radial component of the total gravitational force in the
symmetry plane of the galaxy, Fr, is related to the circular velocity Vcir as:

Fr(r) =
dΦtot(r)

dr
=

4
∑

i=1

dΦi(r)
dr

=
V2

cir(r)

r
, (6.1)

where Φtot(r), the total gravitational potential at radius r, is the sum of the potentials Φi of the
four separate mass components. In a few cases, a central point mass was added to the models
and the summation is over 5 components. Each of the contributions to the total force can be
written as:

Fr,i(r) =
dΦi(r)

dr
≡

V2
cir,i(r)

r
, (6.2)

where Vcir,i(r) is defined as the circular velocity at radius r in the gravitational potential of
component i, in absence of any other components.

Since we have no prior knowledge of the mass-to-light ratios of the bulges and disks in
our galaxies, an absolute determination of their contributions to the potential is not possible.
Instead, we calculate the potentials Φb(r) of the bulges and Φd(r) of the disks, and the corre-
sponding circular velocities Vb(r) and Vd(r), assuming a mass-to-light ratio of unity, and later
scale them with their respective mass-to-light ratios Γb and Γd. In the next sections, we will
discuss how Φb(r) and Φd(r) can be calculated from the observed photometric profiles from
chapter 3.

For each galaxy, the potential Φg(r) of the gaseous disk and the corresponding velocities
Vg(r) can be derived directly from the observed radial H distribution from chapter 2 (see
below). In practice, a correction has to be made to account for the presence of other elements
than hydrogen (mostly helium): Φg(r) = ηΦHI(r). For the canonical helium abundance of
10% (by number), η has a value of 1.4. The contributions ΦDM(r) and VDM(r) of the dark
matter halo to the potential and the rotation curve depend on the chosen model (see below).
The rotation curve Vpm(r) of a central point mass has a simple Keplerian

√
1/r form.

Substituting the appropriate descriptions for Vi(r) into equation 6.2, and substituting the
results into equation 6.1, we get the following description for the rotation curves:

Vcir(r) =
√

ΓbV2
b (r) + ΓdV2

d (r) + ηV2
HI(r) + V2

DM(r)
(

+V2
pm(r)

)

. (6.3)

Below, we describe in detail the derivation of the individual contributions Vi(r).

6.3.1 the contributions of the stellar bulges

As in chapter 3, the bulges are modelled as oblate axisymmetric spheroids with generalised
Sérsic luminosity profiles. They are fully characterised by four parameters: the intrinsic axis
ratio q, effective radius and intensity re and Ie and Sérsic shape parameter n. For the calcu-
lation of the contribution of the bulges to the rotation curves, we used the fitted parameters
from the R-band images (table 3.5) and assumed that the mass-to-light ratio is constant with
radius.
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The derivation of the bulge rotation curves is not straightforward, and involves a depro-
jection of the observed 2D brightness distribution I(x, y) to the 3D luminosity density distri-
bution ρ(R, z). Once the underlying density distribution is found, the rotation curve can be
directly derived using equation 2-91 from Binney & Tremaine (1987). In appendix 6-I, we
describe the relevant coordinate transformations and deprojection integrals. Here, we only
give the final resulting equation (equation 6-I.9):

V2
b (r) = C

∫
r

m=0















∫ ∞

Q=m

e−(Q/r0)1/n
(Q/r0)1/n−1

√

Q2 − m2
dQ















m2

√
r2 − m2e2

dm,

(6.4)

C =
4GqI0

r0n

√

sin2(i) + cos2(i)/q2.

r0 and I0 are the characteristic radius and central surface brightness of the bulges, related to re

and Ie as r0 = b −n
n re and I0 = ebn Ie; bn is a scaling constant that satisfies γ(bn, 2n) = 1

2Γ(2n)
(see section 3.7.1). i is the inclination angle of the galaxy and e is the intrinsic eccentricity
of the bulge: e =

√

1 − q2. Equation 6.4 cannot be solved analytically, but was, instead,
evaluated numerically, using algorithms from Press et al. (1992).

Due to the highly concentrated light distribution, the bulge rotation curves generally rise
very steeply in the center and peak at small radii. Depending on the value of n, the maximum
rotation velocity is reached between 1.5 and 0.15 times the effective radius re (for n ≈ 1.0
and n ≈ 5.0 respectively).

The effect of the flattening of the bulges is to increase the peak circular velocity; a bulge
with an intrinsic axis ratio of 0.25 will have a maximum circular velocity that is approxi-
mately 18% higher than a spherically symmetric bulge with the same intensity profile and
integrated luminosity (see appendix 6-I). This has important consequences for the derived
mass-to-light ratios. From equation 6.3, it can be seen that, for a given bulge contribution
to an observed rotation curve, the product ΓbV2

b (r) must be constant. Thus, if we determine
the bulge mass-to-light ratio Γb by scaling up the bulge contribution to the inner parts of an
observed rotation curve, the flattened bulge would lead to a mass-to-light ratio that is almost
30% lower than that inferred for a spherical one.

The flattening of the bulges also affects the radius where the rotation curve peaks, al-
though this effect is much weaker; the rotation curve of a flattened bulge will reach its maxi-
mum at slightly smaller radius than that of a spherical one.

These effects show that the shape of a bulge has important consequences for its contribu-
tion to the overall dynamics of a galaxy and that it is important to take the bulge flattening
explicitly into account (see also Merrifield 2004).

6.3.2 the contributions of the stellar disks

The contributions of the stellar disks to the rotation curves were derived from the R-band
photometric profiles of the disks directly, using the prescriptions given by Casertano (1983)
and assuming that the disks are optically thin. Note that the disk photometric profiles were
derived by subtracting the model bulge from the original image and measuring the intensities
on the residual image (see section 3.7.2). Thus, all small scale structures in the optical images,
which are not accounted for in the rotation curves for the bulges, are included here.
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We made the additional assumption that the mass-to-light ratio is constant throughout
the disks (as was also assumed for the bulges). This assumption most likely does not hold,
as many of our galaxies exhibit colour gradients and become bluer towards larger radii (see
section 3.8.3). If these colour gradients are caused by variations in age of the stellar pop-
ulations (such as the ones discussed by Bell & de Jong 2000), then the mass-to-light ratios
are expected to decrease outwards and the mass density profiles would be steeper than the
photometric profiles used here. In that case, the derived rotation curve would peak at smaller
radii and decline faster afterwards. In the recent past, several attempts have been made to
determine the correlation between colours and mass-to-light ratios of stellar populations (e.g.
Bell & de Jong 2001; Portinari et al. 2004), but it is not clear yet how reliable these models
are. In particular, the effects of metallicity gradients and the slope of the initial mass function
(IMF) at the low-mass end are difficult to constrain. Given the uncertainties in these stellar
population synthesis models, we have not attempted to correct for the mass-to-light gradi-
ents and we have decided to use the R-band luminosity profiles as the best estimate for the
underlying stellar mass density profiles.

We assumed that the luminosity density of the disks decays exponentially in the vertical
direction, as is observed in studies of nearby edge-on galaxies (Wainscoat et al. 1989; de
Grijs et al. 1997). For the flattening of the disks, we assumed that the ratio qd of vertical
scale height hz to radial scale length hr is equal to 0.2. This ratio is comparable to the results
of de Grijs (1998), but slightly larger than that observed by Kregel et al. (2002). The exact
vertical distribution of matter in the disk is, however, not important for our purposes. The
difference in rotation velocities between disks with axis ratios qd of 0.1 and 0.3 is only a few
percent. Moreover, these differences only occur in the inner regions of the disks, where the
total rotation curves are completely dominated by the bulges and the disks have only little
impact on the overall dynamics. At larger radii, the effect of the exact vertical distribution of
the stars is negligible.

6.3.3 the contributions of the gaseous disks

The contributions of the gaseous disks to the rotation curves were derived in a similar fashion
as those of the stellar disks. The gas rotation curves were calculated from the radial H
profiles derived in chapter 2, using the prescriptions of Casertano (1983). We assumed the
same vertical distribution for the gas as was assumed for the stellar disks above. For the
gas disks, the actual choice for the vertical scale height is even less important than for the
stellar disks, because the gas is generally much less centrally concentrated than the stars.
Furthermore, the contributions of the gas disks to the overall rotation curves are usually small
everywhere and the influence of their flattening on the dynamical structure of the galaxies
can be neglected.

We do not account here for the presence of other gaseous components in our galaxies,
e.g. molecular gas. Several CO-surveys have been carried out in the recent past to study the
distribution of molecular gas relative to the stars and the atomic gas (e.g. Sofue et al. 1995,
2003; Wong & Blitz 2002). All find that molecular gas is concentrated in the inner parts of the
galaxies, with exponential scale lengths comparable to those of the underlying stellar disks
(Regan et al. 2001). No substantial column densities of CO emission are generally observed
at large radii. But the dynamics in the inner parts of our galaxies are usually completely
dominated by the massive stellar bulges, and the presence of additional gas in those regions
will have negligible impact compared to the high mass densities of the bulges. Furthermore,
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if the molecular gas indeed has a radial distribution similar to that of the stellar disk, then its
presence can be implicitly incorporated in Γd, the mass-to-light ratio of the disk.

6.3.4 the contribution of the dark matter

Little is known about the radial distribution of dark matter. The fact that so many rotation
curves are (nearly) flat at large radii implies that the dark matter density at the corresponding
radii must fall off as 1/r2. At even larger radii, the density must fall off faster than this,
otherwise the total mass would be infinite. However, no clear evidence for the truncation of a
dark matter halo has so far been seen in any observed rotation curve, and it must occur (well)
outside the extended gas disks. The most promising method to probe the density distribution
of dark matter at large scales seems to be weak lensing. Indeed, using this method, Hoekstra
et al. (2004) found evidence for a steepening at large radii of the dark matter density profiles.

The shape of the dark matter density profiles in the inner parts of galaxies is still con-
troversial. N-body simulations of structure formation and galaxy evolution in a universe
dominated by cold dark matter (CDM) predict that dark matter haloes have ‘cusps’, i.e. that
the density keeps increasing as a power-law (ρ ∝ r−α) till small radii, with logarithmic slope
α between 1 and 1.5 (Navarro et al. 1996, 1997, 2004; Moore et al. 1998, 1999; Hayashi et al.
2004). Some authors claim that observed rotation curves, in particular those of low surface
brightness and dwarf galaxies, are inconsistent with these predictions and that dark matter
haloes have constant density ‘cores’ (McGaugh & de Blok 1998a; de Blok et al. 2001a,b;
Salucci 2001; Blais-Ouellette et al. 2001; Gentile et al. 2004). In contrast, others claim that
the apparent inconsistency can be largely attributed to systematic effects and that observed
rotation curves are still consistent with central density cusps (van den Bosch et al. 2000; van
den Bosch & Swaters 2001; Swaters et al. 2003; Spekkens et al. 2005).

Because of the lack of consensus about the true shapes of dark matter density profiles, we
have chosen to use two different models for the distribution here. The first is the isothermal
sphere and is chosen predominantly because it was commonly used in the past. The mass
models with the isothermal sphere will enable us to study the general dark matter properties
of the galaxies in our sample and to compare the results with other studies. For the second,
we use the dark matter density profile from the simulations of Navarro et al. (1997, NFW),
including the effects of adiabatic contraction of the halo during the collapse of the luminous
matter. This will enable us to compare our rotation curves to the predictions that follow from
simulations of structure formation in a Cold Dark Matter dominated universe.

isothermal haloes

The radial density distribution of an isothermal sphere is described by

ρDM(r) =
ρ0

1 + (r/rc)2
, (6.5)

with ρ0 the central density and rc the core radius. Thus, the density becomes constant at small
radii and declines as 1/r2 at large radii. The corresponding rotation curve is given by

V2
DM(r) = V2

∞

[

1 − rc

r
arctan

(

r
rc

)]

(6.6)
with V2

∞ = 4πGρ0r2
c .
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It rises linearly in the center and becomes asymptotically flat, at a value of V∞, when r
becomes much larger than rc. We have no prior knowledge concerning the values for ρ0 and
rc, so they are used as free parameters in the fitting procedure.

NFW haloes

The radial density distribution of dark matter haloes in numerical simulations based on CDM
is well described by the form:

ρNFW (r) =
ρc

(r/rs) (1 + r/rs)
2
, (6.7)

where rs is the characteristic radius of the halo and ρc is related to the density of the universe
at the time of collapse (Navarro et al. 1997). The parameters of this so-called NFW profile
depend on the assumed cosmology. The radius rs is usually expressed in terms of r200, the
radius inside of which the mean density is 200 times the critical density for closure and which
roughly corresponds to the virial radius, using the concentration parameter c ≡ r200/rs. For
the currently popular ΛCDM model, the concentration parameter c is expected to be of the
order of 10 for galaxy-sized haloes.

The rotation curve of an NFW halo has the following form:

V2
DM(r) = V2

200

{

ln(1 + cx) − cx/(1 + cx)
x[ln(1 + c) − c/(1 + c)]

}

, (6.8)

where x = r/r200 (Navarro et al. 1996) and the velocity V200 is defined as hr200 (Navarro et al.
1997). The halo rotation curve for an NFW halo is thus specified by two parameters, c and
V200, which determine the total mass of the halo and its degree of concentration and which
are used as free parameters in the fitting procedure.

The NFW halo profile as given above is for a situation with dark matter only; the for-
mation of the disk within such a halo leads to a contraction of the dark matter component
and thus to a change in its density profile. We have assumed that the collapse of the baryons
within the dark halo is slow and we have corrected for the adiabatic contraction of the halo
following the procedures outlined in Barnes & White (1984), Blumenthal et al. (1986) and
Flores et al. (1993). In this model, it is assumed that the mass distribution is spherically sym-
metric, that contracting shells do not cross each other, that particles are on circular orbits and
that angular momentum is conserved.

It is important to note that there are many uncertainties related to the correction for adi-
abatic contraction. For example, recent papers which have appeared after we developed our
fitting code, have shown that the standard corrections tend to overpredict the adiabatic com-
pression, especially in the inner regions (Gnedin et al. 2004; Sellwood & McGaugh 2005).
Moreover, because of the large baryonic contributions in the galaxies in our sample, the adia-
batic corrections are generally large and any uncertainties in the corrections are exacerbated.
Our treatment of the adiabatic contraction is intended to give an estimate of the dark matter
density profile after the formation of the luminous disks and is, as such, a major improvement
compared to ignoring it completely. However, the uncertainties should be taken into account
when interpreting the results from our mass models described in sections 6.4 and 6.5.
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6.3.5 fitting technique

For each galaxy in our sample, mass models were created by fitting the right hand side of
equation 6.3 to the observed rotation curve. However, as described in the introduction, de-
generacies usually exist in the models and many combinations of parameters produce accept-
able fits. In particular, it has been known for a long time that there exists a strong coupling
between the contributions of the stellar disks and the dark matter haloes, in the sense that one
can be scaled down while increasing the contribution from the other without degrading the
quality of the fit (van Albada et al. 1985).

At first sight, the situation looks even more daunting for the early-type disk galaxies in
our study, since the presence of the bulges introduces an additional degree of freedom in
the models (and in some cases, a central point mass introduces yet another free parameter).
We will show, however, in section 6.4.1, that the mass-to-light ratios of the bulges Γb can
be tightly constrained in most cases and complicate the situation less than might be feared.
The central point masses make a significant contribution to the overall gravitational potential
only in the very inner regions and their masses are therefore fully decoupled from the disk
and dark matter contributions (note that sometimes the central point mass and the bulge M/L
ratio are weakly coupled in the fits). However, our galaxies do suffer from the same disk-
halo degeneracy as later-type galaxies and the constraints on the disk M/L ratio are generally
weak.

In view of the uncertainties and degeneracies in the different parameters, we have adopted
the following strategy for the remainder of this chapter. First, we fitted equation 6.3 to the ob-
served rotation curves, leaving the bulge and disk mass-to-light ratios and the halo parameters
free. If needed, a central point mass was included as well, fitting its mass at the same time.
These fits were done by minimising the chi-squared χ2

1 between the model and the observed
rotation curves, which is defined as:

χ2
1 =

Np
∑

j=1
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, (6.9)

where the summation is over all NP points in the rotation curve and Vmod, j and Vobs, j are the
model and observed rotation velocities in point j respectively. ∆Vr, j are the individual error-
bars on the observed rotation curve points and ∆Vi, j are the errors in the rotation velocities
due to inclination uncertainties (see section 4.3.4 for details); for the fits presented in this
chapter, we simply added the two contributions to the errors quadratically. The results of
these ‘minimal χ2 fits’ are listed in tables 6.3 and 6.4 and shown in the top panels of the
figures in appendix 6-III.

Subsequently, in order to explore the effect of a different mass-to-light ratio Γd for the
disk, we interactively scale it up and down, meanwhile re-fitting the other parameters to
compensate for the changing disk contribution. We judged by eye the limiting disk M/L
ratios beyond which the fits become unacceptable; these ‘maximal and minimal allowed disk’
models are shown in the second and third rows in the figures in appendix 6-III.∗ For the

∗In the remainder of this chapter, we will make a distinction between ‘maximal/minimal allowed disk’, by which
we mean the models with the limiting values for Γd which we consider consistent with our data, and truly ‘maxi-
mal/minimal disk’, indicating the models in which the disks contribute respectively all and nothing of the observed
rotation velocities (measured at the radius where the disk rotation curve peaks).
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models with isothermal haloes, we also did fits where we forced the bulge and disk M/L
ratios to be equal, effectively assuming a constant M/L ratio for the entire stellar population
of the galaxies (fourth row in the figures on the even pages in appendix 6-III). All resulting
models are again summarised in tables 6.3 and 6.4.

For all models, we also list in the tables in appendix 6-II a chi-squared parameter χ2
2,

which was calculated by considering the individual errorbars only and neglecting the incli-
nation uncertainties (i.e. setting ∆Vi, j = 0 in equation 6.9), as well as the two corresponding
reduced chi-squared quantities χ2

i,r = χ
2
i /(Np−Ndo f ), with Ndo f the number of degrees of free-

dom in the fits. It is important to note here that the errors on our rotation curves are neither
Gaussian nor independent. The absolute values of the chi-squared quantities are therefore not
statistically meaningful; for several rotation curves in particular, the large inclination uncer-
tainties ∆Vi, j, which are not independent for individual points in the rotation curves, lead to
χ2

1 � 1.0. However, the chi-squared values are still useful to distinguish between the differ-
ent models for each galaxy and help to determine how much the quality of the fits degrades
when different values for Γd are assumed.

6.4 The dynamical influence of the stars in early-type disk galaxies

6.4.1 why the bulges of early-type disk galaxies must dominate the gravitational po-
tential in the inner regions

It was already argued in chapter 4, based on correlations between the shapes of the rotation
curves and those of the light distributions, that bulges must dominate the gravitational poten-
tial in the inner regions of early-type disk galaxies. Here, we present additional evidence that
bulges must be (close to) ‘maximal’.

It is striking that in all galaxies, except a few cases where the constraints from the central
rotation curves are weak (e.g. UGC 3205, 3580, 11914), the minimal χ2 mass models have
a maximal or near-maximal bulge. Thus, our observed rotation curves are best explained by
assuming that the bulges dominate the dynamics in the central regions.

This becomes even more convincing when we study mass models where we force the
bulges to have lower mass-to-light ratios. In figure 6.1, we show mass models for four galax-
ies with luminous bulges, where for each case, we have assumed a bulge mass-to-light ratio Γb

which is 50% lower than the M/L from the minimal χ2 model given in table 6.3. The models
were made using isothermal dark matter haloes; the fitted parameters are given in table 6.2.
It is clear that the assumption of sub-maximal bulges leads to worse fits compared to those

Table 6.2: Parameters for the mass models with isothermal haloes and sub-maximal bulges, shown in figure 6.1:

(1) UGC number; (2) bulge R-band mass-to-light ratio; (3) disk R-band mass-to-light ratio; (4) H  scaling factor;

(5) central point mass; (6) halo core radius; (7) halo central density; (8) χ2 using individual errorbars and inclination

uncertainties; (9) reduced χ2 using individual errorbars and inclination uncertainties; (10) χ2 using individual

errorbars only and (11) reduced χ2 using individual errorbars only.

UGC Γb Γd η Mpm rc ρ0 χ2
1 χ2

1,r χ2
2 χ2

2,r
M�/L� M�/L� 109 M� kpc M� pc−3

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
4458 2.3 0.0 1.4 17 0.11 91 7.09 0.24 341 11.8
5253 1.4 6.4 1.4 − 0.02 1.5 · 103 19.4 0.28 537 7.67
6786 1.3 0.85 1.4 − 0.79 1.5 68.1 1.58 90.7 2.11
9133 1.4 4.9 1.4 5.1 0.16 27 97.7 1.48 1457 22.1
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Figure 6.1: Mass models with isothermal haloes and sub-maximal bulges for UGC 4458, 5253,

6786 and 9133 (top to bottom). Right hand panels show the full rotation curves, left hand panels

show a magnification of the inner regions. Line styles are as in the figures in appendix 6-III (see

page 271). In each case, we assumed a bulge mass-to-light ratio 50% lower than the M/L of

the minimal χ2 fit given in table 6.3. The parameters for the models presented here are given in

table 6.2.
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with a maximal bulge, either in the inner regions (UGC 6786), or at large radii (UGC 4458,
9133). More importantly, in order to compensate for the smaller contribution of the bulges
to the rotation curves, extremely concentrated dark matter haloes must be invoked. The most
extreme case is UGC 5253, which needs a dark halo with a core radius of rc = 20 pc and
a central density of 1.5 ·103 M� pc−3. Clearly, such dark matter concentrations are orders of
magnitudes higher than observed in any other situation or expected from current theories of
galaxy formation.

Note that, although the models shown in figure 6.1 were made assuming an isothermal
dark matter halo, the exact shape of the dark matter density profile is irrelevant for these
results. The main point is that the steep rises in our rotation curves imply very high central
mass densities and that if these densities are not provided by the stellar bulges, extremely
concentrated dark matter haloes are required. NFW haloes are generally somewhat more
concentrated than isothermal haloes and contribute more to the gravitational potential in the
center. However, also in this case, dominant bulges are required to explain the observed rota-
tion velocities in the central regions. In some of the other galaxies in our sample, especially
those with lower bulge-to-disk luminosity ratios, mathematically acceptable fits can be made
with low-M/L bulges, but the resulting dark haloes are invariably extremely concentrated.

Strictly speaking, we cannot rule out the possibility that dark matter does play an im-
portant rôle in the inner regions of our galaxies, given the intrinsic uncertainties in the dark
matter density profiles. However, we deem the extreme dark matter concentrations, which
are required if the bulges are significantly sub-maximal, unrealistic. We believe that the re-
sults shown in figure 6.1 and table 6.2, in combination with those discussed in chapter 4,
are sufficiently convincing to conclude that bulges in disk galaxies dominate the gravitational
potential in the central regions and are (close to) maximal. We shall therefore not consider
models with significantly sub-maximal bulges any further in the remainder of this chapter.
For the fitting of the maximal/minimal allowed disk models, we will let the bulge mass-to-
light ratios vary freely to compensate for the changing contributions from the disks or dark
matter haloes to the central rotation curves, but this normally leads to marginal variations in
Γb only and does not result in highly sub-maximal bulges; low values for Γb are only fitted in
galaxies where the central rotation curve is poorly defined (e.g. UGC 3205, 11914).

6.4.2 constraints on the disk mass-to-light ratio

The constraints on the mass-to-light ratios of the stellar disks of our galaxies are much weaker
than on those of the bulges. Our galaxies suffer from the same disk-halo degeneracy as later-
type systems and in general, we are able to fit the observed rotation curves with a wide range
of disk M/L ratios Γd. This is shown in a quantitative way in figure 6.2, where we show the
chi-squared parameter χ2

1,r as a function of disk M/L ratio.
A number of interesting results can be inferred from figure 6.2. The first is the remarkable

difference between the fits with isothermal and NFW haloes. Models with isothermal haloes
often contain one broad, shallow chi-squared minimum (e.g. UGC 2487, 2916, 3546, 5253,
6787, 12043), or two minima separated by a range in disk M/L for which no satisfactory
fits can be constructed (e.g. UGC 3205, 3580, 9133, 11670). In general, the isothermal halo
models seem to favour a massive disk (close to maximal; e.g. UGC 2953, 3993, 8699), but
there are also a number of galaxies where the best results are achieved with sub-maximal
disks (e.g. UGC 3205, 11670, 12043).

All galaxies, however, can be fitted with a combination of a (near-)maximal bulge and
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Figure 6.2: Fit quality vs. R-band disk mass-to-light ratio Γd . Each point shows the reduced chi-

squared parameter χ2
1,r for a fit with disk M/L ratio fixed at the value shown at the abscissa and

all other parameters free. The solid and dashed lines indicate the fits with isothermal and NFW

haloes respectively. The open circles indicate the corresponding minimal χ2 models; the crosses

show the models with the minimal and maximal disk M/L ratios which we deem consistent

with our data. Note that, although the bulge mass-to-light ratios vary by small amounts to

compensate for the changing contribution from the disks or dark haloes in the inner regions,

they generally stay close to the maximal-bulge values discussed in the previous section.

disk and an isothermal halo. The only exception in our sample is UGC 6786, for which
the maximum disk hypothesis appears to be inconsistent with the data. Our derived disk
rotation curve for this galaxy has a strong feature around a radius of 5 kpc. This feature is not
present in the observed rotation curve, which limits the disk M/L ratio to values below about
3.5, less than 50% of the value required for a truly maximum disk situation. UGC 6786 is,
however, an unusual galaxy, compared to the other systems in our sample. Its disk is very faint
compared to the bulge (Ld/Lb ≈ 0.25) and it has an abnormal, non-exponential light profile.
In chapter 3, we hypothesized that UGC 6786 is not a standard early-type disk galaxy, but
rather an elliptical which has acquired a disk of gas and stars. Given the low fraction of stars
contained in this disk component, it is not surprising that it contributes little to the rotation
curve and that it is not dynamically important. Note also that the strength of the feature in
the disk rotation curve depends on the details of the bulge-disk decomposition; in particular,
it may be possible to do a bulge-disk decomposition which works almost equally well for the
optical image, but which causes a weaker feature in the disk rotation curve. Finally, note that
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the rotation curve of UGC 6786 is poorly defined in the region inside a radius of 3.5 kpc,
due to a lack of gas; this causes additional problems in the comparison between the observed
rotation curve and the contribution from the disk. In view of the uncertainties associated with
this galaxy, it is well possible that higher mass-to-light ratios for the disk are also acceptable
and the maximum disk hypothesis may apply for this galaxy as well. In general therefore,
the conclusion seems justified that the maximum disk hypothesis can be applied succesfully
to early-type disk galaxies in models with isothermal dark haloes.

This is not the case in the models with NFW haloes. Not only are the minimal χ2 disk
M/L ratios generally lower in this case, figure 6.2 shows clearly that the models start degrad-
ing at much lower M/L ratios than in the isothermal halo models. In particular, the NFW
models lack the secondary chi-squared minima at high disk M/L ratios which are present in
many models with isothermal haloes. Thus, if our corrections for adiabatic contraction are
correct, the galaxies in our sample must have sub-maximal disks to be compatible with the
simulations of CDM structure formation (remember that the bulges must still dominate in the
inner regions, also in the NFW halo models; see previous section).

To understand the origin of the difference between the models with the two halo models,
we need to look in detail at the individual fits. Close inspection of the figures and parameters
presented in respectively appendix 6-III and table 6.3 shows that the maximal allowed disk
fits with isothermal haloes have diffuse dark matter distributions with very large core radii
(often comparable to or larger than the outermost radii in the rotation curve). In such cases,
the dark matter starts dominating the rotation curves only at large radii, well outside the
optical disks of the galaxies. Dark haloes with an NFW density profile are by nature more
concentrated, and the adiabatic contraction makes them even more so. The only way to create
an NFW halo with a very shallow rotation curve is by assuming a concentration parameter
c � 1 (i.e. rs � r200), but this is not physically realistic; throughout our analysis, we have
assumed c ≥ 1 for the pre-contracted NFW haloes. Table 6.4 shows that, indeed, the models
with NFW haloes and high disk M/L ratios have low concentration parameters (c ≈ 1 – 3).
But even then, the dark haloes contribute significantly to the rotation curves at intermediate
radii and do not allow truly maximal disks.

One way to break this degeneracy would be to obtain deeper H observations and measure
the rotation curves outside the outermost radii in our data. The figures in appendix 6-III
show that if our galaxies really have maximal disks and diffuse isothermal haloes, then the
rotation curves should start rising again beyond a certain critical radius (which depends on
the core radius of the halo and the exact ratio of dark and luminous matter in the galaxies).
On the other hand, if the disks are sub-maximal and the haloes have concentrated NFW
density profiles, then the rotation curves should, at some radius, start to decline again. In
chapter 4 (page 172), we noted that some galaxies show a hint that their rotation curves start
to rise again at the outer radii (e.g. UGC 2953, 3993, 11670). If this behaviour would be
confirmed by follow-up observations, it would point to extended haloes (note that the best fits
for UGC 2953 and 3993 are already achieved with maximal disks and extended isothermal
haloes). In our data, the uncertainties in the outer points of the rotation curves are generally
too large to draw definitive conclusions; in particular, it cannot be excluded that the rises in
the rotation curves of the aforementioned galaxies are caused by e.g. non-circular motions of
the outer gas. Deeper H observations are necessary to investigate this issue further.

A number of other arguments are relevant for the discussion on the mass-to-light ratios
and dynamical influence of the disks. In a few cases, the rotation curves contain features
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which can be linked to substructure in the light profiles of the stellar disks. UGC 8699 has
a prominent ‘bump’ in its rotation curve around a radius of 7 kpc (≈ 40′′), coinciding with
a ring-like structure in its stellar disk. In the case of UGC 11852, the effect is more subtle,
but the rotation curve drops quite suddenly at the same radius where the luminosity profile
steepens (r ≈ 20 kpc, ≈ 50′′). The observed features in the rotation curves of these galaxies
can be reproduced well by assuming that the disks are maximal. In mass models with a
lower contribution of the stellar disks, the influence of the smooth haloes washes out the
features in the model rotation curves and the match with the observed data degrades. Thus,
the features in the rotation curves of UGC 8699 and 11852 seem to provide evidence for the
disks being maximal (and thus against the haloes having an NFW density profile). It should,
however, be noted that many other galaxies contain ‘wiggles’ in their rotation curves which
do not correspond to features in the light distribution (e.g. UGC 2487, 6787, 9133) or vice
versa (e.g. UGC 3993, 5253, 6786). Furthermore, deviations from smooth light distributions,
such as the ring in UGC 8699, may also induce local non-circular motions which lead to
artificial features in the rotation curves. Although the match between the observed and model
rotation curves of the maximal disk fits of UGC 8699 and 11852 appears striking, it cannot
be excluded that it is a simple coincidence and it seems premature to conclude, on the basis
of these two cases, that all disks must be maximal.

Finally, in a number of cases, we can put lower limits on the disk mass-to-light ratios; in
such galaxies, models without a substantial contribution from the disk do not reproduce the
detailed shape of the decline in the rotation curves. This is in contrast with later-type galaxies,
where generally no lower limits can be derived and models without any dynamical influence
from the stars generally fit the data as well as maximal disk models (van Albada et al. 1985;
de Blok & McGaugh 1997; Swaters 1999). Again, figure 6.2 reveals a difference between
the models with isothermal and NFW haloes. In the case of isothermal haloes, significant
contributions from the disks are required in 10 galaxies (59%); only 7 galaxies can be fitted
with Γd = 0. As the NFW haloes are more concentrated and often contribute to the decline in
the rotation curve themselves, the need for significant contributions from the disks is slightly
weaker in the NFW halo models. However, even in these models, 8 galaxies (47%) need a
significant contribution of the disks. There are 6 galaxies which cannot be fitted with Γd = 0
in either halo model: UGC 2487, 2953, 3993, 5253, 8699 and 11852. In these systems, both
the bulge and the disk must be dynamically important.

Note, however, that the difference between the isothermal and NFW halo models illus-
trates an important caveat here: the lower limits on the disk M/L ratio depend on the exact
shape of the dark matter density profile at the radii where our rotation curves decline. If the
dark matter density profiles have steeper slopes, at intermediate radii, than in our NFW halo
models, the declines in the rotation curves could be explained almost entirely from the dark
matter contribution and the constraints on the disk mass-to-light ratios would be weakened
further.

From the preceding discussion, it is clear that the exact contribution of the stellar disks
to the rotation curve cannot be determined from our data alone. Although it is in some cases
possible to derive upper and lower limits on the disk mass-to-light ratio, they still leave a wide
range of M/L ratios which are consistent with our data. Without additional information, we
are not able to constrain the disk contributions further and any situation between the maximal
and minimal allowed disk models listed in tables 6.3 and 6.4 seems acceptable.
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Figure 6.3: The distribution of the

bulge R-band mass-to-light ratios for the

minimal χ2 mass models with isother-

mal (hatched histogram) and NFW dark

haloes (gray histogram).

6.4.3 the mass-to-light ratios and colours of the stellar populations

Now that we have established the range of bulge and disk mass-to-light ratios which are
consistent with our data, it is interesting to look in more detail at the fitted values and compare
them to the mass-to-light which are expected for typical stellar populations.

bulges

An inspection of the bulge mass-to-light ratios is particularly interesting because of the tight
constraints that we were able to put on them. Figure 6.3 shows the distribution of the M/L
ratios of the bulges in the minimal χ2 models with both isothermal and NFW haloes. The
values for Γb range from 0 to 8, with an average of 3.4 and 2.7 M�/L� for the models with
isothermal and NFW haloes respectively.

In figure 6.4, we show the relation between the M/L ratios and the colours of the bulges
for the various fits. In principle, old and metal-rich stellar populations are redder and have a
higher M/L ratio than young or metal poor stars, so it is expected that there is a general trend
between colour and M/L. Bell & de Jong (2001) and Portinari et al. (2004) investigated this
in detail and used the latest stellar population synthesis (SPS) models, in conjunction with
several assumptions on the initial mass function and star formation history, to quantify the
M/L-colour relation. Their predicted relations are shown with the diagonal lines in the figure.

The fitted mass-to-light ratios of the bulges in our models are in reasonable agreement
with the predicted values, although the scatter is large and there seems to be a small systematic
offset towards higher M/L ratios, compared to the majority of the SPS models. This offset is
strongest for the models with isothermal dark haloes, but is mostly caused by three galaxies,
UGC 2487, 3546 and 3993, with unusually high bulge mass-to-light ratios. In the former
two cases, this can be explained by the poor definition of the central rotation curves; good
fits can also be obtained for these galaxies with somewhat lower values for Γb. In the case
of UGC 3993, the inclination of the system is poorly constrained. If the inclination angle is
higher than the 20◦ which we assumed in chapter 4, the rotation velocities, and therefore the
mass-to-light ratio which we derived here, are lower. This would also be consistent with the
offset of this galaxy from the Tully-Fisher relation (chapter 5). Note that in all three cases,
the bulges would still dominate the central gravitational potential if they had somewhat lower
mass-to-light ratios.
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Figure 6.4: R-band bulge mass-to-light ratios vs. B-R colour for the fits with isothermal (left)

and NFW haloes (right). Filled circles, open squares and open triangles show the bulge M/L

ratios from the minimal χ2 and maximal and minimal allowed disk models respectively. Vertical

lines connect the individual points for each galaxy separately; they are not formal 1σ errorbars,

but simply show the range in M/L allowed by the data. Lines extending to the x-axes indicate

cases where no lower limits on the M/L ratio could be derived. Horizontal errorbars show the

combined photometric errors from chapter 3 (note that galaxies with observations from non-

photometric nights were excluded from this plot). The bold diagonal lines show the relation

derived by Bell & de Jong (2001); the thin lines show models with different assumptions for the

IMF from Portinari et al. (2004). The dashed regions show linear extrapolations beyond their

bluest and reddest models.

The remaining bulge M/L ratios appear consistent with the expected values, given the
uncertainties in both our models and those of Bell & de Jong (2001) and Portinari et al.
(2004); the average value of Γb for the sample without the three outliers is 2.7 and 2.2 M�/L�
for the isothermal and NFW halo models respectively. Thus, our conclusion that bulges
dominate the dynamics in the inner regions of spiral galaxies is consistent with the mass-to-
light ratios expected for typical old stellar populations.

disks

The situation is different for the disks. In figure 6.5, we show the distributions of the R-band
disk mass-to-light ratios Γd for the minimal χ2 and maximal and minimal allowed disk models
in combination with isothermal and NFW haloes. The histograms show clearly that, in order
to make the disks maximal (middle panel, hatched histogram), the mass-to-light ratios must
often be high; the average value of Γd for the maximal allowed disk models with isothermal
haloes is 8.7 M�/L�. In some galaxies, values for Γd up to 10 M�/L� and higher are required;
in the extreme case of the low surface brightness disk of UGC 3993, a maximal disk M/L ratio
of 37 is found. The maximal disk M/L ratios for UGC 8699 and 11852 (which are required
to explain the features in their rotation curves) are high as well (≈12 and 9 respectively).



T       -   247

Figure 6.5: The distribution of the R-band disk mass-to-light ratios for the mass models with

isothermal (hatched histograms) and NFW dark haloes (gray histograms). The left hand panel

shows the mass-to-light ratios for the minimal χ2 mass models, whereas the middle and right

hand panels show the maximal and minimal allowed M/L ratios respectively. Note that the scale

on the abscissa of the right hand panel differs from those of the other two panels.

Furthermore, the maximal disk mass-to-light ratios are almost invariably higher than the M/L
ratios of the bulges, even though the disks are on average bluer (see section 3.8.3) and would
naı̈vely be expected to have a lower M/L ratio (Bell & de Jong 2001; Portinari et al. 2004).
This effect was already observed by Kent (1988): to explain the rotation curves in the inner
regions of early-type spiral galaxies from the luminous matter alone, the disk mass-to-light
ratios must be systematically higher than those of the bulges.

In figure 6.6, we compare our fitted mass-to-light ratios directly to the predictions from
the stellar population synthesis models from Bell & de Jong (2001) and Portinari et al. (2004).
The maximal allowed disk M/L ratios from our decompositions are clearly inconsistent with
their models. Values for Γd of order 5 – 10 would require extremely red colours which are not
observed; even higher values can only be achieved by assuming exotic initial mass functions
with a large population of low-mass stars, or by concluding that disks contain dark matter
coupled to the stellar light distribution. At first sight, such assumptions seem speculative and
implausible and figure 6.6 seems to provide strong evidence against the disks being maximal.
However, the idea that dark matter follows the distribution of the luminous material in disks
is not entirely new and particularly models with a dark component coupled to the neutral
gas have been fitted successfully to a large number of rotation curves (see section 6.7 and
references therein).

Note that even the minimal allowed disk mass-to-light ratios are sometimes higher than
the expected values (e.g. UGC 3993, 8699 or 11852; see figure 6.6). However, it should be
remembered that the ‘minimal allowed disk’ mass-to-light ratios were determined by eye,
based on a subjective judgement of the fit quality for different values of Γd. This assessment
depends partly on the weight which is given to small-scale features in the rotation curves.
The minimal disk M/L ratios for these three cases are all based on the requirement that the
‘wiggles’ in their rotation curves are at least partly reproduced in the models. However, as
was discussed before, it is unclear whether the features reflect true variations in the large-scale
gravitational potential, or whether they can be explained by small-scale non-circular motions
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Figure 6.6: R-band disk mass-to-light ratios vs. B-R colour for the fits with isothermal (left)

and NFW haloes (right). Filled circles, open squares and open triangles show the minimal

χ2 and maximal and minimal allowed disk M/L ratios respectively. Vertical lines connect the

individual points for each galaxy separately; they are not formal 1σ errorbars, but simply show

the range in M/L allowed by the data. Lines extending to the x-axes indicate cases where

no lower limits on Γd could be derived. Horizontal errorbars show the combined photometric

errors from chapter 3 (galaxies with observations from non-photometric nights were excluded

from this plot). The bold diagonal lines show the relation derived by Bell & de Jong (2001); the

thin lines show models with different assumptions for the IMF from Portinari et al. (2004). The

dashed regions show linear extrapolations beyond their bluest and reddest models.

induced by local irregularities in the light distribution. If we relax the requirement that the
‘wiggles’ are reproduced in detail, lower values for Γd are also consistent with our data in
these cases. If on the other hand, the features in the rotation curves truly reflect structure in
the global mass distribution, these galaxies provide strong indications for the presence of a
dark component coupled to the stars in their disks.

6.5 Confrontation with CDM

Apart from giving information on the disk mass-to-light ratios, as described in the previous
section, figure 6.2 also allows a direct comparison of the two dark halo models used in this
study. It shows that, although the chi-squared values for the fits with the two halo models
are generally different at a given value of Γd, the qualities of the minimal χ2 models with
either density profile for the halo are on average comparable. This is also shown in figure 6.7,
where we plot the ratio of the chi-squared parameters for the minimal χ2 fits with NFW and
isothermal haloes. The average value of the chi-squared ratio is 〈 χ2

1,NFW/χ
2
1,iso〉 = 1.09.

There are two galaxies in our sample, UGC 8699 and 12043, which show strong prefer-
ence for an isothermal halo. For the first, this is mainly caused by the feature in its rotation
curve around 7 kpc. This feature can be reproduced well by assuming a maximal disk, but
this is not possible in combination with an NFW halo (see previous section). As a result, the
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Figure 6.7: The distribution of the ra-

tio of the chi-squared parameters χ2
1 for

the minimal χ2 models with NFW and

isothermal haloes. The gray shading in-

dicates UGC 8699 and 12043, for which

the models with NFW haloes are signif-

icantly worse than those with isothermal

haloes (see text).

models with an NFW halo do not fit the data for this galaxy as well as a maximal disk in
combination with an isothermal halo (χ2

1,NFW/χ
2
1,iso = 1.66). Figure 6.2 shows that, for lower

M/L ratios, the models for UGC 8699 with NFW and isothermal haloes fit comparably well.
The low-luminosity galaxy UGC 12043 is the only bulgeless system in our sample and is

therefore the only case where our models are sensitive to the slope of the dark matter density
profile in the inner regions (in all other cases, the massive bulges wash out the differences
between dark haloes with constant density cores or cuspy profiles). Inspection of the figures
in appendix 6-III shows that UGC 12043’s shallow central rotation curve is well reproduced
by the models with isothermal haloes, whereas NFW haloes cause the rotation curve to rise
more rapidly than observed. This suggests that the dark halo of this galaxy has a shallow
central density profile, comparable to the claims by e.g. de Blok et al. (2001a,b, 2003), Blais-
Ouellette et al. (2004) and Gentile et al. (2004) that central cusps are inconsistent with the
observed rotation curves of dwarf and low surface brightness galaxies. Note, however, that the
spectral resolution of our optical spectrum for UGC 12043 is rather poor and that the errorbars
on the central points in the rotation curve are correspondingly large (see also page 191);
inspection of the optical spectrum used to derive the central rotation curve (page 214) suggests
that both halo models are consistent with the original data. Observations at higher spectral
resolution are required to constrain the central slope of the rotation curve for this galaxy better
and to draw definitive conclusions on the shape of its dark matter density profile.

Inspection of figure 6.7 and the figures in appendix 6-III shows that, while some of the
remaining galaxies in our sample have a mild preference for either NFW or isothermal haloes,
on average their rotation curves can be fitted equally well with both halo models and that our
data do not exclude either case. The average ratio between the chi-squared parameters for the
minimal χ2 fits with NFW and isothermal haloes for the sample without UGC 8699 and 12043
is 〈 χ2

1,NFW/χ
2
1,iso〉 = 1.04. As was noted before, however, NFW halo models generally prefer

lower disk mass-to-light ratios, whereas high M/L ratios are only allowed in combination
with isothermal haloes; if independent measurements of the stellar mass-to-light ratios in the
disks of our galaxies could be obtained, it might be possible to break the degeneracy and
distinguish between the two different halo density profiles in other galaxies as well.

Note that so far, we have not made any prior assumptions on the values of the halo pa-
rameters and simply let the concentration parameter c and the rotational velocity at the virial
radius V200 vary freely in the fits. To determine whether our results are consistent with CDM,
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Figure 6.8: The distribution of the concentration parameter c for the mass models with NFW

dark matter haloes. The left hand panel shows the concentration parameters for the minimal

χ2 mass models, whereas the middle and right hand panels show the parameters for the models

with the maximal and minimal allowed M/L ratios respectively. The gray shading indicates

UGC 11914, whose rotation curve does not extend to large enough radii to obtain reliable

estimates on the halo parameters.

we need to also ask ourselves the question whether the fitted parameters are in the range pre-
dicted by the N-body simulations. In general, the simulations show that c is weakly dependent
on the mass of the dark halo (i.e. on V200), low-mass haloes being more concentrated than
massive ones (e.g. Navarro et al. 1997; Wechsler et al. 2002). For typical galaxy-size haloes
with masses around 1012 M�, the simulated concentration parameters lie around c = 10, with
an rms scatter of about 50% (Bullock et al. 2001).

In figure 6.8, we show the distributions of the fitted concentration parameters for our
minimal χ2 (left) and maximal (middle) and minimal allowed disk models (right). The fitted
concentration parameters in our models show a large spread and range from 1 to about 40 (we
do not consider UGC 11914 here, whose rotation curve does not extend to large enough radii
to determine the dark matter halo parameters accurately). For the minimal χ2 and minimal
disk models, the average values for log(c) (excluding UGC 11914) are 0.84 and 1.06 respec-
tively. These average values are consistent with the concentration parameters that are found
in the N-body simulations mentioned above, but with larger scatter. For models with higher
contributions from the disks (middle panel in figure 6.8), the fitted concentrations are lower
(〈log(c)〉 = 0.37) and fall outside the range observed in the simulations.

To investigate whether the large spread in the fitted concentration parameters is real, we
have also done fits with a constant value of c = 10. The resulting fits are shown in the bottom
panels on the odd-numbered pages in appendix 6-III. The effect of fixing c on the quality of
the fits is not dramatic and in almost all galaxies, good fits can be obtained with c = 10. This
can also be seen in figure 6.9, where we show the distribution of the ratio of the chi-squared
parameters of the models with c = 10 and those of the minimal χ2 models with both NFW
and isothermal haloes. The chi-squared of the models with c = 10 is generally somewhat
higher than in the models with both halo parameters free, as was to be expected since we
effectively eliminated a degree of freedom from the fits; however, the degradation of the fit
quality is in most cases only mild. In two cases, UGC 2916 and 5253, the NFW fits with
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Figure 6.9: The distribution of the ratio of the chi-squared parameters χ2
1 of the models with

c = 10 and those of the minimal χ2 models with NFW (left) and isothermal haloes (right).

Figure 6.10: The distribution of the fitted mass-to-light ratios of the bulges (left) and disks

(right) in the models with NFW haloes with c = 10.

c = 10 are still better than the minimal χ2 fits with isothermal haloes.
Finally, we show in figure 6.10 the fitted mass-to-light ratios of the bulges and the disks

for the NFW fits with c = 10. The derived mass-to-light ratios are reasonable: the average
M/L ratios for the bulges and disks in these fits are 3.2 and 2.0 M�/L� respectively. Note
that, in this case, the disk mass-to-light ratios are on average lower than those of the bulges,
as expected on the basis of their bluer colours (cf. section 6.4.2).

In conclusion, within the uncertainties associated with our corrections for adiabatic con-
traction of the haloes, the data for the majority of our galaxies are consistent with the pre-
dictions from Navarro et al. (1996, 1997) for the dark halo structure in a Cold Dark Matter
universe, provided that the disk mass-to-light ratios are low. Mass models can be made with
reasonable values for the concentration of the haloes which fit the observed rotation curves
satisfactorily well. In such models, the bulges dominate the rotation curves in the inner re-
gions, but the disks have little dynamical influence and the gravitational potential outside the
bulge region is dominated by dark matter. Maximal disk situations, where the disks dominate
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the dynamics in the regions directly outside the bulges, are ruled out in the case of NFW
haloes.

6.6 The relation between dark and luminous matter

As a result of the uncertainties in the contribution of the stellar disks to the rotation curves, no
tight constraints can generally be set on the properties of the dark matter haloes. Nevertheless,
the minimal and maximal allowed disk models do provide upper and lower limits on the dark
matter content in our galaxies and can be used to derive the range in e.g. dark halo core radii
or central densities which are compatible with our data. In this section, we will discuss the
constraints on the parameters of the isothermal dark haloes and the correlations with optical
properties of the galaxies. We do not consider the NFW haloes here, as the fitted parameters
listed in table 6.4 refer to the haloes before adiabatic contraction and often do not represent
the haloes after contraction at all. Note, however, that we are mainly interested in the global
trends of dark haloes with the optical properties of the galaxies here; given the uncertainties
caused by the disk-halo degeneracy, the exact shape of the dark halo density profile is only of
secondary importance for the qualitative discussion here.

For the remainder of this section, we have excluded UGC 11914 from the sample; because
of the limited extent of its rotation curve (3.3 R-band disk scale lengths only), no useful
constraints on the halo parameters could be obtained.

halo size

In the top panels in figure 6.11, we show the relation between the halo core radii rc of our
models and the R-band disk scale lengths and total luminosities. It is clear that the scatter
in both relations is large and that possible correlations are largely washed out by the mini-
mal/maximal disk uncertainties. Nevertheless, there appears to be a general trend of increas-
ing core radius with optical scale length. This is consistent with previous studies who also
found that larger galaxies live in more extended haloes (Broeils 1992a; Swaters 1999; Donato
et al. 2004). The correlation is particularly clear if all galaxies have either maximal or mini-
mal disks; the least-squares fits shown with the short- and long-dashed lines have correlation
coefficients R of 0.77 and 0.50 respectively. However, the correlation between rc and h would
almost entirely disappear if galaxies with small disk scale lengths have maximal disks and
large galaxies have minimal disks; without prior knowledge on the exact contribution of the
stellar disks to the mass-budget in our galaxies, our data are also consistent with all galaxies
having a halo core radius of approximately 2.5 kpc, independent of optical scale length.

If all galaxies have maximal disks, then the top right hand panel in figure 6.11 reveals a
positive correlation between halo core radius and optical luminosity (|R| = 0.61). However,
if this condition is not fulfilled, no clear correlation between halo size and optical luminosity
remains. Again, given the uncertainties caused by the disk-halo degeneracy, our data appear
also consistent with halo core radius being independent of optical luminosity.

halo density

The situation for the central densities of the dark haloes is similar to that for the core radii.
Since the contributions of the stellar disks to the rotation curves are not accurately known,
the exact values of the dark matter densities cannot be determined and trends with optical
parameters are hard to recognise. The bottom left hand panel of figure 6.11 suggests a positive
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Figure 6.11: Parameters of the isothermal dark haloes vs. optical properties. In the top panels,

the halo core radius is plotted as a function of scale length of the stellar disks (left) and total

luminosity (right). The bottom panels show the central density of the haloes vs. extrapolated

central surface brightness of the stellar disks (left) and total luminosity (right). All optical pa-

rameters are measured in the R-band. Filled circles, open squares and open triangles show the

halo parameters from the minimal χ2 and maximal and minimal allowed disk models respec-

tively. Vertical lines connect the individual points for each galaxy separately; they are not formal

1σ errorbars, but simply show the range in rc allowed by the data. Lines extending outside the

plots indicate cases where no upper limits on the core radius could be derived. Short- and long-

dashed lines show the least-square fits to the maximal and minimal disk models respectively

(only shown when a significant correlation exists).

correlation between halo density and central surface brightness of the stellar disks. However,
our data are also consistent with halo density being independent of optical surface brightness,
provided that low surface brightness disks are close to minimal and high surface brightness
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Figure 6.12: Distribution of the mass fractions of stars (left hand column), dark matter (middle

column) and gas (right hand panel) within Rc
25 for the models with isothermal haloes. The top

panels in the left and middle panels show the mass fractions for the minimal χ2 models, the

middle and bottom panels show the values for the maximal and minimal disk models. The mass

fractions of the gas are independent of the disk mass-to-light ratios. The average mass fractions

are indicated in the top right of each panel.

disks maximal (cf. Verheijen 1997; Swaters 1999).
If all disks are maximal, the bottom right hand panel of figure 6.11 shows a weak cor-

relation between halo density and optical luminosity (luminous galaxies having lower dark
matter densities). If disks are not maximal, the correlation disappears entirely and our data
are consistent with ρ0 being independent of optical luminosity.

mass fractions

In figure 6.12, we show the distributions of the mass fractions of stars, gas and dark matter
in the various models in our study. The masses of all components were calculated inside the
optical radius Rc

25 (in the R-band), taken from chapter 3, rather than inside the last measured
points of the rotation curves. This way, the mass fractions apply to the same regime in all
galaxies and we avoid systematic effects caused by the extent of our rotation curves (see
Swaters 1999).
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Figure 6.13: Mass fractions inside the optical radius Rc
25 of stars (top panels), dark matter (mid-

dle panels) and gas (bottom panels) vs. total luminosity (left) and extrapolated central surface

brightness (middle) and exponential scale length (right) of the optical disks (all measured in the

R-band). Filled circles, open squares and open triangles show the fractions from the minimal

χ2, maximal and minimal disk models respectively; dotted, short- and long-dashed lines show

the corresponding least-square fits (only when a significant correlation exists). Vertical lines

connect the individual points for each galaxy separately; they are not formal 1σ errorbars, but

simply show the range in mass fractions allowed by the data.

Gas clearly plays a marginal rôle at most in these early-type galaxies; on average, the gas
accounts for 4% of the total mass in our galaxies only. As expected, the mass fractions in stars
and dark matter are highly dependent on whether the disks are maximal or minimal. However,
since we now know that bulges must be at least nearly maximal, the stars always contribute
a significant fraction of the total mass, even if the disks are minimal. In the minimal allowed
disk situations, the dark matter contributes between 50 and 90% of the total mass inside the
optical radius of the galaxies. If, on the other hand, disks are maximal, dark matter plays a
minor rôle only and contributes on average 27% of the total mass inside the optical radius.

In figure 6.13, we plot the mass fractions of stars, gas and dark matter as a function of
total optical luminosity and central surface brightness and scale length of the stellar disks.
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Our results suggest that the trends found by Broeils (1992a) also hold for the early-type disk
galaxies in our study: low-luminosity galaxies are more dark-matter dominated inside their
optical radii than high-luminosity systems. A surprising result is the negative correlation be-
tween extrapolated central surface brightness of the stellar disks and stellar mass fraction: the
galaxies in our sample with high-surface brightness disks appear more dark matter dominated
than the LSB systems. As in the previous paragraphs, however, the slopes of both relations
depend on the question whether all galaxies have maximal or minimal disks, or whether the
contribution of the disks varies systematically from galaxy to galaxy. In particular, the stellar
and dark mass fractions may be independent of luminosity if luminous galaxies have minimal
disks and low-luminosity systems maximal disks. Conversely, if high and low surface bright-
ness disks are respectively maximal and minimal, then the mass fractions are independent of
stellar surface brightness.

The right hand panels in figure 6.13 show that there exists a significant correlation be-
tween the mass fractions of stars and dark matter and the scale lengths of the stellar disks:
galaxies with large disks contain relatively less dark matter inside the optical radius than
small galaxies.

The gas mass fraction shows a trend with total luminosity, luminous galaxies containing
less mass in gas than low-luminosity systems. However, the correlation is weak and may
well be caused by a bias in our sample selection against low-luminosity galaxies with low
gas content, as described in section 2.4.1.

6.7 H scaling

Bosma (1978, 1981b) already noted that the ratio of total mass to H-mass surface density is
roughly constant in the outer parts of spiral galaxies. Later, Carignan and collaborators ob-
served a similar behaviour in dwarf galaxies (Carignan & Beaulieu 1989; Carignan & Puche
1990; Jobin & Carignan 1990). Broeils (1992b) and Swaters (1999) showed that rotation
curves can often be fitted without need for a dark halo by scaling up the contribution of the
gas disk with a factor which is constant with radius. Hoekstra et al. (2001) addressed the issue
of H scaling in detail and showed that it works very well to explain the observed shapes of the
rotation curves of a sample of 24 spiral galaxies of various morphological types. They found
an average scaling factor of 9; correcting for the presence of helium, this implies a ratio of
dark matter to gas surface density of approximately 6.5. Furthermore, Hoekstra et al. found
a systematic trend with luminosity, low-luminosity galaxies requiring lower scaling factors
than more luminous systems. Finally, Pfenniger & Revaz (2005) showed that the concept
of the Baryonic Tully-Fisher relation of McGaugh et al. (2000, see also section 5.5) can be
optimised by assuming the presence of an additional baryonic component with a mass ap-
proximately 2 times that of the neutral gas. They interpret their result as additional evidence
for a (baryonic) dark component coupled to the gas.

To test whether H scaling also works for the massive, early-type disk galaxies in our
sample, we have performed fits to our rotation curves without spherical dark matter haloes,
but letting the H scaling parameter η from equation 6.3 vary freely. The resulting rotation
curve decompositions are shown in the bottom panels on the even-numbered pages in ap-
pendix 6-III.

In almost all galaxies in our sample, mass models with H scaling fit the observed rotation
velocities at small and intermediate radii very well. In particular, there are a number of
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Figure 6.14: The gray histograms show the distribution of the ratio of the chi-squared param-

eters χ2
1 for the H  scaling models and the minimal χ2 models with isothermal (left) and NFW

haloes (right). The hatched histogram in the right hand panel shows the chi-squared ratio for

the H  scaling models and the models with an NFW halo with c = 10.

galaxies where there is a striking match between small-scale features in the observed and
model rotation curves. In galaxies such as UGC 2487, 2916, 5253, 6787 and 11852, specific
‘bumps’ and ‘wiggles’ in the rotation curves are reproduced much better by the models with
the scaled gas disks than by the models with smooth dark haloes. In the case of UGC 2487 and
6787, the models with the scaled H disks have the lowest chi-squared values of all models
and fit the observed rotation curves better, over the full radial extent, than any model with
isothermal or NFW haloes.

However, there are, in general, also discrepancies and in most cases, the chi-squared
values of the H scaling models are significantly larger (up to a factor 3) than those of the
minimal χ2 models with smooth spherical haloes (see figure 6.14). The average ratio between
the chi-squared parameters χ2

1 of the H scaling models and those of the minimal χ2 models
with isothermal or NFW haloes is 1.74 and 1.67 respectively. In principle, it is not surprising
that the models with the smooth haloes fit the data better, since the model haloes have 2 free
parameters, as opposed to the single parameter η associated with the H scaling. As a further
illustration, the average chi-squared ratio between the H scaling models and the models with
NFW haloes with c=10 is 1.35; this indicates that H scaling is not much less successful in
fitting the observed rotation curves than a single-parameter spherical halo.

Inspection of the figures in the appendix shows that the discrepancies between the H
scaling models and the observed rotation curves generally occur in the outer regions: the
model rotation velocities often start to decrease while the observed curves stay more or less
flat till the outer points. At first sight, this finding seems to present strong evidence against a
dark component coupled to the neutral gas. However, it is possible that a significant fraction
of the gas in the outer regions becomes ionised by the intergalactic radiation field and thus
escapes detection in our H observations (Maloney 1993). Thus, the total surface density of
the gas in the outer regions of the galaxies in our sample may fall off less rapidly than the
radial profiles of H intensity presented in chapter 2 suggest. It is therefore possible that the
decline at large radii in our model rotation curves is artificial and that the ratio of total to gas
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Figure 6.15: The distribution of the factor η

for the H  scaling models. Note that a gas

disk consisting of pure hydrogen and helium

implies a value of η = 1.4.

surface density still remains constant.
It is important to note that many galaxies in our sample require high scaling factors, up

to η ≈ 50 in the cases of UGC 2487 and 6787. In figure 6.15, the distribution of η is shown
for our galaxies. The average value for η is 23; correcting for the presence of helium, this
implies a ratio of dark matter to gas surface density of 16. The scaling factors we find are
higher than those in less massive and later-type galaxies (Broeils 1992b; Hoekstra et al. 2001).
This difference is probably related to the fact that the early-type galaxies in our sample have
generally low H surface densities (see section 2.4.3). Note also that Swaters (1999), for a
sample of late-type dwarf galaxies, found lower scaling factors than Hoekstra et al. (2001).
Thus, it appears that there may be a general trend of the scaling factor increasing with optical
luminosity of a galaxy, ranging from ≈ 5 in dwarf and LSB galaxies to 20 – 50 in luminous,
high surface brightness systems. In our sample, however, the scatter of η around the mean is
too large and the range in optical luminosities too small to discern this trend.

We also confirm the findings of Hoekstra et al. (2001) that H scaling only works in
combination with a ‘maximal’ stellar contribution. In all H scaling models in our study, the
scaled gas contribution only becomes dominant outside the stellar disk, whereas the stellar
bulges and disks dominate the potential in the inner regions. We already discussed the disk
mass-to-light ratios in section 6.4.3 and concluded that the M/L ratios required to make disks
maximal are much higher than expected on the basis of modern stellar population synthesis
models. While we used this fact in section 6.4.3 as an argument against the disks being
maximal, this reasoning may not apply here. If we assume that there is dark matter coupled
to the gas in the disks of spiral galaxies, it is only a small step towards the assumption that
the same applies to their stellar disks.

The data presented in this study do not allow us to draw definitive conclusions regard-
ing the physical significance of the success of H scaling in many galaxies to explain the
shapes of observed rotation curves. The quality of the H scaling models in several galax-
ies in our sample (notably UGC 2487, 2916, 5253, 6787, 11852) is striking and strongly
suggests a coupling of the dark matter with the gas disks. However, the assumption that all
dark matter resides in a flattened disk is in strong contradiction with several studies which
suggest that dark matter in galaxies is distributed in nearly spherical haloes (e.g. Sparke &
Casertano 1988; Hofner & Sparke 1994; Olling & Merrifield 2000, 2001; Ibata et al. 2001).
These contradictory results could be reconciled by assuming that dark matter does reside in
near-spherical haloes, but that their density profiles are somehow coupled to the H density
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distribution; it is unclear, however, what mechanism could be responsible for such a coupling.
Alternatively, it is also possible that dark matter consists of two separate components, one in
the form of smooth spheroidal haloes and the other in flattened disks coupled to the neutral
gas. If the concept of H scaling has a genuine physical basis, it would have a dramatic impact
on our understanding of dark matter. More studies are, however, needed to investigate this
issue in more detail.

6.8 Discussion and conclusions

In this chapter, we have presented mass models for a sample of 17, mostly massive, early-
type disk galaxies. The mass models were created by decomposing the rotation curves into
contributions from the stellar bulges and disks, the gaseous disks and spherical dark matter
haloes. The main goal of our study was to derive limits on the dark matter content and
distribution in our galaxies.

The results presented in the previous sections have once more confirmed the need for
independent measurements of the mass-to-light ratios of the stellar populations in galaxies.
The uncertainty in the contribution of the stars to the gravitational potential is still the most
important obstacle towards an unambiguous determination of the dark matter distribution in
galaxies. Although we believe that the results presented in section 6.4.1 convincingly show
that the bulges in our galaxies must dominate the dynamics in the inner regions and must be at
least close to ‘maximal’, the contributions from the stellar disks are still poorly constrained.
In general, we can fit the observed rotation curves with a range in mass-to-light ratios for
the stars, such that the region of the parameter space describing the dark matter properties
which is compatible with the observations is large. In section 6.4.2, we have shown that in a
number of cases, disks are required to be maximal in order to explain the detailed shape of
the rotation curves. However, we have also shown that the resulting mass-to-light ratios are
higher than expected from stellar population synthesis models and that, unless exotic initial
mass functions are assumed, or the existence of a dark component coupled to the stars, disks
must be sub-maximal.

With the data available in this study, we are not able to break this degeneracy. One
promising method to derive the mass-to-light ratios independently is to measure the vertical
velocity dispersions of the stars in the disks. With this method, pioneered by Bottema (1993,
1997, 1999) and later applied by e.g. Swaters (1999), Verheijen et al. (2003, 2005) and Kregel
et al. (2005), it is possible to obtain an independent dynamical measurement of the M/L ratios.
Clearly, such observations would allow us to determine the dark matter distribution in our
galaxies with much better accuracy than is possible now.

Despite the uncertainties caused by the disk-halo degeneracy, we have been able to draw the
following conclusions:

– In order to explain the rapid rise of the rotation curves of early-type disk galaxies in
their centers, bulges must dominate the gravitational potential in the inner regions and
must be at least close to ‘maximal’. If bulges are significantly sub-maximal, extremely
concentrated dark haloes need to be invoked, which we deem implausible. The maximal
bulge mass-to-light ratios are in reasonable agreement with the expected values for old
stellar populations.

– In 6 galaxies, the stellar disks must be dynamically important as well and must have a
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substantial mass-to-light ratio to explain the shapes of the observed rotation curves. In
these cases, truly minimal disks with Γd = 0 are not allowed.

– Maximal disk fits can be made which fit the observed rotation curves well, provided the
dark haloes are diffuse and have large core radii. The corresponding disk mass-to-light
ratios are, however, much larger than expected for their stellar populations.

– In general, models with NFW haloes fit the observed rotation curves equally good as
models with isothermal haloes, provided that the disks are sub-maximal. Maximal disk
solutions are not allowed in combination with NFW haloes (bulges must, however, still
dominate in the inner regions). When left free in the fitting procedure, the concentration
parameter c shows a large spread, but good fits can also be made with c fixed at the typical
value predicted by N-body simulations (≈ 10). The mass-to-light ratios for the bulges and
disks in such models are reasonable and consistent with the values expected for old stellar
populations.

– Due to the presence of the bulges, we cannot distinguish between dark haloes with con-
stant density cores or cuspy profiles. There is one exception to this point, namely the low
luminosity, bulgeless galaxy UGC 12043. Its shallow central rotation curve is better fitted
by an isothermal halo model than by an NFW model, implying that its dark matter halo
must have a shallow density profile in the center. However, due to the large uncertain-
ties in the central rotation curve, no definite conclusions can be made regarding the exact
shape of the central dark matter density profile in this case yet.

– The core radii and central densities of the isothermal haloes in our models appear corre-
lated with several optical parameters. Galaxies with large optical scale lengths appear to
live in larger haloes and high surface brightness disks generally imply high central dark
matter densities. However, if small and high surface brightness disks are maximal and
if large and low surface brightness disks are systematically sub-maximal, the trends dis-
appear. Within the uncertainties, our data do not exclude the possibility that halo core
radii and densities are independent of optical scale lengths, surface brightnesses or total
luminosities.

– Depending on whether the stellar disks are minimal or maximal, the stars (bulges + disks)
contribute between 24 and 69% to the total mass inside the optical radii of our galaxies.
Luminous galaxies and galaxies with large disk scale lengths generally contain less dark
matter inside the optical radius. But again, if the ‘maximality’ of the disks varies sys-
tematically from galaxy to galaxy, our data are consistent with the mass fractions being
independent of optical parameters as well.

– The observed rotation curves can generally be fitted without invoking spherical haloes by
scaling up the observed neutral hydrogen disks, at least at small and intermediate radii.
The scaling factors are often large with an average of 23 and values up to 50 in extreme
cases. In many cases, the resulting models reproduce the detailed shape of the observed
rotation curves, including small scale features, very well. At large radii, the models often
fail and predict that the rotation velocities decline, whereas the observed rotation curves
remain flat.
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6-I Appendix: The derivation of the rotation curve of a spheroidal bulge
In this appendix, we show how the contribution from the bulge to a rotation curve can be
calculated given its major axis photometric profile.

We assume that the bulges in our galaxies are oblate spheroids, symmetric with respect to
the plane of the galaxy. If we define an (x, y, z)-coordinate system such that the (x, y)-plane
coincides with the plane of symmetry of the galaxy, then we can write the luminosity density
as ρ(x, y, z) = ρ(m), with m ≡

√

x2 + y2 + (z/q)2 and q the intrinsic axis ratio of the bulge
isodensity surfaces.

We define a second coordinate system, (P,Q,R), corresponding to the observational con-
figuration: P lies along the line of sight, it is inclined by an angle i with respect to the z-axis.
The Q-axis coincides with the y-axis; both are defined to lie along the line of nodes. R is the
axis that is perpendicular to Q on the plane of the sky; in practice this means that R lies along
the minor axis of the galaxy. See figure 6-I.1 for an overview of the coordinate systems. The
(x, y, z) and (P,Q,R) coordinate systems are related by the following transformation matrices:
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Figure 6-I.1: Schematic overview of the two coordinate systems. Black lines give the galactic

coordinate system, grey lines give the coordinate system of the observations (see text). The

ellipse shows an (x, z)-cut through an isodensity surface.
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With these coordinates, the projected intensity at each position on the sky can be written,
in the case of an optically thin medium, as

I(Q,R) =
∫
∞

P=−∞

ρ(P,Q,R) dP. (6-I.2)

It can be shown that the projected intensity distribution on the sky has an ellipsoidal shape,
where the ellipticity ε of the projected image is related to the intrinsic axis ratio q and the
inclination angle i as

(1 − ε)2 = q2 + (1 − q2) cos2 i (6-I.3)

(cf. equation 3.3). Thus, the problem is reduced to finding the relation between the projected
intensity at the line of nodes (R = 0) and the density ρ(m). Once the intensity at the line of
nodes is derived, the rest of the image can be reconstructed using equation 6-I.3.

Given a position Q0 at the line of nodes (R = 0), the relation between P and m is (see
equation 6-I.1):

m2(P | Q0,R = 0) = x2(P | Q0) + y2(P | Q0) +
1
q2

z2(P | Q0)

= P2 sin2 i + Q2
0 +

P2

q2
cos2 i

(6-I.4)

P2(m | Q0,R = 0) =
m2 − Q2

0

sin2 i + 1
q2 cos2 i

∂P
∂m

=

(

sin2 i +
1
q2

cos2 i

)− 1
2 (

m2 − Q2
0

)− 1
2 m.

Then, setting R = 0 in equation 6-I.2, changing the integration variable from P to m and using
the last line of equation 6-I.4, the projected intensity I(Q0) at the line of nodes becomes:

I(Q0) =

∫ ∞

−∞
ρ(P | Q0,R = 0) dP

= 2
∫ ∞

0
ρ
(

m(P | Q0,R = 0)
)

dP

(6-I.5)

= 2
∫ m(∞|Q0,R=0)

m(0|Q0,R=0)
ρ(m)

∂P
∂m

dm

=
2

√

sin2 i + 1
q2 cos2 i

∫ ∞

Q0

ρ(m)
m dm

√

m2 − Q2
0

.

This is an Abel-integral, which can be inverted (e.g. Binney & Tremaine 1987, app. 1.B4) to
obtain the following equation, which gives the 3D luminosity density distribution ρ(m) when
the observed major-axis intensity profile I(Q) is given:

ρ(m) = −1
π

√

sin2 i +
1
q2

cos2 i
∫ ∞

m

dI
dQ

dQ
√

Q2 − m2
. (6-I.6)
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Now, assuming that the observed emission traces mass and that the mass-to-light ratio
is constant throughout the bulge, equation 6-I.6 also gives the 3D mass density distribution
in the bulge (except for a constant factor for the actual value of the mass-to-light ratio, see
section 6.3). The derivation of the corresponding rotation curve is then straightforward and
is described by Binney & Tremaine (1987). Inserting equation 6-I.6 into their equation 2-91,
we get for the rotation curve:

V2(r) = −4Gq

√

sin2 i +
1
q2

cos2 i
∫

r

m=0















∫ ∞

Q=m

dI
dQ

dQ
√

Q2 − m2















m2 dm
√

r2 − m2e2
, (6-I.7)

where e is the eccentricity of the bulge: e =
√

1 − q2. Note that this equation is still valid for
any given observed intensity profile I(Q); no prior assumptions have been made regarding
the shape of the light or density profiles, except that of spheroidal symmetry. In principle,
one could directly derive the rotation curve for any given intensity profile by numerically
calculating the derivative dI/dQ and evaluating the integral.

In our case, the profiles have been fitted with a general Sérsic profile (Sérsic 1968, see
also section 3.7.1) and we can evaluate the derivative dI/dQ analytically:

Ib(Q) = I0 exp















−
(

Q
r0

)1/n












(6-I.8)
dI
dQ

= − I0

r0n
exp















−
(

Q
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)1/n












(

Q
r0

)1/n−1

.

Inserting this into equation 6-I.7, we get the following, final equation for the bulge rotation
curve:

V2
b (r) = C

∫
r

m=0















∫ ∞

Q=m

e−(Q/r0)1/n
(Q/r0)1/n−1

√

Q2 − m2
dQ















m2

√
r2 − m2e2

dm,

(6-I.9)

C =
4GqI0

r0n

√

sin2(i) + cos2(i)/q2.

As an illustration of the effect of the flattening of the bulge on the shape of the rotation
curve, we show in figure 6-I.2 the rotation curves of 5 bulges with equal integrated luminosity
and intensity profiles, but with different intrinsic axis ratios q. It is clear from this figure that,
within a few effective radii of the center, the rotation curves are strongly influenced by the
flattening of the bulge. Even though the enclosed mass within each radius is the same for all
bulges, the flattened bulges have a much higher peak velocity (cf. figure 2-12 of Binney
& Tremaine 1987). The radius where the rotation curve peaks is also dependent on the
flattening, although the effect is much weaker. The more flattened the bulge, the smaller
the radius where the rotation curve reaches its maximum. At larger radii, the difference
between the different rotation curves becomes progressively smaller, as all curves approach
the Keplerian fall-off.



264  6: D   -  

Figure 6-I.2: Effect of bulge flattening on the rotation curve. Each solid curve shows the rota-

tion curve for a fiducial bulge with intrinsic axis ratio q as indicated. All bulges have identical

observed intensity profiles and integrated luminosities, the assumed value for the Sérsic shape

parameter is n = 2. For comparison, the Keplerian rotation curve of a point mass with equal

mass is shown with the dashed line. All radii are in units of effective radius re, the velocities are

scaled with respect to the maximum rotation velocity of the spherical bulge. Note that the case

of q = 2 corresponds to a prolate bulge, a case that is never observed in our galaxies; it is only

shown here for comparison. The observed axis ratios of our bulges lie in the range 0.3–0.8 (see

table 3.5).



A



:

T





265

6-II
A

ppendix:
Tables

Table 6.3: Parameters for the mass models with isothermal haloes and H  scaling: (1) UGC number; (2) model; (3) bulge R-band mass-to-light ratio; (4) disk

R-band mass-to-light ratio; (5) H  scaling factor; (6) central point mass; (7) halo core radius; (8) halo central density; (9) χ2 using individual errorbars and inclination

uncertainties; (10) reduced χ2 using individual errorbars and inclination uncertainties; (11) χ2 using individual errorbars only; (12) reduced χ2 using individual

errorbars only; (13) – (17) mass fractions within Dc
25,R of bulge, disk, gas, central point mass and dark halo respectively.

UGC model Γb Γd η Mpm rc ρ0 χ2
1 χ2

1,r χ2
2 χ2

2,r fb fd fg fpm fDM

M�/L� M�/L� 109 M� kpc M� pc−3 ————– % ————–
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17)

2487

minimal χ2 7.7 4.4 1.4 – 12 1.2 · 10−2 5.66 0.44 195 15.0 19 33 1 – 48
max. allowed disk 5.8 6.8 1.4 – 27 3.0 · 10−3 6.57 0.51 170 13.1 15 52 1 – 32
min. allowed disk 6.3 1.5 1.4 – 2.7 2.6 · 10−1 6.59 0.51 301 23.2 15 11 1 – 73
constant M/L 6.2 6.2 1.4 – 21 4.4 · 10−3 6.18 0.44 168 12.0 16 47 1 – 36
H scaling 7.9 6.0 48 – – – 4.68 0.33 185 13.2 20 45 36 – –

2916

minimal χ2 2.6 2.1 1.4 – 3.9 3.3 · 10−2 12.5 0.31 249 6.23 26 15 11 – 48
max. allowed disk 2.1 5.2 1.4 – 9.1 4.8 · 10−3 17.1 0.43 394 9.84 22 40 11 – 26
min. allowed disk 2.7 1.0 1.4 – 3.2 5.3 · 10−2 13.0 0.32 245 6.13 27 7 10 – 56
constant M/L 2.5 2.5 1.4 – 4.2 2.7 · 10−2 12.6 0.31 258 6.30 25 19 11 – 45
H scaling 2.3 4.9 5.2 – – – 16.6 0.40 385 9.38 24 37 40 – –

2953

minimal χ2 3.3 5.3 1.4 1.2 23 3.4 · 10−3 226 2.02 2652 23.7 9 68 1 0.3 21
max. allowed disk 3.3 5.4 1.4 1.2 23 3.3 · 10−3 226 2.02 2655 23.7 9 68 1 0.3 21
min. allowed disk 3.4 2.3 1.4 1.0 1.6 4.2 · 10−1 253 2.26 3227 28.8 9 28 1 0.3 62
constant M/L 3.4 3.4 1.4 1.1 2.4 1.7 · 10−1 236 2.08 3060 27.1 8 40 1 0.3 51
H scaling 4.0 5.0 36 0.38 – – 392 3.47 5858 51.8 11 63 26 0.1 –

3205

minimal χ2 0.0 1.8 1.4 – 0.25 9.7 120 2.66 197 4.37 0 26 4 – 70
max. allowed disk 3.1 4.5 1.4 – 41 1.8 · 10−3 181 4.03 279 6.21 3 71 4 – 21
min. allowed disk 0.0 0.85 1.4 – 0.26 11.0 162 3.61 304 6.76 0 12 4 – 85
constant M/L 1.8 1.8 1.4 – 0.55 2.1 128 2.79 205 4.46 2 25 4 – 69
H scaling 7.3 4.0 12 – – – 362 7.86 557 12.12 7 59 34 – –

3546

minimal χ2 5.9 3.6 1.4 – 8.9 9.5 · 10−3 25.5 0.98 60.0 2.31 10 45 2 – 43
max. allowed disk 5.5 4.0 1.4 – 13 5.8 · 10−3 26.2 1.01 64.1 2.46 9 52 2 – 37
min. allowed disk 3.6 0.65 1.4 – 0.26 9.3 26.5 1.02 68.7 2.64 5 8 2 – 85
constant M/L 3.8 3.8 1.4 – 7.3 1.2 · 10−2 46.6 1.73 73.2 2.71 6 49 2 – 43
H scaling 5.1 4.6 20 – – – 37.9 1.40 212.9 7.89 9 61 30 – –
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Table 6.3: Parameters for the mass models with isothermal haloes and H  scaling: continued

UGC model Γb Γd η Mpm rc ρ0 χ2
1 χ2

1,r χ2
2 χ2

2,r fb fd fg fpm fDM

M�/L� M�/L� 109 M� kpc M� pc−3 ————– % ————–
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17)

3580

minimal χ2 1.0 6.4 1.4 – 13 3.7 · 10−3 92.8 2.11 180 4.08 6 57 9 – 28
max. allowed disk 0.85 7.2 1.4 – 16 2.8 · 10−3 97.8 3.22 189 4.29 5 64 9 – 23
min. allowed disk 1.1 0.0 1.4 – 1.6 1.1 · 10−1 94.2 2.14 211 4.80 6 0 8 – 86
constant M/L 1.1 1.1 1.4 – 1.8 7.8 · 10−2 102.8 2.28 254 5.64 6 9 8 – 77
H scaling 1.2 5.1 11 – – – 151.8 3.37 489 10.87 6 38 56 – –

3993

minimal χ2 6.1 31 1.4 – 60 1.3 · 10−3 1.83 0.11 26.1 1.53 31 59 1 – 9
max. allowed disk 5.9 37 1.4 – >100† 1.0 · 10−3 2.15 0.13 37.2 2.19 28 64 1 – 7
min. allowed disk 6.1 10 1.4 – 3.1 9.7 · 10−2 2.35 0.14 118.1 6.95 29 18 1 – 52
constant M/L 6.1 6.1 1.4 – 2.6 1.4 · 10−1 2.54 0.14 122.8 6.82 29 11 1 – 59
H scaling 6.3 26 39 – – – 2.77 0.15 130.4 7.25 28 42 30 – –

4458

minimal χ2 4.5 4.4 1.4 11 1.6 2.3 · 10−1 3.76 0.13 140 4.99 27 26 2 2 42
max. allowed disk 4.9 9.0 1.4 9.2 >60† 4.5 · 10−4 3.76 0.13 134 4.78 31 55 2 2 9
min. allowed disk 4.4 0.0 1.4 11 1.5 4.4 · 10−1 4.32 0.15 225 8.04 26 0 2 2 69
constant M/L 4.5 4.5 1.4 11 1.5 2.5 · 10−1 3.76 0.13 139 4.80 27 26 2 2 42
H scaling 4.9 8.5 11 9.1 – – 4.52 0.16 158 5.44 30 51 17 2 –

5253

minimal χ2 2.9 3.7 1.4 – 1.8 2.1 · 10−1 18.8 0.27 448 6.40 21 14 3 – 63
max. allowed disk 3.1 9.7 1.4 – 7.4 1.1 · 10−2 22.2 0.32 708 10.11 22 38 3 – 37
min. allowed disk 2.8 1.3 1.4 – 1.6 3.3 · 10−1 20.3 0.29 557 7.96 20 5 3 – 73
constant M/L 2.9 2.9 1.4 – 1.7 2.5 · 10−1 19.0 0.27 456 6.42 20 11 3 – 66
H scaling 3.1 11 22 – – – 22.1 0.31 717 10.10 21 40 39 – –

6786

minimal χ2 2.7 1.1 1.4 – 1.5 3.9 · 10−1 54.0 1.26 74.3 1.73 20 1 2 – 78
max. allowed disk 2.9 3.6 1.4 – 2.0 2.1 · 10−1 72.1 1.68 130.6 3.04 22 4 2 – 73
min. allowed disk 2.6 0.0 1.4 – 1.4 4.8 · 10−1 57.4 1.34 81.9 1.91 19 0 2 – 79
constant M/L 2.4 2.4 1.4 – 1.5 3.7 · 10−1 60.6 1.38 97.2 2.21 19 2 2 – 77
H scaling 4.6 7.6 42 – – – 209.9 4.77 469.9 10.68 37 8 55 – –

6787

minimal χ2 3.3 8.3 1.4 – 18 7.1 · 10−3 218 3.16 1550 22.5 14 52 1 – 33
max. allowed disk 3.0 9.3 1.4 – 25 4.9 · 10−3 235 3.41 1309 19.0 13 58 1 – 27
min. allowed disk 3.5 0.0 1.4 – 1.8 3.5 · 10−1 242 3.50 2062 29.9 13 0 1 – 86
constant M/L 3.6 3.6 1.4 – 3.4 9.2 · 10−2 242 3.46 1913 27.3 14 20 1 – 65
H scaling 3.4 8.1 52 – – – 185 2.64 681 9.73 14 46 40 – –

† Halo core radius larger than outer point in rotation curve, and therefore unconstrained.
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Table 6.3: Parameters for the mass models with isothermal haloes and H  scaling: continued

UGC model Γb Γd η Mpm rc ρ0 χ2
1 χ2

1,r χ2
2 χ2

2,r fb fd fg fpm fDM

M�/L� M�/L� 109 M� kpc M� pc−3 ————– % ————–
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17)

8699

minimal χ2 3.9 10 1.4 – 29 2.9 · 10−3 25.2 0.66 59.0 1.55 26 55 3 – 16
max. allowed disk 3.6 12 1.4 – >30† 2.43 · 10−3 31.6 0.83 89.1 2.35 23 60 3 – 13
min. allowed disk 4.3 3.0 1.4 – 4.0 3.8 · 10−2 41.0 1.08 89.9 2.37 29 16 3 – 52
constant M/L 4.3 4.3 1.4 – 4.8 2.6 · 10−2 36.9 0.95 80.8 2.07 29 22 3 – 46
H scaling 4.1 8.2 17 – – – 41.0 1.05 107.2 2.75 24 39 36 – 0

9133

minimal χ2 2.8 5.0 1.4 2.7 1.4 3.0 · 10−1 62.4 0.96 1028 15.8 14 33 3 0.6 49
max. allowed disk 3.5 10 1.4 1.2 103 2.7 · 10−4 63.0 0.97 1024 15.8 18 71 4 0.3 8
min. allowed disk 2.9 2.4 1.4 2.2 1.4 3.9 · 10−1 82.7 1.27 1095 16.9 15 16 4 0.5 65
constant M/L 3.2 3.2 1.4 1.4 1.9 2.1 · 10−1 73.2 1.11 919 13.9 16 21 4 0.3 59
H scaling 3.7 8.1 13 0.29 – – 105.4 1.60 1837 27.8 18 52 30 0.1 –

11670

minimal χ2 2.8 0.43 1.4 – 0.32 4.2 235 3.92 390 6.49 10 5 2 – 83
max. allowed disk 3.8 3.7 1.4 – 8.5 9.2 · 10−3 336 5.59 536 8.94 15 50 2 – 33
min. allowed disk 2.3 0.0 1.4 – 0.18 14 251 4.19 418 6.96 8 0 2 – 90
constant M/L 3.7 3.7 1.4 – 8.0 9.9 · 10−3 314 5.15 524 8.60 14 50 2 – 34
H scaling 4.3 2.4 40 – – – 650 10.66 2011 32.97 15 29 55 – –

11852

minimal χ2 2.6 7.7 1.4 2.1 15 1.8 · 10−3 10.4 0.27 155 4.07 13 64 5 1.4 17
max. allowed disk 2.4 8.5 1.4 2.2 22 1.0 · 10−3 11.4 0.30 164 4.31 12 70 5 1.4 12
min. allowed disk 2.8 3.6 1.4 1.1 1.3 2.4 · 10−1 13.9 0.37 198 5.21 14 29 5 0.7 51
constant M/L 3.8 3.8 1.4 – 2.3 7.5 · 10−2 14.7 0.38 167 4.28 18 31 5 0.0 46
H scaling 2.6 8.0 7.6 2.1 – – 13.1 0.34 147 3.78 12 61 26 1.3 0

11914

minimal χ2 2.5 0.0 1.4 – 0.31 15 3.45 0.056 248 4.00
max. allowed disk 5.9 9.4 1.4 – 0.33 1.1 8.19 0.132 618 9.97 rotation curve
min. allowed disk 2.5 0.0 1.4 – 0.31 15 3.45 0.056 248 4.00 does not extend
constant M/L 4.9 4.9 1.4 – 0.50 3.0 5.67 0.090 452 7.18 till Rc

25,R
H scaling 6.4 9.5 5.4 – – – 8.64 0.137 521 8.27

12043∗

minimal χ2 – 1.1 1.4 – 0.88 2.0 · 10−1 176 5.88 279 9.30 – 16 8 – 76
max. allowed disk – 2.6 1.4 – 2.1 3.8 · 10−2 305 10.17 417 13.91 – 40 8 – 52
min. allowed disk – 0.0 1.4 – 0.54 5.6 · 10−1 214 7.14 357 11.91 – 0 8 – 92
H scaling – 1.9 14 – – – 203 6.56 318 10.26 – 27 73 – 0

† Halo core radius larger than outer point in rotation curve, and therefore unconstrained.
∗ Bulgeless galaxy (see chapter 3).
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Table 6.4: Parameters for the mass models with NFW haloes: (1) UGC number; (2) model; (3) bulge R-band mass-to-light ratio; (4) disk R-band mass-

to-light ratio; (5) H  scaling factor; (6) central point mass; (7) halo concentration parameter; (8) halo virial velocity; (9) χ2 using individual errorbars and

inclination uncertainties; (10) reduced χ2 using individual errorbars and inclination uncertainties; (11) χ2 using individual errorbars only; (12) reduced χ2

using individual errorbars only; (13) – (17) mass fractions within Dc
25,R of bulge, disk, gas, central point mass and dark halo respectively.

UGC model Γb Γd η Mpm c V200 χ2
1 χ2

1,r χ2
2 χ2

2,r fb fd fg fpm fDM

M�/L� M�/L� 109 M� kpc M� pc−3 ————– % ————–
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17)

2487

minimal χ2 5.2 1 1.4 – 10 247 5.8 0.42 248 17.7 12 7 1 – 80
max. allowed disk 4.1 4 1.4 – 2.1 304 6.8 0.53 142 10.9 10 29 1 – 60
min. allowed disk 5.2 1 1.4 – 10 247 5.8 0.42 248 17.7 12 7 1 – 80
c = 10 5.2 1 1.4 – 10 247 5.8 0.42 248 17.7 12 7 1 – 80

2916

minimal χ2 1.8 0 1.4 – 16 122 11.1 0.28 221 5.51 17 0 9 – 73
max. allowed disk 1.8 4 1.4 – 1.3 118 17.0 0.42 431 10.78 19 31 10 – 41
min. allowed disk 1.8 0 1.4 – 16 122 11.1 0.28 221 5.51 17 0 9 – 73
c = 10 1.9 1 1.4 – 10 123 11.6 0.28 248 6.06 18 7 10 – 65

2953

minimal χ2 3.1 3 1.4 1.0 2.0 270 240 2.1 2901 25.7 8 36 1 0.3 54
max. allowed disk 2.8 3.5 1.4 1.4 1.1 300 245 2.2 2785 24.6 7 42 1 0.4 49
min. allowed disk 3.0 2.5 1.4 1.0 5.2 205 247 2.2 3070 27.2 8 30 1 0.3 62
c = 10 2.8 2 1.4 1.1 10 178 257 2.3 3199 28.1 7 24 1 0.3 68

3205

minimal χ2 0.06 0 1.4 – 45 124 101 2.23 182 4.05 0 0 4 – 96
max. allowed disk 1.4 1.5 1.4 – 17 125 150 3.33 277 6.15 1 20 4 – 75
min. allowed disk 0.06 0 1.4 – 45 124 101 2.23 182 4.05 0 0 4 – 96
c = 10 2.8 1.5 1.4 – 10 142 181 3.92 289 6.28 3 21 4 – 73

3546

minimal χ2 5.2 1.5 1.4 – 5.6 159 26.7 1.03 65.6 2.52 8 18 2 – 72
max. allowed disk 4.7 2.5 1.4 – 1.6 227 31.7 1.22 72.4 2.78 7 31 2 – 60
min. allowed disk 4.8 0 1.4 – 23 124 27.1 1.04 72.8 2.80 7 0 2 – 91
c = 10 5.2 1 1.4 – 10 138 26.6 0.99 66.5 2.46 8 12 2 – 79



A



:

T





269

Table 6.4: Parameters for the mass models with NFW haloes: continued

UGC model Γb Γd η Mpm c V200 χ2
1 χ2

1,r χ2
2 χ2

2,r fb fd fg fpm fDM

M�/L� M�/L� 109 M� kpc M� pc−3 ————– % ————–
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17)

3580

minimal χ2 0.63 2.5 1.4 – 2.0 176 91.0 2.07 177 4.02 3 21 8 – 67
max. allowed disk 0.54 3 1.4 – 1.5 193 97.8 2.23 198 4.50 3 25 8 – 65
min. allowed disk 0.72 1 1.4 – 6.6 105 98.1 2.23 211 4.79 4 8 8 – 80
c = 10 0.59 0.5 1.4 – 10 92 104 2.31 250 5.57 3 4 8 – 85

3993

minimal χ2 5.3 14 1.4 – 1.7 260 2.23 0.13 97.8 5.75 25 24 1 – 49
max. allowed disk 5.2 18 1.4 – 1.0 281 2.39 0.14 129 7.57 24 30 1 – 45
min. allowed disk 5.2 10 1.4 – 3.7 213 2.38 0.14 108 6.36 25 18 1 – 56
c = 10 4.7 6 1.4 – 10 170 2.81 0.16 147 8.17 22 10 1 – 67

4458

minimal χ2 3.7 0 1.4 11 12 157 4.01 0.14 177 6.1 22 0 2 3 73
max. allowed disk 4.4 7 1.4 10 1.1 77 4.34 0.15 142 4.9 27 42 2 2 26
min. allowed disk 3.7 0 1.4 11 12 157 4.01 0.14 177 6.1 22 0 2 3 73
c = 10 3.8 2 1.4 11 10 138 3.96 0.13 148 4.9 23 12 2 3 60

5253

minimal χ2 2.7 4 1.4 – 7.3 153 18.4 0.26 438 6.25 19 15 2 – 64
max. allowed disk 2.7 6 1.4 – 3.2 173 19.4 0.28 535 7.65 19 23 2 – 55
min. allowed disk 2.6 2 1.4 – 13 148 18.5 0.26 420 6.01 18 7 2 – 72
c = 10 2.6 3 1.4 – 10 149 18.4 0.26 421 5.93 18 11 2 – 68

6786

minimal χ2 1.9 0 1.4 – 26 138 48.1 1.12 76.5 1.78 14 0 2 – 85
max. allowed disk 1.8 3 1.4 – 14 156 64.0 1.49 97.8 2.28 14 3 2 – 82
min. allowed disk 1.9 0 1.4 – 26 138 48.1 1.12 76.5 1.78 14 0 2 – 85
c = 10 2.3 3 1.4 – 10 175 74.0 1.68 110 2.50 18 3 2 – 77

6787

minimal χ2 2.9 3 1.4 – 4.2 273 230 3.33 1715 24.9 12 17 1 – 70
max. allowed disk 2.8 4 1.4 – 1.7 455 241 3.49 1547 22.4 11 23 1 – 65
min. allowed disk 3.0 2 1.4 – 8.1 201 242 3.50 1882 27.3 12 11 1 – 76
c = 10 3.0 1.5 1.4 – 10 190 249 3.56 1985 28.4 12 8 1 – 79
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Table 6.4: Parameters for the mass models with NFW haloes: continued

UGC model Γb Γd η Mpm c V200 χ2
1 χ2

1,r χ2
2 χ2

2,r fb fd fg fpm fDM

M�/L� M�/L� 109 M� kpc M� pc−3 ————– % ————–
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17)

8699

minimal χ2 3.5 4 1.4 – 1.7 233 41.7 1.10 100 2.63 24 21 3 – 52
max. allowed disk 3.5 4 1.4 – 1.7 233 41.7 1.10 100 2.63 24 21 3 – 52
min. allowed disk 3.5 3 1.4 – 2.8 200 42.7 1.12 101 2.67 24 16 3 – 57
c = 10 3.2 1 1.4 – 10 127 53.0 1.36 126 3.23 22 5 3 – 70

9133

minimal χ2 2.0 1 1.4 3.4 18 158 65.3 0.99 1195 18.1 10 6 3 0.7 80
max. allowed disk 3.1 5 1.4 1.3 1.5 175 73.9 1.12 1230 18.6 15 32 3 0.3 49
min. allowed disk 2.0 0 1.4 3.0 19 164 68.3 1.04 970 14.7 10 0 3 0.6 87
c = 10 2.6 2 1.4 2.1 10 161 72.1 1.08 1122 16.7 12 13 3 0.4 71

11670

minimal χ2 2.9 1 1.4 – 15 102 264 4.39 564 9.40 10 12 2 – 76
max. allowed disk 3.1 2 1.4 – 3.2 173 269 4.48 553 9.22 11 25 2 – 62
min. allowed disk 2.2 0 1.4 – 42 88 245 4.08 639 10.6 7 0 2 – 91
c = 10 2.9 1.5 1.4 – 10 109 272 4.45 635 10.4 10 18 2 – 70

11852

minimal χ2 2.2 5 1.4 1.8 1.1 144 10.7 0.27 166 4.26 10 39 5 1.1 44
max. allowed disk 1.6 6 1.4 2.6 1.0 134 12.7 0.32 201 5.15 7 45 4 1.5 42
min. allowed disk 2.4 4 1.4 1.3 3.0 129 12.1 0.31 180 4.61 11 32 5 0.8 52
c = 10 1.5 3 1.4 1.9 10 118 14.1 0.35 248 6.21 7 22 4 1.1 65

11914

minimal χ2 0.61 0 1.4 – 105 117 4.51 0.073 327 5.27 rotation curve
max. allowed disk 4.7 10 1.4 – 81 35 7.99 0.129 708 11.4 does not extend
min. allowed disk 0.61 0 1.4 – 105 117 4.51 0.073 327 5.27 till Rc

25,R

c = 10 5.6 4 1.4 – 10 155 7.27 0.115 408 6.48 –

12043

minimal χ2 – 0.0 1.4 – 23 59 231 7.95 357 12.3 – 0 7 – 93
max. allowed disk – 0.8 1.4 – 9.7 72 303 10.5 444 15.3 – 12 8 – 80
min. allowed disk – 0.0 1.4 – 23 59 231 7.95 357 12.3 – 0 7 – 93
c = 10 – 0.8 1.4 – 10 71 305 10.2 442 14.7 – 12 8 – 80
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6-III Appendix: Mass decompositions
On the following pages, we show the results of the mass decompositions for all galaxies
from our sample. For all galaxies, we show on the even-numbered pages the models with
isothermal haloes: the first row shows the minimal χ2 model, the second and third rows show
the maximal and minimal allowed disk models respectively and the fourth row shows the
constant M/L model. In the bottom row on the even-numbered pages, the models with the
scaled H disks are shown. On the facing, odd-numbered pages, we show the models with the
NFW haloes (from top to bottom, the minimal χ2 model, maximal and minimal allowed disk,
and model with fixed concentration parameter c = 10).

For all models, we show two panels, one of the central regions (left) and one of the full
rotation curve (right). The observed rotation curve and errors are shown in the same way
as in chapter 4: data points show the observed rotation curve, errorbars show the errors due
to fitting errors and kinematical asymmetries; the shaded regions show the uncertainties due
to the inclination uncertainties. The fitted individual contributions to the rotation curve are
indicated using the thin lines: stellar bulge (solid), stellar disk (long dash), gas disk (dotted),
central black hole (short dash) and dark halo (dot-dash). The dot-long-dashed lines in the
panels for the NFW models show the dark halo rotation curve before the adiabatic contraction.
The rotation curves for the combined models are shown with the solid bold lines.
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UGC 2487
Isothermal halo models and H scaling
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UGC 2487
NFW halo models
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UGC 2916
Isothermal halo models and H scaling
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UGC 2916
NFW halo models
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UGC 2953
Isothermal halo models and H scaling
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UGC 2953
NFW halo models
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UGC 3205
Isothermal halo models and H scaling
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UGC 3205
NFW halo models
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UGC 3546
Isothermal halo models and H scaling
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UGC 3546
NFW halo models



282  6: D   -  

UGC 3580
Isothermal halo models and H scaling
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UGC 3580
NFW halo models
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UGC 3993
Isothermal halo models and H scaling
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UGC 3993
NFW halo models
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UGC 4458
Isothermal halo models and H scaling
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UGC 4458
NFW halo models
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UGC 5253
Isothermal halo models and H scaling
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UGC 5253
NFW halo models
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UGC 6786
Isothermal halo models and H scaling
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UGC 6786
NFW halo models
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UGC 6787
Isothermal halo models and H scaling
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UGC 6787
NFW halo models
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UGC 8699
Isothermal halo models and H scaling
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UGC 8699
NFW halo models



296  6: D   -  

UGC 9133
Isothermal halo models and H scaling
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UGC 9133
NFW halo models
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UGC 11670
Isothermal halo models and H scaling
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UGC 11670
NFW halo models
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UGC 11852
Isothermal halo models and H scaling
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UGC 11852
NFW halo models
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UGC 11914
Isothermal halo models and H scaling
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UGC 11914
NFW halo models
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UGC 12043
Isothermal halo models and H scaling
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UGC 12043
NFW halo models
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7
Summary and suggestions for future

work
ABSTRACT — In this thesis, an observational study has been presented of the relation
between gas, stars and dark matter in a sample of early-type disk galaxies. A combination
of 21 cm radio synthesis observations, optical surface photometry and long-slit optical
spectroscopy has been used to obtain a detailed overview of the distribution and kinemat-
ics of the different components in these systems. The data have specifically been used for
a systematic study of the rotation curves and dark matter properties of systems at the high
mass, high surface brightness end of the disk galaxy population. In this chapter, the main
results are summarised and some suggestions are given for follow-up studies.

7.1 Summary of the main results

The study presented in this thesis was empirical by nature and consisted of a number of
independent observational projects. The main goal was to study the systematics of rotation
curves in early-type disk galaxies and to improve our knowledge on the relation between
the different mass components (bulges, stellar and gaseous disks, dark haloes) in galaxies
at the high mass, high surface brightness end of the disk galaxy population. The various
observations have resulted in a wealth of data which enabled us to address the following
issues.

7.1.1 The H properties of early-type disk galaxies (Chapter 2)

As part of the larger Westerbork H survey of spiral and irregular galaxies (WHISP), 68 disk
galaxies with morphological type ranging from S0 to Sab and absolute B-band magnitudes
between -14 and -22 were observed at 21 cm using the Westerbork Synthesis Radio Tele-
scope. The galaxies in our sample were found to have highly diverse H properties. On
average, they are gas-poor (〈log(MHI/LB)〉 = −0.62 and -0.50 for Sa/Sab and S0/S0a galaxies
respectively), but the spread is large and there exist gas-rich early-type disks as well. The
gas-deficiency is mainly caused by the low surface density of the gas in these systems; the ef-
fective H surface brightness inside the 1 M� pc−2 isophote is on average 2.8 and 2.9 M� pc−2
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for the Sa’s and the S0’s respectively. In contrast, we found that the radial extent of the gas
disks, compared to the optical disks, is on average similar to that in later-type galaxies; the
average ratio between H and optical diameters is 〈DHI/D

B,c
25 〉 = 1.7 and 2.1 for the Sa/Sab

and the S0/S0a galaxies in our sample respectively; again, the spread is large and diameter
ratios up to 4 are found.

The diversity in H properties is also reflected in the morphological appearance of the
gas disks. Many galaxies show lopsided gas distributions and kinematical peculiarities and
there is often clear evidence for a tidal origin of the gas. It appears that interactions with
and accretion of neighbouring galaxies are a driving force in the evolution of the neutral gas
component in early-type disk galaxies.

7.1.2 The light-distribution in bulges and disks (Chapter 3)

30 galaxies from the H sample were observed in the optical B- and R-bands; 8 galaxies were
also observed in the I-band. Radial profiles of surface brightness, colour, ellipticity, position
angle and deviations from axisymmetry were derived for all galaxies, as well as isophotal
and effective radii and total magnitudes. A new, interactive, 2D method was developed to
decompose the images into contributions from a spheroidal bulge with a general Sérsic profile
and a flattened disk with an arbitrary intensity distribution. The bulge intensity profiles were
found to vary from exponential to De Vaucouleurs with the average value of the Sérsic shape
parameter n being 2.5. Luminous bulges have more centrally peaked light distributions (i.e.
higher n) than their lower luminosity counterparts.

The vertical extent of the bulges was studied by comparing the ellipticity of the isophotes
in the bulge to those in the outer, disk dominated regions. All bulges were found to be
significantly flattened, with an average intrinsic axis ratio of 0.55; more luminous bulges
appear, on average, slightly more flattened than low-luminosity bulges.

Several other tentative correlations between bulge and disk parameters were discussed.
Bulge-to-disk luminosity and size ratios span a large range, with 〈log(Lb/Ld)〉 = −0.23 ±
0.47 and 〈re/h〉 = 0.32 ± 0.15 (errors give the standard deviations of the sample). The
common belief that early-type disk galaxies have large and luminous bulges does not hold in
all cases; our sample contains several galaxies with faint and/or small bulges compared to the
surrounding disks.

Most galaxies in the sample become bluer towards larger radii. In some cases, this can
be explained by the colour difference between bulges and disks (the former being on average
redder than the latter), but in most cases, this effect is not sufficient and the disks themselves
must contain colour gradients as well.

7.1.3 Rotation curves of early-type disk galaxies (Chapter 4)

The H velocity fields were used to derive rotation curves for a subset of 19 galaxies from
the original sample. The rotation curves were found to rise very rapidly in the centers and
complementary long-slit optical spectra were used to measure the shapes of the central rota-
tion curves more accurately. The resulting data probe the gravitational potentials on scales
ranging from 100 pc to 100 kpc.

A thorough analysis of the shapes of the rotation curve has been presented and correla-
tions with optical characteristics of the galaxies were investigated. In the central regions, the
shape of the rotation curves is correlated with the concentration of the stellar mass: galaxies
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with concentrated light distributions and prominent bulges generally reach the maximum ro-
tation velocity at small radii, whereas galaxies with a more diffuse stellar component, or faint
bulges, generally have rotation curves which peak further out. We interpret this as evidence
that the dynamics in the central regions are dominated by the stars.

Our results also show that the ‘conspiracy’ between dark and luminous matter, which in
most spiral galaxies are carefully tuned to produce a flat rotation curve, breaks for massive,
early-type disk galaxies. At intermediate radii, many galaxies in our sample have declining
rotation curves. The strength of the decline is coupled to the total luminosity of the galaxies;
all galaxies in our sample with MR < −20 and Vmax > 200km/s have declining rotation
curves and the most extreme cases (25 – 50%) are found among the systems with the highest
luminosity.

In all cases, however, the rotation curves flatten out in the outer regions; no rotation curves
have been found where the decline continues in Keplerian fashion to the outermost measured
point. Thus, our data show that, despite the decline in the rotation curves, substantial amounts
of dark matter must be present in early-type disk galaxies as well.

7.1.4 The high mass end of the Tully-Fisher relation (Chapter 5)

We have also studied the location of the massive early-type disk galaxies from chapter 4 on
the Tully-Fisher relation. When the width of the global H profile or the maximum rotation
velocity is used, the luminous galaxies with declining rotation curves lie systematically on the
high-velocity side of the relation defined by less massive systems, causing a distinct ‘kink’ in
the relation. This change in slope largely disappears when, instead, the asymptotic rotation
velocity in the outer regions is used as kinematic parameter. Furthermore, the remaining
deviations from linearity can be removed when, simultaneously, the total baryonic mass (stars
+ gas) is used instead of the optical luminosity. Our results strengthen the interpretation of
the Tully-Fisher relation as a fundamental relation between the total dark and luminous mass
in galaxies.

7.1.5 Dark matter in early-type disk galaxies (Chapter 6)

In the final part of this study, the measured distributions of gas and stars were combined
with the observed rotation curves to create mass models for 17 galaxies. The rotation curves
were decomposed into contributions of the luminous components and dark matter and the
implications for the dark component and its relation with the luminous matter were studied.

Particular attention was given to the constraints on the mass-to-light ratios of the stellar
bulges and disks, because of the degeneracies they cause in the models. It was shown that the
bulges in our galaxies must be (close to) ‘maximal’ (i.e. dominate the gravitational potential
in the central regions) in order to explain the steep central rise in the rotation curves. Sig-
nificantly sub-maximal bulges would require unrealistically concentrated dark matter haloes.
The derived mass-to-light ratios for the ‘maximal bulges’ are on average consistent with the
expected values from stellar population synthesis models.

We found that the constraints on the disk mass-to-light ratios are weaker and that well-
fitting models can generally be made with a large range of disk M/L ratios. The exact limits
were found to depend on the assumed density profile for the dark halo. If the haloes have
isothermal density profiles, disks are allowed to be maximal, although the derived mass-to-
light ratios in such maximum disk models are (much) higher than expected on the basis of
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the colours of their stellar populations. If, on the other hand, the haloes have density profiles
as predicted by simulations of structure formation in a Cold Dark Matter dominated universe,
high mass-to-light ratios are not allowed and the disks must be significantly sub-maximal. In
both cases, a number of rotation curves cannot be fitted without any contribution from the
disks at all and firm lower limits can be placed on their mass-to-light ratios.

A comparison between the models with isothermal and NFW haloes shows that equally
good fits can generally be made with either profile (provided that the disks are sub-maximal
in the latter case). Without independent information on the mass-to-light ratios of the stars or
on parameters pertaining to the dark haloes, we cannot exclude either model. In particular,
our data appear consistent with the predicted dark halo properties in a CDM universe.

Several correlations between dark halo and optical parameters were studied. Galaxies
with large optical scale lengths tend to live in large haloes and high optical surface brightness
implies high central dark matter density. However, the exact slopes of the correlations are
uncertain as a result of the degeneracies between the disk and halo contributions. In particular,
our data are also consistent with a situation where galaxies with different optical properties
live in similar haloes.

7.2 Open questions and future work

As usual, this thesis has not only answered questions, it has also raised new ones. Several of
these require follow-up studies; some suggestions are given below.

7.2.1 star formation at low gas densities

In section 2.4.4, we noted that a number of galaxies in our sample exhibit wide spread star for-
mation, even though the azimuthally averaged surface densities of gas are below the threshold
for star formation from Kennicutt (1989). This finding adds weight to mounting evidence that
Kennicutt’s prescriptions are not adequate at low gas densities (e.g. van Zee et al. 1997; Fer-
guson et al. 1998; Martin & Kennicutt 2001; Cuillandre et al. 2001; de Blok & Walter 2003;
Thilker et al. 2005). This issue deserves more attention, as it may alter our understanding of
the mechanisms regulating star formation and the impact of star formation on the enrichment
of the local interstellar medium.

It should be noted that our results were obtained by comparing the azimuthally averaged
gas surface densities to the observed star formation activity. Clearly, it would be advanta-
geous to clarify the relation between gas density and star formation in a local sense, e.g. by
doing a pixel-by-pixel comparison of the H (and possibly CO) surface densities and the star
formation activity. The WHISP sample would be a good starting point for such a study, as
it contains a large number of H maps, at high spatial resolution, of nearby galaxies over a
wide range of Hubble types, luminosities, surface brightnesses etc. Additional data would
be required, however, including Hα observations and/or UV maps to study the current star
formation rate and preferably CO observations to include the molecular gas component. Such
data are already available for a subset of the WHISP galaxy sample and are relatively easy to
obtain for the remaining cases.

7.2.2 the 3-dimensional structure of galactic bulges

Relatively little is known with certainty about the 3D structure of galactic bulges. In chapter 3,
we have shown that bulges are often far from spherical and we have accounted for their
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flattening in our mass models. However, although our method is clearly an improvement over
traditional methods which assumed a spherical density distribution, it is still a simplification
of reality. Close inspection of the figures in appendix 3-II shows that the ellipticity and
position angle of the isophotes in the bulge dominated regions often vary wildly with radius,
implying that the assumption of radial homology is not valid (cf. Fathi & Peletier 2003).
It appears that the intrinsic shape of the bulges varies with radius, not only in the plane of
symmetry (e.g. nuclear bars or rings), but also vertically.

Clearly, the radial variations in the shape of the bulges must have an important impact
on the gravitational potential, which needs to be accounted for in detailed models of the
kinematics of gas and stars in the central regions of early-type disk galaxies with massive
bulges. In order to do so, the usual bulge-disk decomposition techniques should be extended
to include bulge models with radially variable intrinsic shapes. The resulting models could
then be fitted to high resolution images (e.g. from HST) to obtain a more realistic picture of
the true 3D structure of the bulges and their gravitational potentials.

7.2.3 the dynamics in the inner kiloparsec of bulge-dominated disk galaxies

Another unanswered question in this thesis concerns the nature of the broad central velocity
components in our optical spectra (section 4.7) and the central point masses included in our
mass models (chapter 6). Although we have argued that it is unlikely that the inferred masses
in the very inner regions can be accounted for by the normal stellar components, our data
lack the spatial resolution to unambiguously conclude that the galaxies contain supermassive
black holes.

To investigate the dynamics in the central kiloparsec of our galaxies in more detail, ob-
servations at higher spatial resolution are required. Observations with integral field spectro-
graphs, at optical or near-infrared wavelengths, combined with adaptive optics technology,
would give a much better understanding of the motions of stars and gas in the central regions
and would help to determine whether supermassive black holes are present in the galaxies.

7.2.4 rotation curves and dark matter

The relation between dark and luminous matter in early-type disk galaxies was one of the
main subjects of the research presented in this thesis. From the discussion presented in sec-
tions 6.4 and 6.6, it is clear that the main obstacle towards an unambiguous determination of
the dark matter properties in early-type disk galaxies is presented by the uncertainty in the
contributions from the stellar bulges and disks to the gravitational potentials. The main focus
in this field for the coming years should be to acquire independent knowledge on the stellar
mass-to-light ratios.

The most promising method for independent determination of the mass-to-light ratios of
the stellar disks (for which the uncertainties are largest) is to measure the vertical velocity
dispersion of the stars in them. With this method, pioneered by Bottema (1993, 1997, 1999)
and later used by e.g. Swaters (1999), Verheijen et al. (2003, 2005) and Kregel et al. (2005),
it is possible to directly measure the local mass surface density in the disks. It would be
interesting to apply this method to (a number of) galaxies from our sample and to determine
to what extent the disks contribute to the gravitational potential.

As in all observational studies, deeper observations would allow better constraints on the
models as well. For example, it was noted in section 6.4.2 that if our galaxies have maximal
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disks in combination with isothermal dark haloes, their rotation curves must start to rise again
outside the last measured points; if, on the other hand, the disks are sub-maximal and the
haloes have an NFW density profile, the rotation curves should continue to decrease. Thus, it
would be interesting to obtain deeper H observations for a number of our galaxies, in order
to measure the velocity fields and rotation curve shape out till larger radii than possible with
the data presented in this thesis.

7.2.5 MOND

We have not, in this thesis, applied the MOND hypothesis to our galaxies. It is, however,
important to check whether MOND works as well for the massive, bulge-dominated galaxies
presented in this thesis as it does for many later-type galaxies. In particular, the galaxies with
declining rotation curves present an interesting test case for MOND. In principle, declining
rotation curves do not necessarily pose a problem to MOND, as long as the decline occurs in
the regime where Newtonian gravity still holds. In fact, the observed flattening of our rotation
curves at large radii is qualitatively in line with the expectations from MOND. However, it
would be interesting to investigate whether MOND can also reproduce in detail the shape of
these unusual rotation curves.
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Tully, R. B. & Fouqué, P. 1985, ApJS, 58, 67

Tully, R. B. & Pierce, M. J. 2000, ApJ, 533, 744

Tully, R. B., Pierce, M. J., Huang, J., et al. 1998, AJ, 115, 2264

Tully, R. B., Verheijen, M. A. W., Pierce, M. J., Huang, J., & Wainscoat, R. J. 1996, AJ, 112,
2471

Ulvestad, J. S. & Wilson, A. S. 1984, ApJ, 285, 439

Vallee, J. P. 1994, ApJ, 437, 179

van Albada, T. S., Bahcall, J. N., Begeman, K., & Sancisi, R. 1985, ApJ, 295, 305

van Albada, T. S. & Sancisi, R. 1986, Royal Society of London Philosophical Transactions
Series A, 320, 447

van den Bosch, F. C., Robertson, B. E., Dalcanton, J. J., & de Blok, W. J. G. 2000, AJ, 119,
1579

van den Bosch, F. C. & Swaters, R. A. 2001, MNRAS, 325, 1017

van der Hulst, J. M., van Albada, T. S., & Sancisi, R. 2001, in ASP Conf. Ser. 240: Gas and
Galaxy Evolution, 451



322 BIBLIOGRAPHY

van der Kruit, P. C. 1979, A&AS, 38, 15

van der Marel, R. P. & Franx, M. 1993, ApJ, 407, 525

van Driel, W. 1987, PhD thesis, Rijksuniversiteit Groningen

van Driel, W., Balkowski, C., & van Woerden, H. 1989, A&A, 218, 49

van Driel, W. & Buta, R. J. 1991, A&A, 245, 7

van Driel, W. & van Woerden, H. 1991, A&A, 243, 71

van Driel, W. & van Woerden, H. 1994, A&A, 286, 395

van Driel, W., van Woerden, H., Schwarz, U. J., & Gallagher, J. S. 1988, A&A, 191, 201

van Moorsel, G. A. 1983a, A&AS, 53, 271

van Moorsel, G. A. 1983b, A&AS, 54, 1

van Moorsel, G. A. 1988, A&A, 202, 59

van Woerden, H., van Driel, W., & Schwarz, U. J. 1983, in IAU Symposium 100: Internal
Kinematics and Dynamics of Galaxies, 99–104

van Zee, L., Haynes, M. P., Salzer, J. J., & Broeils, A. H. 1997, AJ, 113, 1618

Verdes-Montenegro, L., Bosma, A., & Athanassoula, E. 1995, A&A, 300, 65

Verheijen, M. A. W. 1997, PhD thesis, Rijksuniversiteit Groningen

Verheijen, M. A. W. 2001, ApJ, 563, 694

Verheijen, M. A. W., Bershady, M. A., & Andersen, D. R. 2003, in The Mass of Galaxies at
Low and High Redshift, 221

Verheijen, M. A. W., Bershady, M. A., Swaters, R. A., Andersen, D. R., & Westfall, K. B.
2005, ArXiv Astrophysics e-prints: astro-ph/0510360

Verheijen, M. A. W. & Sancisi, R. 2001, A&A, 370, 765
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Nederlandse samenvatting
Summary in Dutch

W ’s nachts op een donkere plek naar de hemel kijkt, kan behalve de maan, de
planeten en de sterren ook een lichtgevende band zien die de hele hemel omspant:
de Melkweg (zie figuur 1). De naam Melkweg verwijst naar de Griekse mythologie,

waarin de witte band wordt beschreven als ontstaan uit melk die door de godin Hera was
gemorst bij het voeden van Hercules. Het Engelse woord ‘galaxy’ is zelfs rechtstreeks van
het Griekse woord ‘galaktos’ (= melk) afgeleid.

Hoewel de mensheid altijd met verwondering naar de Melkweg heeft gekeken, duurde
het lang voordat er meer bekend werd over diens ware aard. Een grote stap voorwaarts werd
gezet met de ontwikkeling van de telescoop. Wie met een telescoop naar de Melkweg kijkt,
ziet dat het melkwitte schijnsel veroorzaakt wordt door het verzamelde licht van miljarden
sterren, die zo zwak zijn en zo dicht op elkaar staan dat wij ze met het blote oog niet kunnen
onderscheiden. Het feit dat de Melkweg als een band over de hemel loopt, en niet bijvoor-
beeld in alle richtingen even helder is, geeft aan dat de meeste van de sterren geconcentreerd
zijn in een afgeplatte schijf, waar ons zonnestelsel zich midden in bevindt.

Figuur 1: Foto van de nach-

telijke hemel, met daarop de

Melkweg. Midden boven en

rechts onder zijn enkele stof-

wolken te zien die donker

afsteken tegen de lichtere

achtergrond.

(bron: Gary A. Becker)
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Figuur 2: Infrarood opname van de hele hemel door het 2MASS onderzoeksteam. Op deze

golflengten vindt weinig absorptie door stof plaats en kunnen we vrijwel tot in het centrum van

de Melkweg kijken. De twee kleine vlekjes rechtsonder het midden zijn de Grote en Kleine

Magelhaense wolken, twee satelliet stelseltjes van onze Melkweg.

Toch waren ook hiermee nog lang niet alle vragen beantwoord. Met name de vragen
waar ons zonnestelsel zich bevindt ten opzichte van het centrum van de Melkweg, en hoe
ver de Melkweg zich uitstrekt, bleven lange tijd onopgelost. Het grote probleem is dat de
Melkweg naast sterren ook veel gas- en stofwolken bevat, die het licht van achtergelegen
sterren absorberen (zie figuur 1). Pogingen om de structuur van de Melkweg te bepalen op
basis van de verdeling van sterren aan de hemel, zijn eigenlijk nog het best te vergelijken met
het zoeken van het middelpunt van een uitgestrekt bos in dichte mist.

Pas in de tweede helft van de 20e eeuw, met de ontwikkeling van radio- en infrarood-
telescopen, kon een nauwkeuriger beeld afgeleid worden van de structuur van de Melkweg.
Het grote voordeel van radiogolven en infrarood-straling is dat ze niet, of veel minder, door
stof worden geabsorbeerd, zodat we op die golflengten dwars door de hele Melkweg heen
kunnen kijken. Figuur 2, bijvoorbeeld, laat een composiet opname van de hele hemel zien in
infrarood licht. Op deze foto kan de structuur van de Melkweg veel beter herkend worden
dan op opnamen in zichtbaar licht. Het is goed te zien hoe plat de schijf is en het centrum van
de Melkweg kan eenvoudig gelokaliseerd worden in het midden van de centrale verdikking.

Sterrenkundigen hebben tegenwoordig een vrij goed beeld van de structuur van de Melk-
weg en onze plaats daarin. We weten nu dat het centrum van de Melkweg ongeveer 25
duizend lichtjaar∗ van ons verwijderd is, in de richting van het sterrenbeeld Boogschutter. De
centrale schijf heeft een dikte van ongeveer 1000 lichtjaar en ons zonnestelsel bevindt zich
ongeveer 100 lichtjaar ten noorden van het centrale vlak. Buiten de cirkelvormige baan van
de zon rondom het centrum van de Melkweg neemt de dichtheid van sterren geleidelijk af,
hoewel er tot op afstanden van 250 duizend lichtjaar nog sterren gevonden zijn.

∗Een lichtjaar is de afstand die licht in een jaar aflegt: 9.460.000.000.000 km, ofwel 6.300 maal de afstand van
de aarde tot de zon.
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Figuur 3: Schematische weergave van Hubble’s classificatie van sterrenstelsels, met links de

elliptische stelsels, daarnaast de spiraalstelsels (met en zonder centrale balk), en uiterst rechts

de onregelmatige stelsels. De S0-stelsels in het midden zijn een overgangsklasse tussen de

elliptische en de spiraalstelsels.

Sterrenstelsels: de bouwstenen van het heelal

De Melkweg is niet het enige sterrenstelsel in het heelal. In figuur 2 zijn al twee buurstel-
sels van onze Melkweg te zien: de Grote en Kleine Magelhaense wolken. Met moderne
telescopen kunnen we letterlijk miljoenen sterrenstelsels waarnemen, sommige in de buurt
van onze eigen Melkweg, andere op afstanden van miljarden lichtjaren. Sterrenstelsels zijn
eigenlijk de bouwstenen van het heelal: zoals wijzelf bestaan uit cellen, zo bestaat het heelal
uit sterrenstelsels, met daar tussen voornamelijk lege ruimte. Elk sterrenstelsel, op zijn beurt,
bevat weer miljarden sterren.

Sterrenstelsels zijn er in verschillende vormen en maten. De beroemde Amerikaanse as-
tronoom Edwin Hubble heeft een classificatie ontwikkeld om de verschillende types sterren-
stelsels te beschrijven (zie figuur 3). De grote meerderheid van alle sterrenstelsels valt uiteen
in twee groepen: de elliptische stelsels en de spiraalstelsels. Elliptische stelsels hebben over
het algemeen weinig sub-structuur en zijn in feite weinig meer dan amorfe ballen, waarin mil-
jarden sterren kriskras door elkaar heen bewegen; de mate van afplatting wordt aangegeven
met een cijfer: van E0 voor perfect bolvormig tot E7 voor sterk uitgerekte ‘rugbyballen’.

De spiraalstelsels zijn verder onderverdeeld in stelsels met en zonder centrale balk (SB-
en S-stelsels, respectievelijk). Beide sub-categorieën worden gekenmerkt door een platte
schijf van sterren, gas en stof, geconcentreerd in spiraalarmen; daarnaast bevatten ze meestal
ook een centrale ‘bulge’, een verdikking in de schijf met een hogere sterdichtheid dan in de
omringende delen. De type-aanduidingen a – c geven de relatieve sterkte van deze bulges aan:
van prominent (a) tot nauwelijks zichtbaar (c); tegenwoordig wordt ook de letter d gebruikt
voor de extreme gevallen zonder enige bulge.

S0 stelsels zijn de zogenaamde ‘lensvormige’ stelsels en vormen een overgangsklasse
met kenmerken van zowel elliptische als spiraalstelsels. Tenslotte is er nog de categorie van
onregelmatige stelsels (aangeduid met Irr in figuur 3, van het Engelse ‘Irregular’), stelsels
zonder duidelijke structuur, die in geen van beide categorieën zijn onder te brengen.

Figuur 2 laat duidelijk zien dat onze Melkweg gedomineerd wordt door een platte schijf
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en dat zich in het centrum een bescheiden bulge bevindt. Een precieze classificatie van onze
Melkweg is echter complex, vanwege het feit dat we alleen maar ‘van de zijkant’ naar het
centrum kunnen kijken en dat grote delen van de schijf door stofwolken verduisterd wor-
den. Niettemin zijn er aanwijzingen dat de Melkweg een kleine balk bezit, en de meeste
sterrenkundigen neigen tegenwoordig naar een classificatie van SBb of SBc.

Vanwege de belangrijke rol die sterrenstelsels spelen in de structuur en evolutie van het
heelal, besteden moderne sterrenkundigen veel aandacht aan onderzoek naar hun eigenschap-
pen. Voorbeelden van vragen die zij proberen te beantwoorden zijn: ‘Hoe zitten sterrenstel-
sels in elkaar?’; ‘Wat zijn de belangrijkste bestanddelen en hoe beı̈nvloeden die elkaar?’;
‘Hoe ontstaan sterrenstelsels, en hoe evolueren zij?’; ‘Hoe beı̈nvloeden sterrenstelsels elkaar
onderling?’.

De rotatie van spiraalstelsels en Donkere Materie

Eén van de belangrijkste onderwerpen in de studie van sterrenstelsels is hun dynamica, dat
wil zeggen, de studie van de verschillende krachtvelden in de stelsels en de bewegingen die
zij veroorzaken. Sterrenkundigen gebruiken voor het meten van bewegingen vrijwel altijd
de Doppler-verschuiving van spectraallijnen. Spectraallijnen zijn specifieke golflengten (of,
daaraan equivalent, frequenties) waarop astronomische objecten electromagnetische straling
uitzenden. Zoals een stemvork alleen geluidsgolven met één specifieke frequentie uitzendt,
zo heeft ook elk atoom en elk molecuul zijn eigen, karakteristieke golflengten waarop het stra-
ling uitzendt. Zo heeft natrium bijvoorbeeld twee sterke spectraallijnen rond een golflengte
van 0.59 µm, die we allemaal kennen als het geel-oranje licht langs onze snelwegen. Maar
emissielijnen komen niet alleen in zichtbaar licht voor; de meeste stoffen hebben ook emissie-
lijnen in andere delen van het elektromagnetische spectrum, bijvoorbeeld in het infrarood of
radio-straling. Sterrenkundigen gebruiken vaak de lijnen van het meest voorkomende element
in het heelal: waterstof. Voorbeelden zijn de Hα-lijn op 0.66 µm (rood licht) of de H-lijn op
21 cm (radio golven).

De frequentie waarop een spectraallijn uitgezonden wordt is altijd en overal constant.
Echter, als een bron (bijvoorbeeld een ster in een sterrenstelsel) met hoge snelheid van ons
af of naar ons toe beweegt, dan verandert de golflengte waarop wij de lijn waarnemen. Dit
effect heet het Doppler-effect (zie figuur 4) en is in feite hetzelfde verschijnsel dat ervoor
zorgt dat de toonhoogte van de sirene van een ambulance verandert op het moment dat deze
voorbijrijdt. Alles wat een astronoom dus hoeft te doen is nauwkeurig de golflengte te meten
van een spectraallijn in het licht van een object, en deze te vergelijken met de golflengte van
dezelfde lijn zoals die gemeten is in een laboratorium op aarde. Het verschil tussen de twee
waarden kan dan gebruikt worden om de snelheid af te leiden waarmee de bron ten opzichte
van ons beweegt.

Door gebruik te maken van het Doppler-effect is al in het begin van de vorige eeuw ont-
dekt dat spiraalstelsels roteren. De rotatie zorgt ervoor dat de stelsels niet ineen storten onder
hun eigen zwaartekracht: zoals de aarde rondjes om de zon draait en zo voorkomt dat ze in-
gevangen wordt, zo draaien de sterren en gaswolken in grote cirkelbanen om het centrum van
hun sterrenstelsel.† Sterrenkundigen hebben grote belangstelling voor de snelheden waarmee

†Ons eigen zonnestelsel draait met ruim 200 kilometer per seconde om het centrum van de Melkweg. Ondanks
deze duizelingwekkende snelheid doen we er, vanwege de enorme afmetingen van onze Melkweg, toch nog ruim
200 miljoen jaar over om een volledige omwenteling te maken
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Figuur 4: Het Doppler effect: de bron zendt op constante frequentie golven uit en beweegt

tegelijkertijd van 1 naar 5. De golven in de richting van B worden in elkaar gedrukt, waardoor

B een kortere golflengte meet. A neemt juist een langere golflengte waar.

spiraalstelsels roteren, en vooral in de variatie van de rotatie snelheid met de afstand tot
het centrum. Deze informatie kan namelijk gebruikt worden om het zwaartekrachtsveld, en
daarmee de totale massaverdeling, in een stelsel af te leiden.

In de jaren zeventig van de vorige eeuw is gebleken dat er iets vreemds aan de hand is met
die massaverdeling. Eind jaren zestig werden de eerste radiotelescopen ontwikkeld waarmee
sterrenkundigen de 21 cm H-lijn van waterstof konden waarnemen. De 21 cm-lijn is uniek,
omdat hij uitgezonden wordt door neutraal waterstofgas (dit in tegenstelling tot bijvoorbeeld
de eerdergenoemde Hα-lijn, die juist door geı̈oniseerd waterstof wordt uitgezonden). Al snel
werd duidelijk dat het neutrale waterstofgas in sterrenstelsels veel uitgestrekter is dan de ster-
ren en het stof (zie figuur 5). Daarmee bood de H-lijn een unieke kans om de rotatiesnelheden
te bepalen tot ver buiten de straal waar de sterren zich bevinden.

Tot ieders verrassing bleek het gas in de buitendelen van de stelsels net zulke hoge ro-
tatiesnelheden te bezitten als het gas en de sterren in de binnenste regionen. Berekeningen
van het zwaartekrachtsveld, op basis van de waargenomen verdeling van de sterren en het
gas, voorspelden juist dat de snelheden zouden dalen buiten de gebieden waar de sterren
geconcentreerd zijn. Deze berekeningen zijn in principe vrij simpel en zijn gebaseerd op
de zwaartekrachtswetten van Newton. De voorspelling dat de rotatiesnelheden afnemen op
grote afstanden van het centrum van een sterrenstelsel is in feite niets anders dan het gegeven
dat Pluto, de planeet in het zonnestelsel die het verst van de zon gelegen is, veel langzamer
beweegt dan de planeten dichter bij de zon, zoals de Aarde. Alleen, waar de voorspellin-
gen voor het zonnestelsel nauwkeurig overeenkomen met de waargenomen bewegingen van
de planeten, verschillen ze in spiraalstelsels hemelsbreed van de werkelijkheid. Deze ont-
dekking leidde tot de conclusie dat de sterren en het gas in sterrenstelsels slechts een fractie
van de totale massa vertegenwoordigen en dat er daarnaast grote hoeveelheden onzichtbare
materie moeten zijn. Alleen daarmee kan het zwaartekrachtsveld opgewekt worden dat nodig
is om de waargenomen snelheden in de buitengebieden te verklaren.

De ontdekking van deze ‘Donkere Materie’ is ongetwijfeld een van de belangrijkste ge-
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Figuur 5: Twee opnames van hetzelfde stuk aan de hemel, op dezelfde schaal, rondom het

stelsel NGC 6946. De linker opname is in zichtbaar licht en laat de verdeling van de sterren zien

(NB de individuele sterren zijn allemaal voorgrondsterren die bij onze eigen melkweg horen); de

rechter opname is gemaakt op de 21 cm radio lijn en laat de verdeling van neutraal waterstofgas

zien. Beide opnamen zijn in negatief afgedrukt, om details beter zichtbaar te maken. Het gas

strekt zich duidelijk uit tot grotere afstanden dan de sterren (bron: Rense Boomsma).

weest in de sterrenkunde van de afgelopen vijftig jaar. Tegenwoordig weten we dat donkere
materie niet alleen in spiraalstelsels een cruciale rol speelt, maar dat ook het heelal als geheel
gedomineerd wordt door deze mysterieuze substantie. Tegelijkertijd is er ook nog heel veel
onbekend over de eigenschappen van donkere materie, en staat het onderzoek naar haar ware
aard nog altijd in de kinderschoenen. Zo hebben we bijvoorbeeld nog geen enkel idee van
het materiaal waaruit donkere materie bestaat. Er bestaan allerlei hypotheses, variërend van
zwarte gaten tot nog onbekende elementaire deeltjes, maar voor elke mogelijkheid ontbreken
overtuigende bewijzen. Het enige wat we zeker weten is dat er donkere materie is en dat het
een cruciale rol speelt in de structuur van het heelal.

Rotatiekrommen en massamodellering

Zelfs in spiraalstelsels, waar haar aanwezigheid zo duidelijk merkbaar is, is donkere materie
nog met raadsels omgeven. Zo is het alleen al heel moeilijk gebleken om precies vast te
stellen hoeveel donkere materie er is in verhouding tot de zichtbare sterren en het gas.

Om de verdeling van donkere materie in sterrenstelsels vast te stellen, proberen ster-
renkundigen modellen te maken om de waargenomen rotatiekrommen (de variatie van ro-
tatiesnelheid met afstand tot het centrum) te verklaren. Die modellen zijn eigenlijk niets an-
ders dan optelsommen van de bijdragen van alle componenten in een stelsel aan het zwaarte-
krachtsveld: sterren, gas en donkere materie. Het achterliggende idee is dat er precies zoveel
donkere materie aan het model wordt toegevoegd dat het samen met de andere componenten
de waargenomen snelheden verklaart.

In de praktijk blijkt dit een stuk minder eenvoudig dan gedacht. De reden hiervoor is
dat we meestal niet precies weten hoeveel de sterren precies bijdragen aan het zwaarte-
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Figuur 6: Drie massamodellen voor één sterrenstelsel. De dikke lijn geeft de gemeten ro-

tatiekromme weer. De gestippelde en gestreepte lijnen geven de bijdragen van respectievelijk

het gas en de sterren weer. De dunne, doorgetrokken lijn geeft de bijdrage van donkere ma-

terie aan, die in aanvulling op de andere componenten nodig is om de gemeten rotatiekromme

te verklaren. Aangezien de massa-licht verhouding van de sterren niet goed bekend is, kan de

bijdrage van de sterren niet exact bepaald worden; de drie figuren geven verschillende moge-

lijkheden weer. De bijdrage van het gas is gelukkig wel goed te bepalen en is over het algemeen

klein.

krachtsveld. Om die bijdrage vast te kunnen stellen, moeten we namelijk de waargenomen
lichtverdeling vertalen in een massaverdeling, en daarvoor moeten we weten hoeveel massa
een gemiddelde ster vertegenwoordigt en hoeveel licht hij uitzendt. De verhouding tussen
deze twee grootheden, de massa-licht (M/L) verhouding, is echter niet bekend. Met andere
woorden, ook al kunnen we heel nauwkeurig meten dat een sterrenstelsel bijvoorbeeld 10
miljard maal zoveel licht uitstraalt als onze zon, dan wil dat nog niet zeggen dat de licht-
gevende materie ook 10 miljard maal zo zwaar is. Het zou net zo goed 2 miljard, of 100
miljard maal zo zwaar kunnen zijn.

Als gevolg van deze onzekerheid kunnen vaak verschillende modellen, met verschillende
bijdragen van sterren en donkere materie, gemaakt worden om de waargenomen snelheden te
verklaren. Dit is geı̈llustreerd in figuur 6, waarin drie mogelijke modellen voor één stelsel zijn
afgebeeld. In het model in het linker paneel is de M/L verhouding hoog, dat wil zeggen de
totale massa in de sterren is groot. In dit model wordt het zwaartekrachtsveld in de binnen-
delen van het stelsel gedomineerd door de sterren, en speelt donkere materie pas een rol
van betekenis in de buitendelen. In het middelste paneel is de M/L verhouding, en daarmee
de invloed van de sterren, wat lager; ter compensatie is er meer donkere materie aan het
model toegevoegd. Het resultaat is dat de bijdragen van de sterren en de donkere materie
in de binnengebieden ongeveer even groot zijn. In het rechter paneel is de M/L verhouding
nog lager en is nog meer donkere materie aan het model toegevoegd. In zo’n model wordt het
zwaartekrachtsveld overal gedomineerd door de donkere materie en zijn de sterren dynamisch
nauwelijks van belang. Hoewel de verhouding tussen zichtbare en donkere materie enorm
varieert tussen de verschillende modellen, kunnen alle drie de modellen de waargenomen
rotatiekromme even goed reproduceren en is het, zonder onafhankelijke, toegevoegde infor-
matie, onmogelijk om te bepalen welke situatie de werkelijkheid weergeeft.

Het is belangrijk om op te merken dat in alle gevallen de bijdrage van de sterren daalt
in de buitengebieden, terwijl de waargenomen rotatiekromme vlak blijft. Dit betekent dat,
onafhankelijk van de precieze massa-licht verhouding, er altijd donkere materie nodig is om
te verklaren dat de gemeten rotatiekromme vlak blijft. Er bestaat dus geen twijfel aan het
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bestaan van donkere materie. Maar figuur 6 illustreert de onzekerheden in het bepalen van
de precieze rol van donkere materie in sterrenstelsels. Zonder een goede bepaling van de
M/L verhouding van de sterren is het onmogelijk om precies te bepalen hoeveel donkere
materie er aanwezig is, laat staan om gedetailleerde uitspraken te doen over de manier waarop
het verdeeld is. Helaas is het tot op heden heel moeilijk gebleken om de M/L verhouding
nauwkeurig te bepalen en hebben sterrenkundigen geen andere keus dan zo goed en zo kwaad
mogelijk met de onzekerheden te leven.

De statistiek van rotatiekrommen en donkere materie

Vanwege de onzekerheden in de rol van donkere materie in individuele stelsels hebben ster-
renkundigen de laatste jaren geprobeerd om de rotatiekrommen te bestuderen van een groot
aantal stelsels. De hoop is dat, door een grote steekproef van rotatiekrommen te bekijken,
bepaalde statistische trends ontdekt kunnen worden, die uiteindelijk toch licht kunnen wer-
pen op de rol van donkere materie in sterrenstelsels. Met name rotatiekrommen gebaseerd op
21 cm H radiowaarnemingen zijn hiervoor belangrijk, omdat ze de massaverdeling op grote
afstanden van de centra van de stelsels weergeven, daar waar de donkere materie domineert.

De laatste jaren is het aantal stelsels waarvan de rotatiekromme nauwkeurig gemeten is
sterk gegroeid. Die waarnemingen hebben inderdaad een aantal verbanden blootgelegd tussen
de donkere en de zichtbare materie. Zo is bijvoorbeeld de ‘amplitude’ van de rotatiekromme
van een stelsel, dat wil zeggen de snelheid in het vlakke gedeelte, sterk gekoppeld aan de
totale helderheid van dat stelsel: heldere stelsels roteren sneller dan hun minder lichtgevende
soortgenoten. Ook de vorm van de rotatiekromme is gerelateerd aan de helderheid. In een
helder stelsel stijgt de rotatiesnelheid snel, en wordt het vlakke gedeelte van de rotatiekromme
al op kleine straal bereikt; in minder heldere stelsels stijgt de rotatiekromme veel langzamer
en wordt het vlakke gedeelte pas bereikt ver buiten de straal waar de sterren geconcentreerd
zijn. Deze relaties zijn van groot belang omdat ze duidelijk maken dat de donkere en licht-
gevende materie niet geheel onafhankelijk zijn, maar dat ze van elkaars bestaan ‘weten’.

Er zit echter een addertje onder het gras. De meeste rotatiekrommen die gemeten zijn
in de afgelopen 15 jaar waren voor stelsels aan de rechterkant van figuur 3, dat wil zeggen
stelsels zonder heldere centrale ‘bulge’. Veel van de bovengenoemde relaties zijn dan ook
gebaseerd op dit soort stelsels. Rotatiekrommen van stelsels in het midden van figuur 3, de
S0’s en Sa’s met hun heldere centrale gebieden, waren tot voor kort schaars.‡ Vooral metingen
op basis van 21 cm radio-observaties waren op de vingers van een hand te tellen.

Er waren twee redenen voor dit gebrek in onze kennis van rotatiekrommen. Ten eerste
hebben de bulge-loze stelsels wat minder last van de onzekerheden in de massa-licht verhou-
ding, zodat de rotatiekrommen iets makkelijker te interpreteren zijn. Ten tweede bevatten de
S0 en Sa stelsels over het algemeen minder neutraal waterstofgas dan de Sb, Sc en Irr stelsels.
Dit betekent dat 21 cm radio-waarnemingen voor dit type stelsels tot voor kort uiterst moeilijk
waren, omdat de uitgezonden straling te zwak was om te detecteren.

Niettemin zijn de S0 en Sa’s interessante stelsels. Van alle spiraalstelsels zijn ze gemid-
deld genomen het helderst en hebben ze de hoogste dichtheid van sterren in het centrum.
Uit de paar gevallen waarvan de rotatiekrommen al eerder gemeten waren, was gebleken dat
sommige van deze stelsels sneller roteren dan alle andere spiraalstelsels. Ook bleek dat ze

‡Aangezien elliptische stelsels niet roteren, kunnen van deze stelsels per definitie geen rotatiekrommen afgeleid
worden. Om de donkere materie in elliptische stelsels te bestuderen, moeten andere methoden gebruikt worden.
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Figuur 7: De radiotelescoop van

Westerbork. De 14 schotels zijn

in 2000 voorzien van nieuwe,

gekoelde ontvangers (in de kas-

ten in het brandpunt), waardoor

de gevoeligheid voor 21 cm ra-

diogolven met een factor drie is

verhoogd.

soms rotatiekrommen hebben die dalen, in tegenstelling tot de constante rotatiesnelheden in
de buitengebieden van de meeste andere spiraalstelsels. Dit zou kunnen betekenen dat S0 en
Sa stelsel relatief minder donkere materie bevatten dan andere spiraalstelsels. Maar vanwege
het kleine aantal stelsels dat waargenomen was, konden hierover geen definitieve uitspraken
gedaan worden. Ook was niet duidelijk of bovengenoemde relaties tussen rotatiekrommen
en zichtbare materie ook gelden voor deze stelsels, of dat ze een aparte familie vormen met
geheel andere eigenschappen.

Dit proefschrift

In dit proefschrift wordt geprobeerd de gebrekkige kennis over rotatiekrommen en donkere
materie in S0 en Sa-stelsels aan te vullen. Het doel van het onderzoek was om uit te vinden
hoe de rotatiekrommen van deze stelsels eruit zien, of de statistische trends die gelden voor
de andere spiraalstelsels en de onregelmatige stelsels doorgetrokken kunnen worden naar de
stelsels met heldere bulges, en wat de consequenties zijn voor de donkere materie. De opzet
van het onderzoek was observationeel: met verschillende telescopen zijn in totaal ongeveer 70
S0 en Sa stelsels waargenomen. Hierdoor is het aantal stelsels van deze types met nauwkeurig
bepaalde rotatiekrommen sterk toegenomen.

In de voorgaande hoofdstukken zijn de belangrijkste resultaten van het onderzoek be-
schreven; de inhoud van elk hoofdstuk kan als volgt worden samengevat.

In hoofdstuk 1 wordt een wetenschappelijke inleiding van het onderzoek gegeven. Het
onderzoek wordt in een historisch kader geplaatst en de centrale vragen van het proefschrift
worden uiteengezet.

In hoofdstuk 2 worden de waarnemingen beschreven van 68 S0 en Sa stelsels met de ra-
diotelescoop in Westerbork (figuur 7) op de 21 cm emissielijn van neutraal waterstof. Vlak
voor het begin van het onderzoek waren de schotels van deze telescoop voorzien van nieuwe,
gekoelde ontvangers, waardoor de gevoeligheid voor 21 cm radiostraling met een factor drie
werd vergroot. Dit betekende, dat het nu voor het eerst mogelijk was om een groot aantal
S0 en Sa stelsels, met hun kleine hoeveelheden waterstofgas, waar te nemen. In hoofdstuk 2
worden voornamelijk de globale eigenschappen beschreven van het gas in deze stelsels. Er is
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Figuur 8: Het Observatorio

del Roque de los Muchachos

op de top van het Canarische

eiland La Palma. De kleine

telescoop uiterst rechts is de

Jacobus Kapteyn Telescoop, die

is gebruikt om de sterverdeling

in de stelsels te bestuderen. De

telescoop daarnaast is de Isaac

Newton Telescoop; hiermee

zijn de snelheden van het gas

in de centrale gebieden van de

stelsels gemeten.

onderzocht hoeveel gas de stelsels gemiddeld bevatten, hoever het gas zich uitstrekt, en wat
de gemiddelde dichtheid van het gas is. Eén van de belangrijkste resultaten van de waarne-
mingen is dat het gas in veel van de stelsels sterk verstoord blijkt en niet netjes in cirkelbanen
rondom het centrum beweegt. Hoewel dit een vervelende complicatie voor de analyse van
de donkere materie in deze stelsels vormt (rotatiekrommen kunnen alleen maar afgeleid wor-
den als het gas in regelmatige cirkelbanen beweegt), is het op zichzelf interessant, omdat het
aangeeft dat S0 en Sa stelsels relatief vaak interacties met hun buurstelsels ondervinden.

Van een deel van de stelsels uit hoofdstuk 2 zijn ook opnamen gemaakt in zichtbaar licht
met de Jacobus Kapteyn Telescoop van het Observatorio del Roque de los Muchachos op het
Canarische eiland La Palma (figuur 8). Deze opnamen zijn gebruikt om de verdeling van de
sterren in de stelsels te bestuderen. De resultaten van deze waarnemingen zijn gepresenteerd
in hoofdstuk 3. Los van het nut voor de analyse van de donkere materie, kunnen deze op-
namen ook gebruikt worden om de relatie tussen de platte schijven en de dikkere centrale
‘bulges’ in de stelsels te bestuderen. Een interessant resultaat is dat veel bulges meer afgeplat
blijken te zijn dan meestal wordt aangenomen. Dit betekent dat bulges waarschijnlijk geen
miniatuur elliptische sterrenstelsels zijn, iets wat in het verleden wel is gesuggereerd; het
lijkt waarschijnlijker dat de meeste bulges geleidelijk zijn ontstaan uit materiaal van de platte
schijven. Ook heeft dit gevolgen voor de bijdrage van de bulges aan het zwaartekrachtsveld.

In hoofdstuk 4 zijn voor 19 stelsels rotatiekrommen afgeleid. Hiervoor zijn de 21 cm
radiowaarnemingen uit hoofdstuk 2 gebruikt, aangevuld met waarnemingen van de Hα-lijn
(in zichtbaar, rood licht) met een andere telescoop op La Palma: de Isaac Newton Telescoop
(zie figuur 8). Met deze telescoop kunnen details in de binnendelen van de stelsels goed
onderscheiden worden, terwijl de 21 cm waarnemingen informatie geven over de buitende-
len. In dit hoofdstuk wordt uitgebreid ingegaan op de vorm van de rotatiekrommen. Het
is gebleken dat de stelsels al op heel korte afstanden van het centrum heel hoge rotatiesnel-
heden vertonen, in sommige gevallen tot boven de 400 km/s! Op grotere afstanden van het
centrum blijken vrijwel alle stelsels dalende rotatiekrommen te hebben, zoals al gesuggereerd
was door oude waarnemingen van S0 en Sa stelsels. Echter, de nieuwe resultaten laten zien
dat die daling in geen enkel geval doorzet: in alle gevallen worden de rotatiekrommen op
grote afstanden van het centrum uiteindelijk weer vlak. Dat betekent dat ook deze stelsels
wel degelijk grote hoeveelheden donkere materie bevatten. Ook is gevonden dat de precieze
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vorm van de rotatiekrommen, vooral in de binnendelen, gekoppeld is aan de verdeling van
de sterren: stelsels met een heldere, compacte bulge hebben rotatiekrommen die sneller hun
maximale rotatiesnelheid bereiken dan stelsels met een kleinere bulge. Dit suggereert dat de
sterren in de bulge een sterke invloed hebben op het zwaartekrachtsveld (zie ook hoofdstuk 6)
en dat donkere materie pas op grotere afstanden van het centrum begint te domineren.

Er is ook onderzocht of S0 en Sa stelsels voldoen aan de zogenoemde Tully-Fisher re-
latie. Deze relatie, die veel gebruikt wordt in de moderne sterrenkunde, geeft het verband
tussen optische helderheid en de maximale rotatiesnelheid van een stelsel. In hoofdstuk 5
wordt aangetoond dat de stelsels met dalende rotatiekrommen een systematische afwijking
hebben van de Tully-Fisher relatie zoals die geldt voor andere stelsels. Het blijkt echter
dat deze afwijking grotendeels gecorrigeerd kan worden door in plaats van de maximale ro-
tatiesnelheid de snelheid in de buitendelen te gebruiken. In de meeste stelsels zijn deze twee
snelheden gelijk (omdat ze vlakke rotatiekrommen hebben), maar in de stelsels met dalende
rotatiekrommen geldt dat uiteraard niet.

In hoofdstuk 6 worden massamodellen gepresenteerd voor de 17 stelsels uit de voor-
gaande hoofdstukken met de beste gegevens. Zoals al eerder aangegeven, wordt de massa-
modellering bemoeilijkt door de onzekerheden in de massa-licht verhouding van de sterren.
Toch waren er in dit geval wel conclusies te trekken. Het feit dat de rotatiekrommen van de
stelsels zo snel stijgen in het centrum impliceert dat er grote massaconcentraties in de binnen-
delen aanwezig moeten zijn. Hoewel het niet onomstotelijk te bewijzen valt, is de meest
natuurlijke verklaring voor deze massaconcentraties dat de bulges een hoge M/L verhouding
hebben. Het is op basis van verscheidene argumenten onwaarschijnlijk dat donkere materie
zo sterk geconcentreerd is. Dat betekent dus dat het zwaartekrachtsveld in de binnendelen
van S0 en Sa stelsels gedomineerd wordt door de zichtbare materie en dat donkere materie
pas op grotere stralen zijn invloed doet gelden. Echter, waar de overgang plaatsvindt en wat
precies de verhouding tussen donkere en zichtbare materie is, kan nog steeds niet met zeker-
heid gezegd worden, aangezien de massa-licht verhouding van de sterren in de platte schijven
nog altijd onbekend is. Om hier toch nog iets over te kunnen zeggen zijn een aantal grens-
gevallen bekeken; deze modellen geven de boven- en ondergrenzen aan van de hoeveelheid
donkere materie in de stelsels.

In hoofdstuk 7 tenslotte worden de belangrijkste resultaten van de voorgaande hoofd-
stukken nogmaals samengevat. Zoals elke studie heeft ook dit onderzoek niet alleen ant-
woorden opgeleverd, maar heeft het ook weer veel nieuwe vragen opgeroepen. In het laatste
deel van dit hoofdstuk wordt voorzichtig vooruit gekeken naar de toekomst en worden een
aantal suggesties voor vervolgonderzoek gedaan.
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