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Chapter 1
Thesis Introduction

If you can’t explain it simply, you don’t understand it well enough.

–Albert Einstein

W
e have never known as much about the world around us as we do today. Still, we
want to know more. The work presented in this thesis is intended to contribute to

our understanding of how our universe works. More specifically, it deals with the physics
of luminous and dark matter in spiral galaxies, with the ultimate goal of understanding
the formation and evolution of galaxies. This introduction chapter briefly describes the
scientific background and tries to place the thesis in a broader scientific context.

1.1 Scientific Background

One of the grand goals of humankind is to understand the universe. We want to know
everything: What are the natural laws that our universe follows? How was it created
and was it ever created? Does it have a beginning or an end? How has it evolved? And
what is our role in it?

One approach to find the answers to all these questions is the quest for “The Universal
Theory of Everything” where the seekers (particularly physicists) hope to find a set of
equations that will fully describe and explain all physical phenomena. Some physicists
think we are close to finding such a theory, with candidates including string theory, M-
theory, and loop quantum gravity. However, a theory of everything might not exist in
actuality; and even if we find such a theory, it does not mean we will (even in principle)
be able to describe, predict and know everything of the universe.

The more traditional way to learn about the universe has been to investigate smaller
specific details and little by little increase our total knowledge and get better and better
approximations to describe everything. This has worked surprisingly well, especially
during the last 400 years.
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Figure 1.1: Sir Isaac Newton (1643-
1727), an expert in basically all sciences,
including physics, mathematics and astron-
omy. His publication of the Philosophiæ-

Naturalis Principia Mathematica (1687) is
considered one of the most influential books
in the history of science. In that work, he
presented the three laws of motion and de-
scribed the universal gravitation, theories
that are still used today, although in 1916
Einstein showed that the universal gravita-
tion is only an approximation of the true law
of gravitation (Einstein 1916). In mathe-
matics, he shares credit with Gottfried Leib-
niz for developing the differential and inte-
gral calculus. Additional contributions to
science include the theory that white light
is a mixture of all colors based on experi-
ments with a prism, and the building of the
first practical reflecting telescope.

With our increased knowledge and the greater complexity needed to describe our
world around us, scientists need to be more and more specialized in a specific discipline.
While a learned man in the 17th century could be an expert on basically all science
(Newton may be an extreme example; Figure 1.1), the scientist of present day is (and
has to be) highly specialized. He or she might not even simply be called a chemist
or physicist, but is divided into a sub-discipline such as hydrometeorologist, nuclear
physicist, solar astronomer, or quantum chemist. Sometimes it might even be difficult
for an astronomer who specializes in elliptical galaxies to follow a discussion between
experts on spiral galaxies, and vice verse.

In this thesis, I have investigated the nature of intermediate-to-late-type spiral galax-
ies, some of them probably very similar to our own Milky Way (Figure 1.2). More
specifically, I have observed the kinematics of the gas and stars in these galaxies to de-
termine the dynamical influences of the disk and the dark-matter halo. One of the goals
is to find the distribution of the dark matter, which will not only tell us something about
the nature of spiral galaxies, but might also tell us more about the nature of dark matter
and how the universe as a whole has evolved.

1.2 Observational Astronomy

In modern astronomy, data is generally obtained using telescopes. Although astronomy
is an ancient science, the Italian astronomer Galileo Galilei (1564–1642) was the first
person known to have studied the heavens using a telescope. His observations of e.g. the
phases of Venus and the discovery of the four largest satellites of Jupiter gave strong
support to the heliocentric system.

Observational astronomy is often subdivided by specifying the region of the electro-
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Figure 1.2: UGC 463, one of the galaxies investigated in this thesis, but also in more detail
in Westfall et al. (2011b), is an Sc galaxy at a distance of about 60 Mpc which might resemble
our own Milky Way. (Image from the second Palomar Observatory Sky Survey (POSS2; Blue),
retrieved from http://stdatu.stsci.edu/cgi-bin/dss_form.)

magnetic spectrum in which the observations are carried out, as illustrated in Figure 1.3.
This is mainly due to the very different techniques used to detect and analyse the radi-
ation. Optical astronomy is the oldest branch of astronomy, where one uses mirrors and
lenses to collect light from near-infrared to near-ultraviolet wavelengths, with the visible
light (with wavelengths of about 400–700 nm) falling in the middle of this range. Optical
astronomy is mostly performed using ground-based observatories, since the atmosphere
is relatively transparent at these wavelengths. However, to minimise the absorption and
distortions caused by the atmosphere, observatories are usually located in dry places at
high altitudes.

Observations at wavelengths shorter than the near-ultraviolet, including ultraviolet,
X-ray and gamma-ray astronomy, is called high-energy astronomy. It also includes the
studies of neutrinos and cosmic rays. High-energy observations are usually performed in
space or from high-altitude balloon experiments since the atmosphere is opaque at these
short wavelengths; however, cosmic rays and powerful gamma rays can also be detected
by ground-based telescopes by the large air particle showers they produce, while neutrinos
are usually detected in big underground containers.

At longer wavelengths we have infrared astronomy for wavelengths from about 1µm
to 1mm, and radio astronomy at wavelengths longer than about 1mm. In infrared astron-
omy, space telescopes are often used to eliminate noise due to the thermal radiation from
the atmosphere and since the atmosphere is almost completely opaque for a large part
of the infrared wavelength range. Radio astronomy is usually performed with ground-
based observatories since the atmosphere is transparent at these wavelengths and the
telescopes need to be large to obtain sufficient sensitivity and spatial resolution. The
spatial resolution of an observation is directly proportional to the diameter of the aper-
ture and inversely proportional to the observed wavelength, with poorer resolution at



4 chapter 1: Thesis Introduction

Figure 1.3: The electromagnetic spectrum, indicating the atmospheric trans-
parency windows in the visual and radio part of the spectrum. Figure taken from
http://misclab.umeoce.maine.edu/boss/classes/SMS_491_2003/Week_9.htm.

longer wavelengths. Because of this, radio telescopes are often much larger than optical
telescopes, and aperture-synthesis imaging with interferometer arrays is commonly used
to improve the spatial resolution.

1.2.1 Spectroscopy

Spectroscopy is the measurement of radiation intensity as a function of wavelength, in the
optical domain often measured by a prism or a diffraction grating which disperses light
into different wavelength-dependent directions. In observational astronomy, spectroscopy
can be used to derive many physical properties of distant stars and galaxies, such as their
radial motions using Doppler shifts and their chemical compositions using the absorption
lines in the stellar spectra. In many ways, the spectra of galaxies look similar to stellar
spectra, because they consist of the combined light from billions of stars. However, a
galaxy spectrum contains absorption lines from many different types of stars and the
internal motions of these stars, when added together, produce broader lines since the
stars emitting the light have somewhat different Doppler shifts. Additionally, many
other non-stellar sources produce light which adds both absorption and emission lines
into the spectrum.

Several fundamental discoveries have been found by measuring Doppler shifts of galax-
ies, for example The Hubble Law (Hubble 1929), which states that all galaxies are receding
from the Earth such that galaxies that are further away recede more quickly. This discov-
ery provided the first indication that the universe is expanding and that it originated in a
Big Bang. Fritz Zwicky’s (Zwicky 1933) study of the Coma galaxy cluster indicated that
most galaxies were moving much faster than should be possible given the luminous mass
of the cluster. His conclusion was that there must be a great amount of non-luminous
matter in galaxy clusters, which much later became known as dark matter.
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Integral Field Spectroscopy

Traditionally, spectroscopic observations are performed by dispersing the image of a slit
placed over the target of interest. This approach is satisfactory for many applications;
however, for an extended object one would like the ability to record a spectrum from
each part of the object. The longslit can be stepped in position across the target by
moving the telescope and recording separate exposures for each position. However, this
is highly ineffective and time consuming.

With the advent of Integral-Field-Unit (IFU) spectroscopy, the study of e.g. galaxy
kinematics has taken a big leap forward. Instead of only observing along one-dimensional
long-slits, it has now become possible to obtain spectra with two-dimensional coverage of
the object. This allows one to construct three-dimensional data cubes with a spectrum at
every position on the sky. IFU spectroscopy not only enables spatially resolved mapping
of the kinematics of galaxy disks, it also yields the possibility to obtain a spectrum with
a higher signal-to-noise ratio by averaging spectra from adjacent positions in the galaxy.

There are three main techniques used to perform IFU spectroscopy: (1) When using
lenslet arrays (e.g. SAURON; Bacon et al. 2001), the input image is formed at the surface
of a microlens array. Images formed of the telescope pupil are then dispersed by the
spectrograph. (2) In image slicers (e.g. 3D; Weitzel et al. 1996), the input image is
sliced in thin parallel sections which reflect the light in slightly different directions to
be dispersed by the spectrograph. (3) When using fiber-bundle IFUs (e.g. INTEGRAL;
Arribas et al. 1998), a bundle of fibers is placed where the input image is formed, with
each fiber transferring the light of a small section of the observed region to the entrance
of the spectrograph. The approach in this thesis has been to employ the two custom-
built fiber-bundle IFUs PPak (Verheĳen et al. 2004; Kelz et al. 2006) and SparsePak
(Bershady et al. 2004, 2005) to observe the stellar and gas kinematics of nearly face-on
spiral galaxies.

1.2.2 Radio Astronomy

Radio astronomy is the second oldest branch of astronomy. It started in the beginning
of the 1930s, when Karl Jansky, as the first person to detect radio waves from an astro-
nomical object, observed radiation coming from the Milky Way (Jansky 1933). Many
discoveries have come from radio observations, including the discovery of new objects
such as pulsars and quasars. Through radio astronomy, Penzias & Wilson (1965) de-
tected the cosmic microwave background radiation, which gave compelling evidence for
the Big Bang (Dicke et al. 1965). Also, radio observations of the atomic hydrogen gas
in spiral galaxies, which became more frequent in the 1960s and 1970s, provided strong
evidence for the existence of dark matter (see below).

In radio astronomy, large radio antennas are used. These can be used either individ-
ually as a “single dish”, or with multiple linked telescopes to perform the techniques of
interferometry and aperture synthesis. Since the resolution of an interferometer is set
by the distance between its components, the use of interferometry allows one to achieve
high angular resolution. Interferometric astronomical measurements at radio wavelengths
were first made in 1946 (Ryle & Vonberg 1946) and imaging with aperture synthesis has
been used successfully in radio astronomy ever since.

The three radio astronomy observatories used to collect data for this thesis all em-
ploy aperture synthesis interferometry. These facilities are the Very Large Array (VLA)
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located on the Plains of San Agustin, New Mexico, USA; the Giant Metrewave Radio
Telescope (GMRT) located near Pune in India; and Westerbork Synthesis Radio Tele-
scope (WSRT), close to the village of Westerbork in the northeastern Netherlands.

The 21-cm HI line

The possibility to use the hydrogen (Hi) emission line at 21 centimeter as a good tracer
of the interstellar gas clouds in galaxies was first predicted by van de Hulst in 1944 (see
van de Hulst et al. 1954), and the 21-cm line was first detected independently by two
different groups in 1951 (Ewen & Purcell 1951; Muller & Oort 1951). The Hi line arises
from a change in the energy level in the ground state of neutral hydrogen atoms, emit-
ting electromagnetic radiation at a frequency of 1420.40575 MHz. This line is observed
frequently in radio astronomy to e.g. investigate gas kinematics of galaxies, since the
radio waves at this frequency penetrate through the interstellar dust. Furthermore, the
line appears within the radio spectral range which can easily pass through the Earth’s
atmosphere (Figure 1.3) and be observed from the ground with little interference.

In this thesis, we have used the three radio observatories WSRT, GMRT and VLA to
observe at 21 cm, including the Hi emission line. From these observations we image the
atomic gas which generally extends further out in the disk than the stars. We use these
observations for three different reasons; (1) from the radio continuum flux we are able
to calculate the 21-cm radio continuum luminosity which is used to estimate the star
formation rates in these galaxies; (2) from the Hi emission we can calculate the column
density of the Hi gas, which is converted into mass surface densities of the atomic gas;
and (3) from the Doppler shift of the Hi line, we derive the velocities of the Hi gas,
which due to the more extended gas give us additional kinematic measurements and
more extended rotation curves than what we obtain from our IFU observations. This is
important in order to constrain the dark-matter halo, which is expected to dominate at
larger distances from the galaxy centers.

1.3 Galaxies

Galaxies are gravitationally bound systems of stars, gas, dust, and dark matter. Galax-
ies in the local universe are the final product of their cosmological evolution pro-
cess. Their properties are a direct consequence of their assembly, environmental, star-
formation, and metal-enrichment histories. In ΛCDM cosmology, which has been estab-
lished from the combined observations of high-redshift type-Ia supernovae (Riess et al.
1998; Perlmutter et al. 1999), the 2dF Galaxy Redshift Survey (Percival et al. 2001),
and WMAP microwave background measurements (Spergel et al. 2003), the formation
and evolution of galaxies take place in gravitational potential wells of dark-matter halos,
where the star formation giving rise to the galaxies is triggered by gas accretion and
merging processes (Blumenthal et al. 1984).

Galaxies come in different shapes and properties, dependent on their formation and
later evolution. Even though the physical processes involved in generating these differ-
ences are still not well understood, galaxies were historically divided into different classes
based on their appearance on photographic images. The classification scheme introduced
by Edwin Hubble (Hubble 1926) is still used today, although with several modifications.
This classification strongly distinguished between two types of galaxies: ellipticals and
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spirals. Besides appearance, later work has revealed that these two groups also have very
different physical properties.

1.3.1 Spiral Galaxies

The focus in this thesis is on spiral galaxies. These are further subdivided in the Hubble
scheme according to the detailed appearance of their spiral structures. The galaxies
are divided into groups from Sa-Sb-Sc-Sd-Sm including intermediate classes, e.g. Sab
or Scd, with the early-type spiral galaxies (e.g. Sa) having tightly wound, smooth arms
with a bright central bulge, and late-type spiral galaxies (e.g. Sd) having loosely wound,
fragmented arms with a fainter bulge. Spiral galaxies are also divided into normal spiral
galaxies (S) and barred spiral galaxies (SB). Galaxies that do not fit into the Hubble
sequence, because they have no regular structure, are called irregular galaxies. A majority
of the galaxies in our sample are of late type (Sc or later), and have been selected to
not possess a large bar. Figure 1.2 presents an example of an Sc galaxy from our sample
(UGC 463).

Stars and gas

Stellar halos contain the oldest, most metal-poor stars and are important when inves-
tigating the formation history of e.g. the Milky Way (Helmi 2008). However, they are
dynamically unimportant due to their relatively low mass and their dynamical influence
has been ignored in our analysis throughout the thesis. The bulges are often massive
enough to dominate the baryonic mass potential in the inner part of the galaxies, es-
pecially in early-type spirals. Historically, they are thought to be similar to elliptical
galaxies located in the middle of a larger disk. However, recently there have been several
studies indicating that some bulges are much more similar to disks, so-called “pseudo-
bulges” (e.g. Peletier 2008; Kormendy et al. 2010). In this thesis, we have decomposed
our observed radial light profiles into stellar disks and classical spherical bulges.

Most of the stars and gas in late-type spiral galaxies reside in a rather thin disk. The
observed surface brightness of disks often display a nearly exponential decline with radius
(Freeman 1970). Under the assumption that the disk mass-to-light ratio is independent
of radius, the light profile gives a direct representation of the surface mass density profile,
with some normalization. However, both this normalization and an assumed constant
mass-to-light ratio are highly uncertain.

The distribution of the atomic gas can be measured more or less directly from Hi

observations. The mass content of the atomic gas is generally smaller than the stellar
mass in normal spiral galaxies, with typical values around 5–20% of the stellar mass, but
becomes more dominant at larger radii and in lower-mass galaxies (e.g. Catinella et al.
2010). In the central regions, a depletion of the Hi gas is often observed.

Molecular hydrogen (H2) is very difficult to observe directly due to the very low tran-
sition probabilities for the quadrupole emission of molecular hydrogen, and the molecular
gas content in galaxies is therefore usually inferred from molecular-CO observations. The
H2 content is then inferred from the CO observations using the so-called XCO factor which
relates the two based on observations of our own Milky Way and other close galaxies.
The total mass content of the molecular gas is generally smaller than that of the atomic
gas, on average about 30%, and typically 5–10% of the stellar mass (Leroy et al. 2009;
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Saintonge et al. 2011); however, the molecular gas is usually more centrally concentrated
than the atom gas, seemingly “filling in” the Hi-depleted central regions.

Dark matter and the disk-halo degeneracy

The nature of dark matter will continue to be one of the major issues to be studied by
astronomers and particle physicists. Observations indicating non-luminous matter were
made already in the 1930s (Zwicky 1933), but it was not until at least four decades later
that astronomers came to the conclusion that the vast majority of the mass content of
the universe resides in dark matter. A major proof came from observed rotation curves
of spiral galaxies, which did not fall off at larger radii as expected from the distribution
of the luminous mass, but instead remained flat with a more or less constant rotational
speed (e.g. Rogstad & Shostak 1972; Roberts & Rots 1973).

Further radio synthesis observations of the extended Hi gas by e.g. Bosma (1978,
1981a,b) showed that, in general, rotation curves remain flat out to the last measured
point, many optical scale lengths from the center. Even though it has now been shown
that a more or less flat rotation curve seems to be a general feature of spiral galaxies
(e.g. Sofue et al. 1999; Sofue & Rubin 2001), and the concept of a dark-matter halo is
well established and widely accepted, there is still a huge uncertainty in the amount and
distribution of the dark matter.

The flatness of the outer Hi rotation curve is well explained by a dark-matter halo
embedding the visible disk with a structure similar to that of the isothermal sphere,
characterized by a density distribution declining as ρ(r) ∼ r−2. Numerical N-body simu-
lations of dark-matter halos based on the collisionless cold dark matter prescription (e.g.
Navarro et al. 1996, 1997; Moore et al. 1999; Klypin et al. 2001; Diemand et al. 2005)
have resulted in slightly different dark matter distributions, with a more cuspy inner
part (with ρ(r) ∼ r−1) instead of the core-like behavior of the isothermal sphere. Ob-
servationally, however, the core-like density distribution is often preferred (de Blok et al.
2001; Kuzio de Naray et al. 2008, 2009; de Blok 2010; Oh et al. 2011).

Even though observational evidence of dark matter has been present since the 1930s
and it has been a commonly accepted component of spiral galaxies for the past three
decades, little is still known about its nature and distribution. While particle physi-
cists are trying to discover the nature of the dark matter from direct detections of new
particles (e.g. with the Large Hadron Collider at CERN1), astronomers primarily infer
the distribution of the dark matter in galaxies by measuring its gravitational effects on
the luminous matter. One method, employed in this thesis, is to decompose the ob-
served rotation curve into its baryonic and dark-matter components, thereby measuring
the effect of the dark matter on the gravitational potential from which its distribution
can be derived. Unfortunately, since the total stellar mass is still highly uncertain, this
approach exhibits a severe degeneracy between the stellar disk and the dark-matter halo
(van Albada et al. 1985). This degeneracy is illustrated in Figure 1.4 using observations
of the galaxy UGC 448 (one of the galaxies investigated in this thesis); the model rotation
curve with the baryonic components dominating the inner region fits the data equally
well as one with a dominating dark-matter halo.

One often used assumption to circumvent this degeneracy is the so-called “maximum-
disk hypothesis” (van Albada & Sancisi 1986), which states that the stellar disk is con-

1 http://public.web.cern.ch/public/
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Figure 1.4: Figure illustrating the disk-halo degeneracy, with an example of a rotation-curve
mass decomposition of the galaxy UGC 448 taken from this thesis (Chapter 5). Left panel: A
submaximal-disk situation. Baryonic rotation curves (stellar bulge: dashed dark-grey line, with
steep rise and quick decline; stellar disk: dashed black line; molecular gas: dot-dashed line; and
atom gas: dotted line) calculated from their observed mass surface densities. The derived dark-
matter rotation curve (grey errorbars) fitted by a pseudo-isothermal sphere (grey solid line).
Right panel: A maximum-disk situation. The stellar disk and bulge scaled up a factor 3.1 to fit
the inner part of the rotation curve without any need for dark matter. Both the submaximal
and maximal decompositions describe the observed Hα and Hi rotation curve well (Hα and Hi

indicated with filled and open circles, respectively), with the black solid line indicating the total
rotation curve, calculated by adding the baryonic and dark-matter rotation curve together in
quadrature. Note, however, that also in the maximum-disk situation, dark matter is needed to
explain the observed outer (Hi) rotation curve.

tributing to the total mass as much as possible, while the contribution from the dark-
matter halo is minimal in the central part of the galaxy. However, this hypothesis has
never been proven, and the stellar disks could in principle have a large variety of masses
with plausible mass-to-light ratios.

There are several arguments in favor of the maximum-disk hypothesis; for example
the fact that the dynamical mass distribution follows the light distribution in the inner
regions of galaxies (e.g. Kent 1986; Sancisi 2004; Noordermeer et al. 2007; Swaters et al.
2011; Fraternali et al. 2011), with a contribution of the stellar mass that can be scaled
to fully explain the inner part of the rotation curve; features in the rotation curve that
can be seen in the light profile; and e.g. fluid-dynamical modeling of gas flows in barred
galaxies (Weiner et al. 2001) with models that highly favor maximum disks. However,
there are also many arguments against the maximum-disk hypothesis; for example, the
lack of a surface-brightness dependence in the Tully-Fisher relation for a wide range
of spiral galaxies (Zwaan et al. 1995; Courteau & Rix 1999; Courteau et al. 2003); self-
consistent modeling of nonspherical isothermal halos Amorisco & Bertin (2010) favouring
submaximal disks; and analysis from kinematic observations of normal spiral galaxies
(e.g. Bottema 1993; Kregel et al. 2005; Herrmann & Ciardullo 2009) indicating that their
disks are submaximal. The main goal of this thesis, as being part of the DiskMass
Survey project, has been to break the disk-halo degeneracy and test the maximum-disk
hypothesis.
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1.4 The DiskMass Survey

The DiskMass Survey (DMS; Bershady et al. 2010a) has been motivated by the outstand-
ing uncertainties in rotation-curve mass decompositions mentioned above. The survey
uses IFU spectroscopy from SparsePak and PPak to measure stellar and gas kinematics
in 46 nearly face-on intermediate-to-late-type spiral galaxies. From the measured vertical
stellar velocity dispersions (σz), the dynamical mass surface density of the disk (Σdyn)
is calculated (see Equation 5.1 in Chapter 5), allowing for a direct measurement of the
disk mass, thus breaking the disk-halo degeneracy.

By observing galaxies close to face on, we minimize errors in the conversion from
the measured line-of-sight velocity dispersions (σLOS) to σz, introduced from the uncer-
tainties in the stellar velocity ellipsoid. The disk scale height (hz) used in Equation 5.1
in Chapter 5, has been calculated from the disk scale length using the relation found
from studies of edge-on galaxies (e.g. de Grĳs & van der Kruit 1996; Kregel et al. 2002;
Bershady et al. 2010b). A major motivation for the face-on approach was that while hz

is linear related to Σdyn, σz is related in quadrature, with the consequence that small
errors in σz are easily blown up in the calculated Σdyn.

The sample of galaxies used for the DMS includes 146 nearly face-on galaxies from the
Uppsala General Catalogue of Galaxies (UGC; Nilson 1973) with apparent magnitudes
B < 14.7 and optical disk scale lengths between 10 and 20 arcsec to fit the custom-built
IFUs. For these galaxies, we have obtained Hα velocity fields. A subset of 46 galaxies
with regular Hα kinematics have been observed with SparsePak and PPak to obtain
stellar velocities and velocity dispersions. The stellar kinematics are measured with
an enhanced cross-correlation technique (DC3; Westfall et al. 2011a) using an observed
stellar-template spectrum as a reference. We have observed 30 galaxies using PPak and 23
with SparsePak, with an intentional overlap in the PPak and SparsePak samples to verify
consistency between the results from both instruments. The galaxies span a factor of 100
in LK (0.03 < L/L∗

K < 3), 8 in LB/LK , 10 in R-band disk central surface brightness,
and are at distances of 15–200 Mpc (Bershady et al. 2010a). Of the 46 galaxies, 40
have been observed with the Spitzer Space Telescope at 3.5, 8, 24 & 70 µm, forming
the Spitzer Sample. These galaxies also have ground-based UBVRĲHK photometry and
21-cm radio-synthesis imaging.

Much can be investigated with the extensive data-set obtained for the DMS; however,
the three main goals for which the survey has been designed are: (1) to confirm or
disprove the maximum-disk hypothesis for intermediate-type disk galaxies, (2) to provide
an absolute calibration of the stellar mass-to-light ratio in stellar-population synthesis
models, and (3) to make significant progress in defining the shape of dark-matter halos
in disk galaxies.

1.5 This Thesis

This thesis is part of the DMS where a subsample of the Spitzer Sample, consisting of
the 30 galaxies observed with the PPak IFU (The PPak Sample), has been used for the
analysis. Chapter 2 presents a detailed description of the data reduction and analysis of
PPak observations. From these data, we find that the stellar velocity dispersion declines
exponentially with radius and confirm earlier results (Bottema 1993; Kregel et al. 2005)
that there is a tight relation between the central vertical velocity dispersion of the stars
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in the disk and the maximum rotational velocity of the galaxy. These observations are
used in Chapter 3 to show that galaxies are generally submaximal, thereby disproving
the maximum-disk hypothesis. Chapter 4 describes the observations and reduction of
our 21-cm radio synthesis imaging data of 28 galaxies, of which 24 galaxies are included
in the PPak Sample. From these data, we find that the Hi gas is distributed in a similar
way in all galaxies; the radial profiles of the mass surface density of the Hi gas follow
an offset Gaussian profile surprisingly well, with a similar peak-radius and width of the
profile when normalizing the radius with the Hi radius (RHI; defined to be the radius
at which the azimuthally-averaged Hi column density has dropped to 1 M⊙pc−2). In
Chapter 5, we use the dynamical mass surface densities calculated from σz in Chapter 2,
together with surface brightness profiles from 2MASS photometry (Skrutskie et al. 2006),
to calculate stellar mass-to-light ratios. The combined Hα and Hi rotation curves are
decomposed into their various mass components and we confirm the result presented in
Chapter 3 that these galaxies are submaximal. We further investigate the shape of the
uniquely calculated dark-matter rotation curves. Chapter 6 summarizes the thesis and
includes a detailed description of future prospects.



12 chapter 1: Thesis Introduction



Chapter 2
Kinematics of Gas and Stars in 30

Spiral Galaxies

Abstract

We present gas ([Oiii]λ5007Å) and stellar kinematic data for 30 nearly face-on spiral galaxies
out to 3 disk sale lengths, obtained with PPak Integral Field Unit spectroscopy1 in the MgIb
spectral region (4980-5370Å) at a resolution of λ/∆λ ≈ 8000. We provide a comprehensive
description of the observing strategy and data reduction and analysis methods addressing cali-
bration, spectral resolution and instrumental flexure issues. The data products are collected in
an Atlas displaying reconstructed intensity maps of the stellar continuum and [Oiii] emissivity.
Observed, modeled and residual velocity fields are presented, as well as velocity dispersion maps
along with signal-to-noise maps, for both the stars and the ionized gas. The orientations of
the galaxy disks are determined by fitting to the data a kinematic model based on a param-
eterized prescription for the rotation curves. We derive radial luminosity profiles for the gas
and the stars, as well as gas and stellar rotation curves and radial line-of-sight velocity disper-
sion profiles. We detect the signature of asymmetric drift in the rotation of the stellar disks.
The exponential decline of the stellar velocity dispersion has a radial scale length as expected
from the photometry, albeit with significant scatter. Beyond 1.5 photometric scale lengths, the
stellar velocity dispersion tends to flare in the sense that it declines slower than exponential.
The scatter between photometric and dispersion scale lengths is notably smaller for massive,
high-surface-brightness disks in the brightest galaxies. A strong correlation exists between the
central vertical stellar velocity dispersion of the disks (σz,0) and their asymptotic maximum
rotational velocity (VOIII

max), indicating that galaxy disks are submaximal. Weak but consistent
correlations exist between the ratio σz,0/VOIII

max and global galaxy properties such that disks with
a fainter central surface brightness in bluer and fainter galaxies of later morphological types are
kinematically colder with respect to their rotational velocities.

1 Based on observations collected at the Centro Astronómico Hispano Alemán (CAHA) at Calar
Alto, operated jointly by the Max-Planck Institut für Astronomie and the Instituto de Astrofísica
de Andalucía (CSIC)
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2.1 Introduction

To understand the formation and evolution of galaxies, it is important to understand the
physics of the galaxies they became. Thus, it is imperative to know how the stars, the gas
and the dark matter are distributed in the galaxies we observe in the universe today. For
a galaxy with a rotating structure like a gaseous disk, it is possible to obtain the mass
distribution of these ingredients by decomposing its rotation curve into contributions
from the main dynamical constituents such as the stellar bulge, the stellar and gaseous
disks and a dark-matter halo.

Clear observational hints for the presence of low-luminosity or dark matter in the
outskirts of galaxies could be established for the first time only by measuring the rota-
tion curves of extended Hi disks that stretch far beyond the radius out to which optical
tracers could be used to measure the kinematics (e.g. Roberts 1966; Rogstad & Shostak
1972). Although the shapes of optical, mainly Hα-based, rotation curves could be ex-
plained by an adequate scaling of the mass of the visible stars and gas, the constancy or
flatness of extended Hi rotation curves out to the largest measured radii, many optical
scale lengths from the galaxy centers, could not be explained by the gravitational po-
tential of the centrally concentrated visible matter. However, these early interferometric
Hi observations were not able to measure the possibly warped geometries of the outer
Hi disks which could influence the shapes and amplitudes of the derived rotation curves.
Only the advent of advanced aperture synthesis imaging arrays, such as the Westerbork
Synthesis Radio Telescope, and new algorithms to fit tilted-ring models to warped Hi

disks, allowed detailed imaging of the geometry and kinematics of the outer Hi disks to
provide undisputable evidence for the existence of extended dark-matter halos around
the visible regions of spiral galaxies (Bosma 1978, 1981a,b; Begeman 1987, 1989). For ex-
ample, Begeman (1989) found that the prototypical rotation curve of NGC 3198 remains
flat to within 5 km/s out to the last measured point at 11 disk scale lengths.

With the existence of dark-matter halos firmly established in the context of Newto-
nian dynamics, the actual distribution of dark matter and the relative amounts of dark
and luminous matter in galaxies has remained highly uncertain. The root cause is a
lack of knowledge about the amount of mass that is associated with the visible stars,
or the stellar mass-to-light ratio (Υ∗). This hiatus prevented the unambiguous decom-
position of rotation curves, even when a parameterized density distribution such as a
pseudo-isothermal sphere or a NFW-model (Navarro et al. 1997), each with only two
parameters, is introduced for the dark matter halo. For a wide range of Υ∗, equally
acceptable decompositions can be constructed with a corresponding wide range of dark
matter density profiles (e.g. Verheĳen 1997) and the poignant case of NGC 3198 is illus-
trated in Bershady et al. (2010a).

This disk-halo degeneracy is most commonly circumvented by adopting the so-called
“maximum-disk hypothesis” (van Albada & Sancisi 1986) which assumes that the visi-
ble baryons contribute maximally to the gravitational potential, regardless of the corre-
sponding Υ∗, thus minimizing the amount of dark matter needed to explain the observed
rotation curve. Invoking the presence of a dark-matter halo to explain the outer parts
of observed rotation curves, a maximum-disk situation corresponds to the baryons typ-
ically contributing maximally 85%±10% to the rotational velocity in order to avoid a
hollow halo (Sackett 1997). The maximum-disk concept explains the shapes of the inner
rotation curves very well, which leads to the recognition that the dynamical mass dis-
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tribution follows the light distribution in the inner regions of galaxies (e.g. Sancisi 2004;
Noordermeer et al. 2007; Swaters et al. 2011; Fraternali et al. 2011), even if a galaxy is
not in a maximum-disk situation. In order to derive meaningful density profiles of the
dark-matter halos from rotation curve decompositions, it is a prerequisite to break the
disk-halo degeneracy, thereby also verifying the validity of the maximum-disk hypothesis.
Consequently, it is necessary to obtain independent measures of the Υ∗.

A flourishing industry exists that aims at deriving stellar masses on the basis of
photometric measurements by means of stellar population synthesis (SPS) models (e.g.
Bell & de Jong 2001; Kauffmann et al. 2003; Zibetti et al. 2009). These models in turn
are hampered by significant uncertainties regarding the initial stellar mass function
(IMF), the star formation histories (SFH), an accurate accounting of the late phases
of stellar evolution, and the chemical enrichment history of a galaxy. For instance,
Bell & de Jong (2001) needed to adjust the slope of the adopted IMF in their models in
order not to violate the maximum-allowed Υ∗ as dictated by the rotation curves of Ursa
Major spirals. Effectively, the stellar masses of their models adhered to the maximum-
disk hypothesis. Using photometry and spectroscopy of SDSS galaxies, Kauffmann et al.
(2003) constructed stellar population models capable of predicting stellar masses with a
random error of 40%, yet the systematic error amounts to a factor of two due to uncer-
tainties in the IMF and SFH, the use of stellar templates and the application of spec-
troscopic fiber-aperture corrections. Significantly lower Υ∗ were found by Zibetti et al.
(2009) when properly accounting for the contribution by thermally pulsing asymptotic
giant branch stars to the total luminosity of a galaxy.

An alternative to the photometric SPS approach is to analyse the internal (hy-
dro)dynamics of galaxy disks in order to derive the dynamical masses of the disks. For
instance, Weiner et al. (2001) constructed hydrodynamical models of the detailed gas
flows in the barred galaxy NGC 4123 and concluded that this galaxy is in a maximum-
disk situation with a fast rotating bar and a dark matter density profile consistent with
the NFW model. Stellar dynamics can also be explored to determine the dynamical
mass surface density of galaxy disks. For the Milky Way, this has been achieved on the
basis of the vertical density distribution and motions of stars in the solar neighborhood
(e.g. Kuĳken & Gilmore 1991), from which the restoring force to the Galactic mid plane,
and thus the dynamical mass surface density of the Galactic disk, can be derived. The
essence of this concept can be extended to external galaxies as well, and this idea is at
the heart of the DiskMass Survey (DMS; Bershady et al. 2010a, hereafter DMS-I).

The main goal of the DMS is to determine the dynamical mass surface densities
of ∼40 spiral galaxies in order to break the disk-halo degeneracy in the decomposition
of their rotation curves and to derive the stellar mass-to-light ratios and the density
profiles of their dark-matter halos. The strategy of the DMS is to measure the gas and
stellar kinematics in galaxy disks, particular the vertical stellar velocity dispersion σz .
Under the assumption of a locally isothermal stellar disk in equilibrium, the dynamical
mass-to-light ratio (Mdyn/L) of the galaxy disk then follows from:

σz =
√

π G (Mdyn/L) µ z0 (2.1)

where µ is the surface brightness and z0 is the disk scale height (van der Kruit & Searle
1981; Bahcall & Casertano 1984). Since µ is well known from photometry and
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z0 has been statistically well determined from studies of edge-on spiral galaxies
(e.g. de Grĳs & van der Kruit 1996; Kregel et al. 2002; see also the compilation in Fig-
ure 1 of Bershady et al. 2010b, hereafter DMS-II), our observations of σz provide us with
a direct estimate of the Mdyn/L of the disk.

This strategy of measuring σz to obtain Mdyn/L has been attempted before by, e.g.,
Bottema (1993) on the basis of long-slit spectroscopy of a dozen galaxies. These observa-
tions only reached out to ∼1−2 disk scale lengths from the galaxy centers and had large
uncertainties in the derived values of σz due to the significant inclinations and unknown
scale heights for most galaxies in the sample, as well as poor signal-to-noise (S/N) of the
data. Nevertheless, Bottema (1993) found that the disks of these galaxies contributed
only 63%±17% to the total rotational velocities, significantly less than the value expected
for a maximum-disk situation (Sackett 1997).

With the advent of Integral Field Unit (IFU) spectroscopy, the study of galaxy kine-
matics has taken a big leap forward. Instead of only observing along one-dimensional
long-slits, it has now become possible to obtain spectra with two-dimensional coverage
on the sky, allowing to construct three-dimensional data cubes with a spectrum at ev-
ery position on the sky, something that had been achieved in radio astronomy for many
decades already. IFU spectroscopy not only enables spatially resolved mapping of the
kinematics of galaxy disks, it also has the potential to boost the S/N of the data by
averaging spectra from adjacent positions in the galaxy disks. For instance, Ganda et al.
(2006) have employed SAURON on the 4.2m WHT telescope at La Palma to obtain IFU
spectroscopy of the inner regions of 18 late-type galaxies. Due to its limited field-of-view
(33×41 arcsec2), spectral resolution (R=1200 or 250 km/s), and surface brightness sensi-
tivity (0.94 arcsec spaxels collecting relatively little light), stellar kinematic observations
with SAURON were limited to the inner, high surface brightness regions of galaxies (Rmax

<1 disk scale lengths for 14 out of 18 galaxies) where often a bulge or bar dominates the
light.

The DMS employs two custom-built IFUs (SparsePak and PPak) with a field-of-view
in excess of 1 arcminute, a spectral resolution of R=8000−12000, and light-collecting
spaxels of 2.7−4.5 arcseconds in diameter. Here, we present gas and stellar kinematic
data obtained for 30 nearly face-on spiral galaxies with PPak (Verheĳen et al. 2004;
Kelz et al. 2006). We describe in detail the observational strategy and data reduction
and analysis methods. Some preliminary results on the stellar and gas kinematics are
presented as well. Ultimately, these PPak data will allow us to determine the dynamical
mass surface densities of galaxy disks out to 3 disk scale lengths, to break the disk-halo
degeneracy, to calibrate the mass scale of stellar population models and to determine the
dark matter distribution in spiral galaxies with unprecedented accuracy.

2.2 The PPak Sample

The sample selection and observational strategy of the DMS has been described in detail
in DMS-I. In short, a diameter-limited parent sample was extracted from the Uppsala
General Catalogue of Galaxies (UGC; Nilson 1973). A total of 1661 galaxies were
selected to have diameters (1′ < D25 < 3′.5) that suitably match the relatively large
field-of-view of our custom-built Integral Field Units, with minor-to-major axis ratios
of b/a > 0.75 in the B-band to ensure a nearly face-on orientation, with a Galactic
extinction below Ag

B < 0.25 magnitudes, and with numerical Hubble type of T > 0 to
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UGC R.A. Dec. Dist. Type B K Ag
B

Ag
K

B − K µ0(K) hR(K) B/D
(J2000) (J2000) (Mpc) (mag) (mag) (mag) (mag) (mag) (mag/arcsec2) (arcsec)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)
448 00:42:22.06 29:38:30.1 65.3 ± 2.1 SABc 14.0 ± 0.2 10.13 ± 0.07 0.258 0.022 3.6 ± 0.2 17.70 ± 0.04 12.19 ± 0.27 0.32
463 00:43:32.39 14:20:33.2 59.6 ± 2.1 SABc 13.3 ± 0.2 9.38 ± 0.05 0.392 0.033 3.6 ± 0.2 16.79 ± 0.05 13.08 ± 0.47 0.06

1081 01:30:46.63 21:26:25.5 41.8 ± 2.1 SBc 13.5 ± 0.2 10.05 ± 0.08 0.252 0.021 3.2 ± 0.2 17.72 ± 0.09 15.07 ± 0.62 0.05
1087 01:31:26.63 14:16:39.4 59.6 ± 2.1 Sc 14.3 ± 0.3 10.68 ± 0.11 0.233 0.020 3.4 ± 0.3 17.95 ± 0.06 11.19 ± 0.34 0.04
1529 02:02:31.02 11:05:34.8 61.6 ± 2.1 Sc 14.1 ± 0.3 9.98 ± 0.08 0.374 0.032 3.8 ± 0.3 17.17 ± 0.03 11.93 ± 0.26 0.04
1635 02:08:27.78 06:23:42.3 46.6 ± 2.1 Sbc 14.1 ± 0.3 10.40 ± 0.09 0.237 0.020 3.5 ± 0.3 17.84 ± 0.03 12.92 ± 0.30 0.07
1862 02:24:24.80 −02:09:45.3 18.4 ± 2.1 SABcd1 13.7 ± 0.1 10.37 ± 0.11 0.137 0.012 3.2 ± 0.2 18.10 ± 0.13 15.73 ± 1.14 0.00
1908 02:26:37.27 12:09:18.9 110.0 ± 2.1 SBc2 14.1 ± 0.2 10.06 ± 0.08 0.366 0.031 3.7 ± 0.2 16.83 ± 0.06 9.12 ± 0.30 0.09
3091 04:33:56.17 01:06:48.8 73.8 ± 2.2 SABd 14.6 ± 0.3 11.25 ± 0.17 0.361 0.031 3.0 ± 0.3 18.26 ± 0.07 10.05 ± 0.46 0.00
3140 04:42:54.93 00:37:06.9 62.1 ± 2.1 Sc 13.4 ± 0.2 9.45 ± 0.06 0.349 0.030 3.6 ± 0.2 17.00 ± 0.10 11.67 ± 0.50 0.11
3701 07:11:42.59 72:10:11.5 43.2 ± 2.1 Scd 14.4 ± 0.4 11.23 ± 0.19 0.275 0.023 2.9 ± 0.4 19.28 ± 0.16 16.96 ± 1.59 0.05
3997 07:44:38.74 40:21:58.9 83.1 ± 2.1 Im − 11.56 ± 0.21 0.230 0.020 − 19.14 ± 0.16 13.74 ± 1.21 0.02
4036 07:51:54.79 73:00:56.8 50.9 ± 2.1 SABbc 12.8 ± 0.2 9.56 ± 0.05 0.116 0.010 3.1 ± 0.2 17.54 ± 0.14 17.51 ± 1.41 0.04
4107 07:57:01.87 49:34:02.5 51.1 ± 2.1 Sc 13.7 ± 0.2 10.16 ± 0.07 0.183 0.016 3.4 ± 0.2 17.57 ± 0.06 12.92 ± 0.46 0.04
4256 08:10:15.18 33:57:23.9 74.8 ± 2.1 SABc 12.9 ± 0.2 9.54 ± 0.05 0.231 0.020 3.2 ± 0.2 17.11 ± 0.04 12.92 ± 0.30 0.08
4368 08:22:44.96 24:17:48.9 56.4 ± 2.1 Scd 13.5 ± 0.3 10.45 ± 0.09 0.162 0.014 2.9 ± 0.3 17.39 ± 0.15 11.67 ± 0.87 0.07
4380 08:24:31.87 54:51:14.0 105.0 ± 2.1 Scd 14.5 ± 0.2 11.09 ± 0.13 0.258 0.022 3.2 ± 0.2 18.11 ± 0.07 9.78 ± 0.35 0.03
4458 08:32:11.25 22:33:37.8 68.4 ± 2.1 Sa 13.2 ± 0.2 8.86 ± 0.05 0.150 0.013 4.2 ± 0.2 18.55 ± 0.04 27.14 ± 0.67 0.72
4555 08:44:08.27 34:43:02.1 61.8 ± 2.1 SABbc 13.2 ± 0.2 10.09 ± 0.06 0.137 0.012 3.0 ± 0.2 17.42 ± 0.07 13.57 ± 0.50 0.04
4622 08:50:20.19 41:17:21.9 178.2 ± 2.2 Scd 14.6 ± 0.3 11.21 ± 0.12 0.125 0.011 3.3 ± 0.3 17.87 ± 0.12 8.75 ± 0.56 0.16
6903 11:55:36.94 01:14:13.8 31.3 ± 2.2 SBcd 13.1 ± 0.3 9.84 ± 0.13 0.090 0.008 3.2 ± 0.3 18.91 ± 0.07 27.83 ± 1.42 0.02
6918 11:56:28.13 55:07:30.8 21.8 ± 2.3 SABb3 12.0 ± 0.2 8.79 ± 0.02 0.061 0.005 3.2 ± 0.2 15.76 ± 0.04 10.96 ± 0.22 0.06
7244 12:14:18.08 59:36:55.6 65.4 ± 2.2 SBcd 14.6 ± 0.4 11.81 ± 0.19 0.092 0.008 2.7 ± 0.4 19.24 ± 0.18 12.19 ± 1.23 0.00
7917 12:44:26.20 37:07:16.4 102.9 ± 2.3 SBbc 13.8 ± 0.2 9.66 ± 0.04 0.093 0.008 4.1 ± 0.2 17.64 ± 0.09 16.96 ± 0.79 0.14
8196 13:06:04.43 55:39:21.9 119.7 ± 2.3 Sb 14.0 ± 0.2 9.97 ± 0.05 0.074 0.006 4.0 ± 0.2 16.88 ± 0.04 8.35 ± 0.19 0.24
9177 14:20:30.49 10:25:55.5 132.4 ± 2.6 Scd 14.0 ± 0.2 11.05 ± 0.12 0.141 0.012 2.8 ± 0.2 18.04 ± 0.08 10.96 ± 0.44 0.08
9837 15:23:51.68 58:03:10.6 43.2 ± 2.3 SABc 14.1 ± 0.3 10.45 ± 0.14 0.072 0.006 3.6 ± 0.3 19.70 ± 0.08 27.83 ± 1.42 0.03
9965 15:40:06.76 20:40:50.2 70.6 ± 2.4 Sc 14.0 ± 0.2 10.62 ± 0.08 0.266 0.023 3.1 ± 0.2 17.61 ± 0.05 10.34 ± 0.29 0.00

11318 18:39:12.23 55:38:30.6 85.2 ± 2.2 SBbc 13.8 ± 0.2 9.95 ± 0.06 0.210 0.018 3.7 ± 0.2 17.18 ± 0.03 10.96 ± 0.22 0.12
12391 23:08:57.17 12:02:52.7 66.8 ± 2.1 SABc 14.0 ± 0.3 10.58 ± 0.10 0.371 0.032 3.1 ± 0.3 17.70 ± 0.08 11.93 ± 0.52 0.04

Table 2.1: Properties of the PPak sample: (1) UGC number; (2) Right Ascension; (3) Declination; (4) distance; (5) morphological type;
(6) B-band magnitude taken from DMS-I; (7) total extrapolated K-band magnitude (see text); (8) Galactic B-band extinction (Schlegel et al.
1998); (9) Galactic K-band extinction (Schlegel et al. 1998); (10) B − K colour corrected for Galactic extinction; (11) representative disk
central K-band surface brightness; (12) representative K-band disk scale length; (13) bulge-disk ratio from K-band surface brightness profile
decomposition. Notes on morphologies: 1=peculiar, 2=starburst, 3=AGN.
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select disk-dominated systems.
Visual inspection of the optical images and DSS-based R-band luminosity profiles

allowed the elimination of galaxies with prominent bars, significant asymmetries, large
bulges, possibly interacting companions, and nearby bright stars. Combined with con-
straints on isophotal diameters and estimated disk scale lengths, and supplemented with
12 galaxies from the DMS pilot study, this resulted in a Phase-A sample of 231 galaxies.
Of these, 146 were randomly selected and observed with the SparsePak IFU to obtain
Hα velocity fields, 124 of high quality. These galaxies form the Hα sample and their Hα
data will be described in detail in a forthcoming paper in this series.

The Hα velocity fields were visually inspected to identify galaxies that might be
too face-on, kinematically lopsided, significantly warped, or that may display excessive
streaming motions. Based on the quality and regularity of the Hα velocity fields, 40
galaxies were selected for follow-up observations of their stellar kinematics with the PPak
and SparsePak IFU’s. (These 40 galaxies have also been imaged at 4.5, 8.0, 24 and 70
micron with the Spitzer space telescope, and in the 21cm line of atomic hydrogen with
the WSRT, VLA and GMRT arrays.) This sample was augmented with 6 more galaxies
for which stellar kinematical data were obtained with SparsePak prior to the Hα based
down-selection. These 46 galaxies constitute the Phase-B sample. From this Phase-B
sample, high quality stellar kinematic data have been obtained for 42 galaxies. For 29
galaxies these data were obtained with PPak and for 23 galaxies SparsePak was used. To
verify consistency between the results from both instruments, ten galaxies were observed
to full depth with both PPak and Sparsepak. With PPak, stellar kinematic data were
obtained for 4 more galaxies but these data were of poorer quality. For one of these
four galaxies, UGC 6903, ancillary imaging data from Spitzer are available and its PPak
data are presented in this paper as well. The thirty galaxies for which the PPak stellar
kinematic data are presented in this paper will be referred to as the PPak sample.

Here, we will describe the observations, data reduction and analysis of the PPak sam-
ple while the kinematic data obtained with the SparsePak IFU, as well as the combined
observational results from the full Phase-B sample, will be presented in forthcoming
papers.

Table 2.1 lists salient properties of the galaxies in the PPak sample. To summarize,
these galaxies cover a range in morphological type from Sa to Im, with 22 of our galaxies
being Sc or later; absolute K-magnitudes (MK) ranging from -25.5 to -21.0; colors B −
K = 2.7 − 4.2; and representative central disk K-band surface brightness µ0(K) =
15.8 − 19.7 mag arcsec−2.

2.2.1 Near-infrared photometry

The DiskMass collaboration has collected optical (UBVRI) and near-infrared (JHK)
photometry at the 2.1m telescope on Kitt Peak for the entire Phase-B sample. The
reduced photometric data products from these observations were not available at the
time of this writing. Therefore, any photometry-related properties of the galaxies in the
PPak sample have been derived from a careful re-analysis of the near-infrared 2MASS
images as described concisely below.

In short, for each galaxy, the J-, H- and K-band images were retrieved from the public
2MASS archive. The images were aligned and a common mask was created to remove
foreground stars and background galaxies. The sky foreground was fit separately for
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each passband with a polynomial of order 9 and subsequently subtracted. To improve
the S/N of the images, the J-, H- and K-band images were combined into a single JHK
image, assuming that color gradients between these passbands can be neglected: For
21 nearby S0 to Sbc galaxies, Peletier & Balcells (1997) found an average J-K color
gradient of -0.01 (with a variance of 0.12) magnitudes per K-band disk scale length.
A JHK curve-of-growth was determined for each galaxy within concentric elliptical
apertures with constant position angle and ellipticity as a function of radius, and with an
logarithmic radial sampling. The apertures were centered on the morphological centers of
the galaxies (see Section 2.5.13), with position angles that correspond to the kinematics
position angles and ellipticities that reflect the inclinations as suggested by the inverted
Tully-Fisher relation. See Section 2.6.2 for more details.

Based on the curves-of-growth, for each galaxy the radial range was determined in
which the residual sky foreground and its uncertainty were calculated. From this, the
radial JHK surface brightness profiles were derived. These JHK profiles were re-scaled
to the K-band surface brightness profiles in the very inner regions to provide a pseudo-K-
band surface brightness profile for each galaxy that extends much further in radius than
the K-band-only profile. These pseudo-K-band surface brightness profiles are presented
in the accompanying Atlas.

For each galaxy, a representative photometric scale length hR and central surface
brightness µ0(K) of the disk was determined by fitting a straight line to the pseudo-K-
band luminosity profile in an iterative manner. Starting with a radial range of 10 − 50
arcseconds, a straight line was fit from which follows an initial estimate of hR. Subse-
quently, the radial fitting range was adjusted to 1hR − 4hR to avoid the inner region
where a bulge or bar may dominate (Kormendy & Kennicutt 2004; Erwin 2005) and the
outer region where the exponential disk may be (anti-)truncated (Kregel & van der Kruit
2004; Pohlen & Trujillo 2006). Subsequently, the fit was repeated to yield a new value
of hR which defined a new fitting range 1hR − 4hR. This procedure was repeated until
convergence was achieved. The corresponding values of µ0(K) and hR of the final fit
are listed in Table 2.1 and in the Atlas this fit is indicated with a dashed line overlayed
on the luminosity profile. This line is drawn as solid over the converged fitting range
1hR − 4hR.

The total extrapolated K-band magnitude is calculated by first integrating the ob-
served luminosity profile to the radius where the K-band surface brightness plus its
errorbar falls below 25 mag/arcsec2, yielding an aperture magnitude maper(K). Outside
that radius, the luminosity profile is extended with a modeled exponential decline that
follows the scale length of the outer disk which can be steeper or shallower than the rep-
resentative scale length hR, depending on the radial structure of the luminosity profile.
The extended model-profile is then integrated analytically from the aperture radius to
infinity to yield mext(K). From this follows the total extrapolated K-band magnitude as
the proper sum of maper(K) and mext(K). These total extrapolated K-band magnitudes
are also listed in Table 2.1.

Finally, simplistic but adequate bulge-disk decompositions are made on the basis of
the 1-dimensional surface brightness profiles. For this purpose, the disk of a galaxy is
modeled with one or more exponential segments to properly subtract the inner disk, e.g.
in the case of a type-II profile. The modeled (multi-)exponential disk is subtracted and
the excess light in the inner region is modeled iteratively with a general Sersic profile
convolved with a Gaussian to accommodate the effects of the seeing. These convolved
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bulge models are also shown underneath the inner luminosity profiles depicted in the
Atlas. The bulge model is integrated to yield the luminosity of the bulge which is
subsequently subtracted from the total luminosity to yield the luminosity of the disk
component. The bulge-to-disk ratio is calculated as the ratio of the luminosity of the
bulge model and the total luminosity of the extrapolated disk. A proper structural
analysis of the galaxies based on the deep imaging photometry from the 2.1m telescope
will be presented in a forthcoming paper. The provisional bulge-disk ratios derived from
the 2MASS photometry are listed in Table 2.1.

2.3 Instrumental Setup

This section provides a brief overview of the geometric properties of the PPak fiber
bundle and its associated calibration fibers. The exceptional spectrograph setup with
which all science observations have been carried out will be discussed as well. The
flood-lamps inside the dome, used for the wavelength calibration of the science spectra,
can be considered as an external part of the calibration unit of the instrument. Their
emission-line spectrum and the calibration of its wavelength scale will be described here
as well.

2.3.1 The PPak fiber bundle

The galaxies in the PPak sample were observed using the custom-built Integral Field Unit
called PPak (PMAS fiber Package), consisting of a bundle of 382 optical fibers that has
been permanently integrated as an add-on module in the pre-existing PMAS spectrograph
at the 3.5-meter telescope at Calar Alto in southern Spain. Figure 2.1 shows a direct
image of the back-illuminated PPak fiber-bundle in the focal plane, located behind a
F/3.3 focal reducer lens. The main fiber cluster consists of 331 science fibers, each with
a core diameter of 2′′.7, packed in a regular hexagonal grid with a diagonal field-of-view
of 64′′×74′′ and a filling factor of 60 percent. A total of 36 identical fibers are distributed
over 6 mini-IFU’s each located at 72′′ from the center of the main IFU head. These 36
fibers serve to simultaneously obtain spectra of the night sky. The 367 active fibers are
surrounded by short inactive fibers (dark in Figure 2.1) for protection during polishing
and for a uniform stress-load on the active fibers. The remaining 15 fibers do not observe
the sky but are arranged in a similar mini-IFU configuration to receive light at the same
focal ratio from the integrating sphere of a separate calibration unit. During the science
exposures, the 15 calibration fibers can be illuminated with a controllable mixture of
light from several arc lamps and a halogen lamp. The spots of the emission lines in the
calibration spectra are used to keep track of the flexure in the Cassegrain-mounted PMAS
spectrograph, as well as the effective spectral resolution of a particular science exposure.
All 331+36+15 fibers are uniformly distributed along a pseudo-slit in the spectrograph
such that science, sky and calibration spectra are recorded simultaneously in all areas
of the detector. A more detailed description of the PMAS spectrograph and PPak fiber
bundle is provided by Roth et al. (2005) and Kelz et al. (2006).
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Figure 2.1: Left: Photograph of the focal plane layout of PPak, the fiber-based integral-field
unit, custom-built for the DMS. The 331 science fibers and 36 sky fibers are back-illuminated.
Left: The PPak fiber-footprint overlayed on top of a direct image of the galaxy UGC 463.

2.3.2 Spectrograph settings

All observations were taken with the J1200 grating, blazed at an angle of 46.0 degrees such
that the blaze function peaks at 1200Å in first order. To enhance the spectral resolution of
our observations, the grating was mounted ”backward” in its cartridge. With the grating
normal pointing in the direction of the camera, a significant anamorphic demagnification
can be achieved, increasing the spectral resolution by a factor of two compared to the
standard ”forward” mounting. Furthermore, the grating was tilted such that the light
from the second order was reflected toward the camera. This setup allows for a sufficiently
high spectral resolution to adequately measure the expected stellar velocity dispersion.
The penalty to be paid is that the collimated beam overfilled the grating, resulting in a
geometric light loss of ∼15%. With this particular spectrograph configuration, we would
expect to achieve a resolution of λ/∆λ ≈ 7900 at a central wavelength of λc = 5200
Å (Kelz et al. 2006). In practice, this spectral resolution can be degraded by a poor
focus of the spectrograph, flexure effects during the exposures, and the somewhat curved
surface of the CCD detector; however, we find that 97% and 87% of our observations
have resolutions of λ/∆λ > 6000 and λ/∆λ > 7000, respectively (Section 2.5.10).

To increase the S/N of the observed spectra, the CCD detector was binned by 2 pix-
els in the spatial direction using on-chip binning. After binning in the cross-dispersion
direction, the peaks of the spatial point-spread function (PSF) of the spectra are gen-
erally separated by 5 pixels and have a full-width at half maximum (FWHM) of ∼ 3
pixels. Therefore, the cross-talk between spatially adjacent fiber spectra is less than 1%
when defining an extraction aperture width of one FWHM centered on the peak of the
spatial PSF (see Section 2.5.7). The FWHM of a spectral resolution element is 0.64 Å
and without binning the linear dispersion is ∼ 0.21Å/pixel (or ∼ 12 km/s per pixel at
5150Å). Therefore, no binning was applied in the spectral direction in order to preserve
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an adequate spectral sampling necessary to recover an astrophysical broadening of the
spectral lines that is merely a fraction of the instrumental spectral broadening.

The spectral range covered in a single spectrum is approximately 430 Å. However,
due to the significant curvature of the projected slit on the detector, the spectra near
the edges of the slit are shifted ∼27 Å with respect to a spectrum near the center of
the slit as seen in Figure 2.3. Typically, the extracted common spectral range for all
spectra covered 4975 − 5375 Å. To adequately isolate this second-order light, a stacked
combination of Schott’s GG395 and BG40 glass filters was used.

The CCD detector is oriented in such a way that spectra are dispersed along pixel rows
as seen in Figure 2.3. Thus, we often refer to the spectral and spatial (cross-dispersion)
dimensions in the discussion of our PPak spectroscopy using the variables X and Y ,
respectively.

2.3.3 The dome flood-lamps

Although the 15 calibration fibers can collect light from the internal calibration lamps, the
331+36 PPak fibers that collect light from the sky can not be illuminated by the internal
spectral calibration lamps of the PMAS spectrograph. This could have complicated
achieving a high-accuracy wavelength calibration of the science spectra. Fortunately, the
inside of the dome of the 3.5m telescope can be illuminated by six bright flood-lamps
that are attached to a walkway spanning the dome high above the telescope. In the
spectral region of our interest, these flood-lamps emit a spectrum (see Figure 2.2) that
features more emission lines than the internal Thorium-Argon (ThAr) lamps. By taking
the equivalent of dome-flats with the light from these flood-lamps, pointing the telescope
to an almost uniformly illuminated patch on the inside of the dome, all science and sky
fibers of the PPak IFU can be illuminated indirectly by these flood-lamps. Therefore, we
consistently used the spectra of these flood-lamps for the wavelength calibration of the
science exposures.

Calibration of the flood-lamp spectrum

To be able to use the spectrum of the flood-lamps for the wavelength calibration of the
science exposures, it is necessary to know the central wavelengths of the emission lines.
Unfortunately, the manufacturer of the flood-lamps refused to reveal the atomic species
that are responsible for these lines. Therefore, it was necessary to wavelength calibrate
the spectrum of the flood-lamps ourselves.

For this purpose, we partly dismantled the calibration unit that feeds the 15 calibra-
tion fibers of PPak such that photons from the flood-lamps could enter the calibration
unit via an external mirror and illuminate the 15 calibration fibers. Subsequently, we
turned off the flood-lamps and illuminated the 15 calibration fibers with the internal
ThAr and halogen lamps, without having moved the telescope to prevent flexure shifts.
Example flood-lamp and ThAr spectra are shown in Figure 2.2.

Three series of each five exposures were taken of the spectra of the internal ThAr
and halogen lamps, as well as the external flood-lamps. Hereby, only the 15 calibration
fibers were illuminated while the science and sky fibers were kept dark. The five images
of each series were combined to increase S/N and reject spurious counts from cosmic ray
impacts. Using the IRAF task dohydra in the HYDRA package, we used the halogen-
image to trace and extract the 15 spectra from both the ThAr lamp and flood-lamps.
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Figure 2.2: Spectra of the flood-lamps in the dome (top) and the Thorium-Argon calibration
lamp (bottom); the latter has been used to wavelength calibrate the former. The flux units
are arbitrary and offset for illustration purposes. The arrows mark the emission lines in the
ThAr-lamp spectrum that were used to calibrate the flood-lamp spectrum, and the emission
lines in the flood-lamp spectrum that were used to wavelength calibrate our science spectra.

Subsequently, we wavelength calibrated the flood-lamp spectrum with the ThAr spectrum
by fitting a first-order cubic-spline function to the 21-23 isolated Argon lines in each ThAr
spectrum. None of the Thorium lines could be unambiguously identified from our library
of known Thorium emission lines. The root-mean-square (rms) scatter of the wavelength
calibration ranged from 0.009 to 0.015 Å.

In each of the 15 wavelength-calibrated flood-lamp spectra, 25 isolated emission lines
across the observed spectral range were selected and their central wavelengths were de-
termined by fitting a single Gaussian. However, the measured central wavelengths of
emission lines in the uppermost calibration-fiber aperture significantly deviate from those
of the corresponding emission lines in the other apertures. Typically, spectral lines in this
aperture are significantly affected by the non-uniform focus of the spectrograph across
the detector which results in broader and flatter peaks of the lines in the upper part of the
frame2. After excluding the measurements from the uppermost calibration-fiber aper-
ture, we calculate the average wavelength of each of the emission lines in the calibrated
flood-lamp spectrum and find a standard deviation of less than 0.01Å. These errors in
the measured centroids will propagate in a systematic way, resulting in the same small
absolute error when calibrating the science spectra using the flood-lamp exposures as
reference. Consequently, we incur no relative error when dealing with differences be-

2 This is also the case for some of the science frames as discussed in Section 2.5.7.
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tween calibrated science spectra. This exercise provided a list of central wavelengths for
25 flood-lamp emission lines which we have used as the reference list when wavelength
calibrating the science frames.

Analysis of the flood-lamp spectrum

By comparing the wavelengths of emission lines in the ThAr-calibrated flood-lamp spec-
trum with literature values of other elements (e.g. in the online atomic-line database
provided by NIST3), we have found that many of the lines seem to come from Dyspro-
sium and possibly also from Thorium. Unfortunately, since the flood-lamp spectrum
contains so many lines, most of the lines are blended, and the measured centroids can
not be related unambiguously to the literature reference values. Instead we choose to
adopt the values found from our ThAr calibration, which should have errors smaller than
0.01Å.

2.4 Observational Strategy

Since we are observing stellar absorption lines from our galaxies at the highest spectral
resolution achievable with PPak, and at relatively low surface brightness levels at ∼3
disk scale lengths in the outer regions of the stellar disks, we need to pay particular
attention to the quality of the calibration of the science exposures while minimizing the
amount of calibration overhead during the precious allocated dark time. To some extent,
this notion has driven the design of the PPak IFU with its 15 calibration fibers while
the observing and calibration strategy described in this section has been devised to take
advantage of these calibration fibers.

Observations were carried out during eight observing runs between November 2004
and February 2008. Typically, each run comprised of 5 consecutive dark nights. The
overall success rate was ∼55%, mainly due to adverse weather at Calar Alto.

2.4.1 Calibration observations

At the beginning of each night, prior to the science observations, the telescope was parked
at a declination of δ = +10 degrees and east of the meridian at a hour angle of -2 hours.
This is the general direction in which most of the science observations have been taken.
The reason is that we want to minimize the differential flexure between the calibration
images and the science images. By parking the telescope and allowing for several minutes
to let the flexure in the spectrograph settle, we ensured that all the calibration spectra
taken at this position were recorded at the same location on the detector.

Calibration sequences consisted typically of a series of ten bias frames, followed by
observations of flood-lamp spectra, continuum dome flats and, after opening the dome,
twilight sky flats dominated by the solar spectrum, all taken in series of five exposures.
Occasionally, during weekend mornings, series of 3600 seconds dark frame exposures were
taken as well.

Exposure times for the flood-lamp spectra were typically 30 seconds. We avoided
spectral variability in the flood-lamp spectra due to temperature and pressure variations
in the lamps by allowing the flood-lamps to warm up during several minutes before
3 http://physics.nist.gov/PhysRefData/ASD/lines_form.html
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Figure 2.3: Illustration of unprocessed calibration exposures. Top Left: The structure in
a bias frame. Clearly, subtracting a single bias value from the science exposures would be
inappropriate. Top Right: Dome-flat spectra used to define the extraction apertures and
relative spectral response. The effect of vignetting is clearly visible. Bottom Left: Flood-
lamp spectra used for the wavelength calibration. The curvature of the imaged pseudo-slit is
clearly visible. Bottom Right: Sky-flat spectra used to correct for the relative fiber-to-fiber
throughputs. Note the spot with lower sensitivity seen in the dome-flat and sky-flat images at
(X, Y ) = (255, 820).

starting a sequence of exposures. While observing the flood-lamp spectra, the internal
ThAr lamp was simultaneously used to illuminate the calibration fibers. The emission
lines in the ThAr spectra created spots on the detector, which are used to correct for the
shifts between the calibration and science observations caused by flexure.

Exposure times for the continuum dome spectra were usually 120 seconds. The dome
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Figure 2.4: Examples of unprocessed PPak science exposures. Left: The result of drifting
a template star through the central row of 21 fibers while the 15 calibration fibers are illu-
minated with the internal ThAr lamp. Spectra of the template star are recorded all over the
detector. Right: A representative 3600 second exposure of the galaxy UGC 4368. Again, the
15 calibration fibers are illuminated with the internal ThAr lamp.

flats are used for flat-fielding and tracing the spectra in the science frames, as well as
the other calibration frames. While the dome was illuminated with a continuum lamp,
the calibration fibers were illuminated with an internal halogen lamp for the purpose of
being able to trace the ThAr spectra taken simultaneously with the science exposures.

The exposure times for the sky flats of course depended on the sky brightness, ranging
from 1 to 360 seconds. The sky flats are used for correcting the variations in the fiber-
to-fiber throughputs.

Each night was concluded with a calibration sequence similar to that in the evening,
but with exposure series taken in reverse order to take maximum advantage of the avail-
able on-sky observing time; 5 sky flats, 5 dome flats, 5 flood-lamp observations, and 10
bias frames. In the morning, the telescope was parked at the same location as for the
evening calibration sequence. Figure 2.3 provide examples of unprocessed bias, dome-flat,
sky-flat, and flood-lamp images.

2.4.2 Science observations

We intend to obtain galaxy absorption line spectroscopy at surface brightness levels that
are well below the surface brightness of the dark night sky while, at a spectral resolution
of R ≈ 8000, the S/N in the spectrum of the night sky is limited by the read-noise of the
detector. Therefore, we need to maximize the integration time for each science exposure.
In practice, we are limited by the density of cosmic ray hits in a single exposure. We
have chosen an integration time of 3600 seconds for each science exposure and collected
5 to 11 of such exposures per galaxy, depending on the surface brightness of the galaxy,
the transparency of the atmosphere and the darkness of the night sky. Figure 2.4 shows
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an example of a science exposure of a target galaxy.
Since the PMAS spectrograph is mounted at the Cassegrain focus of the 3.5m tele-

scope, its internal structure is subject to a changing gravity vector while the telescope
is moving during the night. This induces flexure between the various components of
the instrument due to a limited stiffness of the structure. Such flexure may result in a
deteriorating focus during the night, a changing location of the spectra on the detector,
and a smearing of the spectra on the detector during the 1-hour long exposure times.
As part of the pilot and feasibility study for the DMS with the PPak module, we per-
formed extensive flexure tests by pointing the telescope at different positions in hour
angle and declination, taking short arc-lamp exposures at each position to track shifts of
the emission line spots on the detector. The results are presented by Roth et al. (2005),
showing that the shifts are relatively small for negative hour angles, i.e. on rising objects
(see their Figure 21). However, since the shift of only one spot was considered, the test
did not characterize any changes in the plate scale and rotation of the spectra on the
detector. We measure and correct for all such flexure distortions in Section 2.5.5. To
minimize the detrimental effects of flexure during and in between our science exposures,
we decided to observe only rising targets east of the meridian.

Simultaneously with our science exposures, the 15 calibration fibers were illuminated
independently by the internal Thorium-Argon (ThAr) lamp. Typically, the shutter of the
internal lamp was opened 5×8 seconds, interspersed regularly throughout each hour-long
integration, producing emission line spots in all areas of the detector. This procedure
allowed us to trace any image shifts due to the flexure (Section 2.5.5), and to calculate
the effective resolution of every science exposure as a function of wavelength and aperture
number (Section 2.5.10).

A particularly salient feature of the PMAS spectrograph is its build-in guide CCD
and the possibility to save and reload the exact position of a guide star with an accuracy
of 0.2 arcseconds, the scale of a single pixel. This allowed for an accurate reproduction
of the PPak pointing for each galaxy. However, since several telescope maintenance
operations occurred over the course of our observing campaign, including a removal of
the PPak unit on 16 November 2006, and a dismount of the A&G camera on 24 April
2006, the relative offset between the guide-camera and the PPak IFU was not consistent
between runs before and after these dates. Thus, while our reacquisition strategy was
generally successful for a given run, shifts in the PPak pointing between two runs could
be larger than one fiber diameter. This has some consequences for our ability to co-
add observations of multiple exposures of a single galaxy taken over more than one run
(Section 2.5.9).

Finally, the operating system of the PMAS spectrograph allows for each exposure of
the guide star, typically 15− 120 seconds, to be archived. For each science exposure the
series of guide star exposures can be combined to yield an average guide star image from
which the effective seeing for that particular exposure can be determined. This measure
of the seeing will be used to correct the data for the effects of beam smearing caused by
the relatively large on-sky fiber diameter.

2.4.3 Observations of template stars

During nautical and astronomical twilight, when the sky was still too bright for observing
the much fainter galaxies, we have used PPak to observe the spectra of 69 stars with
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HD SpT log g [Fe/H] ref. Obs. Date S/N λ/∆λ HD SpT log g [Fe/H] ref. Obs. Date S/N λ/∆λ
(1) (2) (3) (4) (5) (6) (7) (8) (1) (2) (3) (4) (5) (6) (7) (8)

123299 A0 III 3.30 −0.56 a 2008-02-04 945 7293 63352 K0 III 2.20 −0.31 a 2004-11-19 632 7676
6695 A3 V 4.30 − g 2004-11-19 1091 7712 74442 K0 III 2.51 −0.06 a 2005-11-02 527 7857

159561 A5 III 3.96 +0.01 g 2008-02-04 1076 6905 85503 K0 III 2.33 +0.23 a 2005-11-06 1145 7647
13267 B5 Ia 2.44 − a 2004-11-19 760 7729 102224 K0 III 2.02 −0.46 a 2006-10-14 472 6589
27295 B9 IV 3.93 −0.74 a 2004-11-19 1129 7792 145328 K0 III 3.25 −0.20 b 2005-05-02 618 8180
57118 F0 Ia 1.7 − g 2004-11-19 612 7947 203344 K0 III-IV 2.62 −0.24 b 2004-11-13 441 8322
29375 F0 V 4.17 +0.13 g 2004-11-19 743 7920 7010 K0 IV 3.3 − g 2004-11-19 296 7988

115604 F3 III 3.4 +0.18 e 2004-11-19 1257 7891 16160 K1 III 1.88 −0.25 a 2004-11-19 1388 7352
31236 F3 IV 4.21 +0.13 g 2004-11-19 579 7825 23841 K1 III 1.30 −0.95 a 2004-11-19 620 7766
43318 F6 V 3.93 −0.15 a 2004-11-19 687 7791 162555 K1 III 2.72 −0.21 b 2007-01-15 1083 8180

136202 F8 III-IV 3.85 −0.08 a 2008-02-04 1112 6601 176411 K1 III 2.91 +0.00 b 2005-05-02 927 8200
22879 F9 V 4.29 −0.83 a 2004-11-19 632 7632 205512 K1 III 2.57 +0.03 a 2006-10-15 732 7476

101501 G0-8 Vv 4.60 −0.13 a 2004-11-19 1473 7745 51440 K2 III 2.28 −0.35 a 2004-11-19 993 7957
18391 G0 Ia 0.00 −0.28 a 2004-11-19 441 7975 72184 K2 III 2.61 +0.12 a 2005-11-06 871 7937
6903 G0 III 2.9 − g 2004-11-19 851 7612 162211 K2 III 2.45 +0.05 a 2006-08-24 829 7661

30455 G2 V 4.45 −0.36 g 2004-11-19 612 7848 163588 K2 III 2.61 −0.09 b 2007-01-15 839 7842
6474 G4 Ia 1.50 +0.25 a 2004-11-19 301 7807 83618 K3 III 1.74 −0.08 a 2005-11-06 1046 7400

82210 G4 III-IV 3.19 −0.28 a 2008-02-04 937 7155 94247 K3 III 2.24 −0.27 b 2004-11-19 1302 7881
157910 G5 III 1.83 −0.32 a 2007-01-15 1306 8081 97907 K3 III 2.07 −0.10 a 2004-11-13 870 7572
107950 G6 III 2.61 −0.16 b 2008-02-04 861 7124 102328 K3 III 2.09 +0.35 a 2005-05-03 1129 7647
175535 G7 IIIa 2.55 −0.09 a 2007-01-12 1173 8296 127665 K3 III 2.22 −0.17 b 2007-01-15 1114 8223
184492 G8-9 III 2.59 −0.10 b 2005-05-02 487 8179 143107 K3 III 2.34 −0.32 b 2005-05-02 1419 8216

6833 G8 III 1.25 −0.99 a 2004-11-19 602 7911 184406 K3 III 2.41 +0.01 a 2005-05-02 836 8295
38656 G8 III 2.52 −0.22 a 2006-10-14 727 7405 48433 K3 V 4.55 −0.07 d 2004-11-19 710 7261
57264 G8 III 2.72 −0.33 a 2008-02-04 836 7549 149161 K4 III 1.39 −0.17 a 2005-05-02 770 8211
65714 G8 III 1.50 +0.27 a 2004-11-19 975 7644 49161 K4 III 1.69 +0.08 a 2004-11-19 1148 7364

103736 G8 III 2.3 − g 2004-11-16 756 7660 148513 K4 IIIp 1.67 +0.11 a 2005-05-02 635 8352
141680 G8 III 3.02 −0.28 b 2005-05-02 789 8106 61603 K5 III 1.50 +0.24 a 2004-11-19 875 7523
133640 G8 IIIv? − − g 2007-01-14 661 7665 136028 K5 III 1.90 +0.19 g 2005-05-02 384 8154
73593 G8 IV 2.25 −0.12 a 2004-11-15 956 7733 146051 M0.5 III 1.40 +0.32 a 2008-02-04 1023 6475
82885 G8 IV-V 4.61 +0.00 a 2005-11-06 488 7711 137471 M1 III 1.10 +0.07 a 2008-01-31 853 7642
41636 G9 III 2.50 −0.20 a 2004-11-19 804 7903 167006 M3 III 0.70 +0.00 a 2008-02-04 648 7106

104985 G9 III 2.52 −0.26 c 2006-10-13 567 7153 123657 M4 III 0.85 +0.00 a 2008-02-04 739 7164
180711 G9 III 2.67 −0.12 a 2007-01-13 1235 8519 148783 M6 III 0.20 −0.01 f 2008-02-04 839 6940
19476 K0 III 3.08 +0.04 b 2006-10-13 940 7358

Table 2.2: Properties of the spectral template stars observed with PPak: (1) HD number; (2) spectral type; (3) surface gravitation;
(4) metallicity; (5) reference; (6) date of observation; (7) signal-to-noise ratio (S/N); (8) effective instrumental spectral resolution (λ/∆λ).
The template star used for the stellar-kinematic analysis in this paper (HD 162555) has been highlighted. The S/N and λ/∆λ are for
the final combined spectrum (see Section 2.5.9). The spectral type, surface gravity and metallicity have been taken from the following
references: (a) Cenarro et al. (2007); (b) McWilliam (1990); (c) Luck & Heiter (2007); (d) Soubiran et al. (2008); (e) Massarotti et al. (2008);
(f) Ramírez et al. (2000); (g) N. Cardiel (priv. comm.).
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a wide range in spectral type, luminosity class and metallicity. These stellar spectra,
obtained with the same instrumental setup as the science exposures, are used as spectral
templates in our cross-correlation approach for measuring the stellar kinematics of the
galaxies (Westfall et al. 2011a, hereafter DMS-III). A list of the observed template stars
can be found in Table 2.2. For the analysis in this paper, we have only used the single
stellar spectrum of the K1 III star HD162555 as a template (highlighted in Table 2.2).

In order to gain S/N and improve the efficiency of the template star observations,
we observed the stars by drifting them from east to west over the central row of fibers
of the IFU. The drift speed depended on the apparent magnitude of the star, resulting
in effective integration time per fiber that varied from 3 to 27 seconds. In this way, 21
fibers could be illuminated in a single drift scan, yielding at least 21 spectra that were
later combined into a single template spectrum with a very high S/N as tabulated in
Table 2.2. Figure 2.4 shows an example of a science exposure of a template star.

2.5 Data Reduction

The amount of data described in this paper is extensive and has been collected during
eight different observing runs over more than three years. Substantial effort has been
invested to ensure that the reduction and analysis of these data have been carried out
in a consistent and homogeneous manner. Due to the need for high-precision kinematic
measurements, we have also been careful to minimize the errors on the wavelength cali-
bration. Converting raw images to fully reduced spectra requires several steps, including
wavelength calibration, sky subtraction, and co-addition of individual science exposures.
What follows is a brief overview of the reduction procedure with each reduction step
described in detail in the following subsections.

The first basic reduction steps have been done in a standard way by subtracting
the bias and dark currents from all calibration and science images, and subsequently
dividing the resulting images by a flat-field image to correct for pixel-to-pixel sensitivity
variations.

The distortions due to differential flexure have been robustly determined, using the
ThAr spots in the calibration fibers as described in Section 2.5.5. Subsequently, the set
of high S/N calibration images has been reprojected to match the shift, rotation and
plate scale of each individual science exposure.

Using the hydra package in IRAF4, the galaxy spectra have been extracted using
the dome-flat spectra to define the extraction apertures, using the sky-flat spectra to
correct for fiber-to-fiber throughput variations, and using the calibrated spectra from the
flood-lamps to wavelength calibrate the science spectra. The quality of the wavelength
calibrations has been inspected extensively (Section 2.5.7).

Finally, we have subtracted the simultaneously recorded sky spectra (Section 2.5.8)
and combined the exposures for each galaxy (Section 2.5.9) using various programs from
the GIPSY software package (van der Hulst et al. 1992; Vogelaar & Terlouw 2001).

For subsequent analysis, it is important to determine the effective instrumental spec-
tral resolution in the extracted galaxy and template star spectra. The effective spectral
resolution can vary significantly between different apertures, at different wavelengths,
4 IRAF is distributed 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.
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and in different images. Therefore, we have measured the spectral resolution of each
science exposure by fitting Gaussian profiles to the Argon lines in the simultaneously
recorded and extracted ThAr spectra from the 15 calibration fibers. These measure-
ments are then interpolated in both the spatial and spectral directions for every aperture
and wavelength channel (Section 2.5.10).

Below follows a more detailed description of all the different reduction steps.

2.5.1 Bias subtraction

An overscan region is provided by the CCD controller but we have not applied an overscan
correction. The reason is that charge from the exposed part of the detector, especially in
the areas exposed to light from bright science fibers, often spills over into the overscan
region. Therefore, we simply subtracted a master-bias image constructed from at least
14 individual bias read-outs. As can be seen in Figure 2.3, there is significant spatial
structure in the bias with an increase in the bias-level of 7 ADU from the bottom to
the top of the bias frames. Depending on the temporal stability of the shape of the bias
pattern, master-bias images were constructed for each night, for a series of consecutive
nights, or for an entire observing run. Maximizing the number of individual bias read-outs
combined in the master-bias, minimizes the contribution of the master-bias correction to
the total error budget of the extracted science spectra when subtracting the master-bias
from the associated set of calibration and science frames.

2.5.2 Dark currents

During 12 nights on 6 different runs, series of up to 5 dark ’exposures’ of 3600 seconds
each were collected. After subtracting the associated master-bias images, the statistical
properties of the dark current, like its mean and rms noise, vary across the detector and
among dark images from different observing runs. To illustrate this, individual dark
images were subdivided into 20 bands, each 100 pixels wide in Y and 2000 pixels in X .
The mean and rms in each band were calculated using a 3σ clipping with 3 iterations to
remove the impacts from cosmic rays. The results for 13 individual dark images from all
12 nights are shown in Figure 2.5. The results from two dark exposures obtained in the
same night are presented, confirming the relatively high dark current measured in that
night.

Figure 2.5 shows that the dark currents were approximately constant with time during
our observing campaign but statistically significant variations are evident. The light grey
curves show the variations of the mean dark current in the cross-dispersion direction,
reaching a maximum near the center of the detector and falling off toward the edges.
The peak dark currents vary from 2.7 to 3.8 ADU per hour but this is not necessarily
due to variations in the dark current itself because the mean in the bias may change up
to ±0.5 ADU within a night.

As depicted in Figure 2.5 by the black curves, the trend of the measured rms (or
approximately the read-out noise) in the cross-dispersion direction is fairly consistent
for all frames, rising from ∼2.85 to ∼3.65 ADU (4.0 − 5.1 e−). This gradient is also
seen in the bias level and probably signifies an increasing gain during the read-out of the
detector.

We judge the statistical variations within and among the dark current images to be
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Figure 2.5: The read-out noise (black) and the dark current (grey) in several one-hour
exposures from different observing runs, calculated from bias-subtracted dark frames.

sufficiently small as not to subtract a noisy dark image from the science images but
simply subtract a representative dark current of 3.0 ADU/hour from all images.

2.5.3 Pixel-to-pixel map & Bad pixel correction

Because the location of the science spectra on the detector changes slightly during the
night and, for efficiency purposes, we did not obtain a full set of calibration frames for each
science exposure, it is necessary to correct each image for the pixel-to-pixel variations
of the sensitivity. For this purpose we created a normalized pixel-to-pixel sensitivity
map by first combining dome-flat frames from several different runs (both unfocused and
focused) to homogenize the illumination of the CCD frame. Subsequently, to each row
in this combined dome-flat image we fit a high-order (20) cubic-spline function in the
dispersion direction and divided each row by this smooth function to obtain a pixel-to-
pixel map normalized to unity (see Figure 2.6).

The smooth variations in this normalized map are typically much smaller than one
percent, with the exception of a few small areas with sensitivities that are a few percent
lower than the mean, and an elliptical “dark spot” of ∼ 100 × 50 pixels that have only
half the sensitivity compared to the rest of the frame (see Figure 2.6).

Defunct pixels and columns were identified in the master-bias frames from both
November 2004 and January 2007. The values of these bad pixels were replaced by
linear interpolation from their neighboring pixels.
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Figure 2.6: Image showing the relative pixel-to-pixel sensitivity. Pixels with a relative sensi-
tivity less than 99% of the mean sensitivity are black. The upper, middle and bottom part of the
image show horizontal bands of apparent noise. These are areas that were poorly illuminated in
the de-focussed dome-flat images. Science spectra were not recorded in these areas. Note that
the underlying support structure of the detector can be discerned.

2.5.4 Combining the calibration spectra

Dome-flat, sky-flat, and flood-lamp images were combined to increase their S/N and to
remove cosmic ray impacts, typically using 4 or 5 images for each series of calibration
exposures.

As mentioned earlier, flood-lamp spectra were taken after allowing ample time for the
temperature and pressure in the lamps to settle to ensure flux stability of the emission
lines. Combining spectra with strongly varying emission lines while using a rejection
scheme to remove cosmic ray impacts would have inadvertently modified the shape, and
thus the centroid, of the emission lines in the combined image.

To ensure that the flux of the emission lines and the location of the calibration spectra
on the detector were indeed stable, we checked the similarity of individual flood-lamp
spectra of a particular series by inspecting sets of difference images. If any of the images
were different from the majority, they were not included in the combined image. Often
the first image in a series was affected and rejected. The sky-flat and dome-flat images
were also carefully checked to ensure their statistical similarity and co-location of their
spectra before combining them.
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Figure 2.7: The central part of a raw image from a one-hour science exposure with inverted
color map. It illustrates how the emission lines in the ThAr spectra create spots all over the
detector. These spots are used to track the effective spectral resolution, as well as the flexure
in the Cassegrain-mounted spectrograph.

2.5.5 Flexure corrections

As discussed above, shifts in the location of the spectra on the detector due to flexure
in the PMAS spectrograph have been presented by Roth et al. (2005). However, we also
detect non-negligible scale and rotation effects that can vary between the calibration and
science frames, not previously investigated by Roth et al. (2005). Since the dome-flat
images are used to trace the spectra on the science frames, and the flood-lamp images
are used to wavelength calibrate the science spectra, it is important to establish a robust
method of measuring flexure in the spectrograph and correct for its effects on our data.

The shift, rotation and scale differences were found by using several strong ThAr
emission lines in the 15 calibration spectra that are simultaneously observed during the
science and flood-lamp observations. As can be seen in Figure 2.7, these emission lines
create spots distributed over the entire CCD frame; 60 of these spots have been used
to calculate the pixel-coordinate transformation matrix used to correct for flexure. By
fitting two-dimensional Gaussian profiles to these 60 spots, their positions in every flood-
lamp and science frame were measured to an accuracy of 0.05 pixels or better. Using
these 60 positions, the mean shift, rotation and scale differences between the flood-lamp
and science frames could then be calculated with very high accuracy.

In Figure 2.8, we present the distribution of the absolute shifts between the calibration
and associated science frames. We find that these shifts, due to the difference in telescope
pointing between these observations, are generally .1 pixel in both the X (spectral) and
Y (spatial) directions. Also, in Figure 2.9, we demonstrate the scale and rotation effects
between an example calibration frame and its associated science frame. Over all data,
we find that the scale differences are always less than 0.05% and less than 0.01% in more
than 50% of the images, resulting in shifts of, respectively, 0.5 and 0.1 pixels at the edge
of the detector.

After determining the coordinate transformation matrix, the calibration frames were
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Figure 2.8: Distributions of the absolute shifts (∆X, ∆Y ) between the ThAr spots in the
calibration frames taken at the beginning of the nights and the ThAr spots in the science frames
taken during the night. The shifts due to flexure can amount to several pixels.

shifted, scaled and rotated with respect to every science frame. By performing the
transformations on the calibration frames, the interpolation algorithms only affect the
high S/N frames, leaving the individual low S/N science frames unaltered.

We assess the accuracy of our flexure corrections by determining the positions of
the ThAr lines in the reprojected flood-lamp frames using the method described above.
The histogram in Figure 2.10 shows the distribution of the remaining differences in the
spectral direction between the centroids of the ThAr spots in the science frames and in
the reprojected flood-lamp frames. Comparing this distribution to those in Figure 2.8,
it is clear that the remaining deviations are much smaller than the original offsets and
generally negligible. For frames with large uncertainties in the reprojection matrix, how-
ever, additional checks were made before further processing of the reprojected calibration
frames. In particular, the precision of the wavelength calibration was assessed. Overall,
the uncertainty in the wavelength calibration caused by these shifts (ǫshift) is less than
0.04 and 0.16 pixels (0.5 km/s and 1.9 km/s at 5150 Å) for 90% and 100% of our data.

2.5.6 Generating error spectra

For our kinematic analysis, it is important to calculate the S/N in our science spectra.
Therefore, for each science image a corresponding error image has been created based
on the noise and distribution of flux in the raw science frames. These error images were
then processed in the same way as the science frames, such that flux errors are properly
propagated through our extraction and wavelength calibration procedures.

Our calculation of the error images follows the description in Westfall (2009). The
error in each pixel is calculated by adding (in a square-root sense) the Poison-noise and
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Figure 2.9: Shifts in the locations of 60 ThAr spots from a flood-lamp exposure and from one
of the science frames taken during the same night, illustrating a severe case of flexure. The shifts
are indicated by arrows, calculated after the mean shift (∆X = −0.205 pixels and ∆Y = −0.456

pixels) has been subtracted; the arrows have been magnified 1000 times for illustration purposes.
The change in scale is clearly visible.

the readout-noise in the science frame, plus the noise added by the bias-subtraction, i.e.

ǫ(e−) =
√

ηS + ǫ2RN + ǫ2b , (2.2)

where S is the signal in ADU, η is the gain factor (e−/ADU), ǫRN the read-out noise,
and ǫb the noise added from subtracting the master-bias images. We neglect the noise
that is added when dividing by the pixel-to-pixel sensitivity image (Figure 2.6).

2.5.7 Extraction and wavelength calibration of the science spec-
tra

We have extracted and wavelength calibrated the science spectra using the HYDRA

package in IRAF. The error images generated as described in Section 2.5.6 have been
processed in the same manner as the science images in order to properly calculate the flux
errors in our extracted science spectra. The following subsections provide more details
on the various steps of this procedure.

Choosing calibration frames

For most of the observing nights, flood-lamp and flat-field images were obtained during
both the evening and the morning. For such occurrences, we have processed our science
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Figure 2.10: The distribution of the uncertainties in the shifts ∆X in the spectral direction
between the science exposures and their associated flood-lamp exposures. Note that 0.1 pixels
≈ 0.02Å or ∼1.1 km/s at 5150 Å.

images using the set of calibration data that are the most complete (i.e., dome-flat, sky-
flat, and flood-lamp images are all available), have the smallest flexure correction, and
provide the most robust wavelength calibration.

Extraction of the spectra

The flexure-corrected dome-flat images were used to define the extraction apertures for
the science spectra and the other flexure-corrected calibration spectra. The dome-flat
spectra were traced along the spectral direction and the location of the center of the
spatial PSF as a function of wavelength was fit with a fifth-order cubic-spline function.
The width of the extraction apertures was set locally to the FWHM of the spatial PSF.
See Bershady et al. (2005) for a detailed discussing on the optimal extraction aperture
width. By limiting the apertures to this high fraction of the peak intensity, the cross-talk
from spatially adjacent apertures is less than 1%. The amount of cross-talk is determined
by considering the flux in the ’dark’ apertures that are adjacent to apertures that contain
the light from the bright spectra of the template stars. The dome-flat images were also
used to correct the spectra for the spectral vignetting by the spectrograph optics, evident
in Figure 2.3, while the extracted sky-flat spectra were used to determine the overall
fiber-to-fiber throughput variations.

Wavelength calibration

Wavelength solutions for the individual science spectra were found by fitting a first-order
cubic-spline function to the emission lines with calibrated wavelengths in the extracted
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Figure 2.11: Log-linear plot, illustrating the rms scatter in the wavelength calibration as a
function of aperture number, based on a cubic-spline fit to the spectral dispersion of the flood-
lamp spectra used to wavelength calibrate our science spectra. Every grey dot represent an
rms-value from one aperture in one image, and the black circles indicate the average rms scatter
in that aperture across all data. The line indicates 0.03Å≈ 0.15 pixels.

flood-lamp spectra (Section 2.3.3; see Figure 2.2). These wavelength solutions have been
used to calibrate and resample the extracted science spectra to both a linear and a log-
linear wavelength scale, where all spectra cover a wavelength range from 4980Å to 5369Å,
with the linear wavelength scale set to 0.19Å per pixel.

Due to a poorly focussed spectrograph on some nights (especially on 2 & 3 Novem-
ber 2005 and 14 & 15 October 2006), observed spectra near the top edge of the PPak
pseudo-slit had poor effective spectral resolutions. This hampered the wavelength calibra-
tion because the poor focus resulted in strongly platykurtic (sometimes doubly peaked)
emission lines, especially in the blue part of the spectrum for high aperture numbers.
Consequently, line centroids were very poorly defined. In such cases, we find a high rms
scatter in our wavelength calibration as illustrated in Figure 2.11. Some science spectra
with poor wavelength solutions were flagged and omitted when combining the galaxy
spectra at a later stage.

Being aware of possible adverse effects caused by the reprojection of the calibration
images, we have performed several inspections of the wavelength calibrated and resampled
flood-lamp and galaxy spectra in order to assess the quality of the wavelength calibration.
As a measure of the relative precision of the calibration, we have inspected the rms scatter
in the differences between the measured wavelengths of the 18-23 flood-lamp emission
lines after the wavelength calibration, and the tabulated wavelengths of these emission
lines as used in the calibration. All values of the rms scatter for all spectra have been
plotted as a function of aperture number in Figure 2.11, demonstrating that the typical
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Figure 2.12: Measured wavelength of the Ni sky-line at 5197.9Å as a function of fiber num-
ber. The thin, grey lines connect measurements from 10 spectra in individual science exposures.
Crosses show the averages of these measurements while the thick, black lines indicate the stan-
dard deviation from the mean. The dash-dotted line depicts the tabulated value of Ni in air, as
given by NIST.

rms scatter is ∼0.01Å or ∼5% of a spectral pixel. Usually, the rms scatter is well below
0.03Å or < 2km/s with only 1.2% of all calibrations being worse than this.

As a second test we inspected the accuracy of the zero-point of the calibrated wave-
length scale by trying to measure the wavelength of some of the sky-lines in the galaxy
spectra. This turned out to be rather difficult, however, because the galaxy spectra sim-
ply lack strong sky lines. We could only measure reliable line centroids for the Ni line at
5197.902Å, near the middle of the observed spectral range. We measured the centroid of
this Ni line only if the peak line intensity exceeded three times the continuum level, while
for each exposure we considered 10 galaxy spectra spread equally along the pseudo-slit.
This resulted in measured Ni line centroids for 39 science exposures from all but one
observing run. Figure 2.12 shows the result, where each grey line indicates the measured
wavelength (λNi) in individual galaxy spectra from a single exposure. Crosses show the
average wavelength for each of the 10 apertures and the solid black lines indicate the
standard deviation from the average. The horizontal dashed line indicates the tabulated
value of Ni (from NIST).

From this test we conclude that in the middle of the pseudo-slit, the spectra are
properly calibrated with only a minimal systematic shift (∼0.022Å or ∼0.12 of a spectral
pixel or ∼1.3 km/s) of the spectrum towards the red. Most likely, this small systematic
spectral shift was introduced with the wavelength calibration of the flood-lamp spec-
trum using the internal ThAr lamp of the PMAS spectrograph. Note that the observed
wavelength of an emission line may shift by 0.02Å if the ambient temperature of the air
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changes by 4 degrees. A change in air temperature and pressure during the calibration
of the flood-lamp spectra may have contributed to this small offset.

When considering lower and higher aperture numbers, the spread in the measured
wavelengths increases. In some cases the line centroids at lower aperture numbers are
shifted to the blue compared with the ones at higher aperture numbers. The larger
spread is probably due to the error in the measurement of the sky line centroid, which
increases towards the edges of the pseudo-slit due to the vignetting function lowering
the S/N in the sky line towards the edges of the pseudo-slit. The systematic tilt in
the measured centroids from the bottom to the top of the pseudo-slit might be due to
a minute systematic residual in the reprojection matrix. In any event, the scatter and
the trend is at the level of 1-2 km/s and will have no astrophysical implications when
analyzing the galaxy spectra.

2.5.8 Sky subtraction

To subtract the sky light from the wavelength calibrated science spectra, we used the
wavelength calibrated sky spectra from the 36 dedicated sky fibers. The dependence of
the effective spectral resolution with position along the pseudo-slit (see Section 2.5.10)
also affects the sky-subtraction. Since the sky-lines have different spectral widths de-
pending on the aperture number, a simple subtraction of the mean of the 36 sky spectra
is not a good solution. Instead, at every wavelength pixel, a second-order polynomial
was fitted in the spatial direction to the 36 sky spectra.

Cosmic ray impacts in the sky spectra have been rejected by iterative clipping. In
some cases one or more sky spectra were rejected entirely due to contamination by, e.g., a
nearby star. By interpolating to the location of the science apertures that lie in between
the sky apertures, the sky spectra could then be subtracted from every science spectrum.
Subtracting an interpolated sky spectrum adds noise to a spectrum of the galaxy. The
noise levels in the subtracted sky spectra are calculated from the rms in the fit, one value
per column, and added (in quadrature) to the extracted error spectra. This added noise
is typically 20% of the noise in the fainter galaxy spectra before the sky subtraction.

When observing the template stars, apertures illuminated by the star have, in general,
much higher signal than even the central fiber of the galaxy observations. This light also
affects nearby spectra on the detector, including the sky spectra, which results in a
subtraction of some source light when trying to subtract the sky spectrum. To eliminate
this effect, only sky spectra that are well-separated from the bright-star spectra on the
CCD frame have been used when subtracting the sky from the template star spectra,
regardless of their designation as sky spectra or science spectra.

2.5.9 Combining the galaxy spectra

As explained in Section 2.4, we expect some galaxies that have been observed during
several observing runs to have pointings that are not common to all exposures. In Table
2.3, we group science exposures that do have a common pointing and provide some
relevant information regarding the observations. In particular, Table 2.3 provides the
number of 3600-second exposures taken for each galaxy at a particular pointing. This
section details how we have combined these exposures, typically 3 − 8 per galaxy, to
increase S/N and eliminate the effects of cosmic ray impacts.
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UGC Run Nexp λ/∆λ Seeing (∆R.A. , ∆Dec.)
(1) (2) (3) (4) (5) (6)
448 Nov ’05 7 7711 2.1
463 Nov ’04 6 7557 1.7

1081 Aug ’06 5 7726 1.4
Oct ’06 2 7208 1.5 (+0.68, +0.50)

1087 Nov ’04 7 7560 0.9
1529 Oct ’06 6 7748 1.6
1635 Nov ’04 6 7515 2.1
1862 Nov ’05 3 7478 1.0

Oct ’06 8 8102 1.3 (+0.43, +0.30)
1908 Nov ’05 8 6856 2.1
3091 Nov ’05 5 7310 1.6
3140 Nov ’04 7 7465 2.1
3701 Nov ’04 7 7635 1.0

Jan ’07 5 8125 1.7 (−2.46, +0.82)
Jan ’08 2 7319 1.7 (−4.27,−2.81)
Jan ’08 3 7639 1.2 (−2.68, +0.13)

3997 Nov ’05 6 7399 1.2
Oct ’06 2 6847 2.1 (+3.00, +2.06)
Jan ’07 8 8182 1.5 (+0.71, +1.29)

4036 Nov ’04 6 7582 1.0
Jan ’08 2 7238 1.7 (+4.88, +1.75)

4107 Nov ’05 5 6449 1.2
4256 Oct ’06 6 8136 1.5
4368 Jan ’07 6 7949 1.3
4380 Nov ’04 5 7539 0.9
4458 Jan ’07 7 8021 1.2
4555 Oct ’06 7 7385 1.6

Jan ’08 5 7467 1.5 (+0.97,−2.99)
4622 Nov ’04 5 7435 2.0
6903 Jan ’08 1 7428 1.7
6918 Nov ’04 2 7676 0.8

Jan ’07 5 8325 0.9 (−3.10, +0.73)
7244 Jan ’07 5 7773 1.5
7917 Jan ’08 4 7243 1.3
8196 Jan ’07 8 7909 1.5
9177 Jan ’07 6 7926 1.2

Jan ’08 4 7249 1.5 (−0.82, +0.61)
9837 May’05 6 7447 1.6
9965 May’05 5 7869 1.0

11318 May’05 6 7634 1.2
12391 Oct ’06 6 7869 1.1

Table 2.3: Properties of the 41 combined galaxy exposures: (1) UGC number; (2) run when
the observations were taken; (3) number of exposures combined; (4) effective spectral resolution;
(5) effective seeing (arcsec); (6) pointing offset of combined image with respect to the first
combined image obtained (arcsec). Every single exposure was 3600 seconds, except the two
exposures of UGC 6918 from November 2004 which had 2100s each. UGC 3701 was observed
with different pointings during the two different nights in the January 2008 run and received a
total exposure time of 17 hours. The multiple combined images of 8 galaxies were eventually
merged as described in Section 2.5.9 and listed in Table 2.4.
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We mask cosmic ray impacts by identifying statistically aberrant pixels in each ex-
posure. We do this by subtracting the median of each group of exposures from each
exposure in the group. Subsequently, we run an iterative sigma clipping algorithm to
create a cosmic-ray mask for each exposure. This works satisfactorily despite the small
flexure shifts between the exposures within a group and the varying intensity of the sky
during a long series of exposures. For galaxies with only one or two exposures, cosmic
masks were created manually. The masks are used to eliminate cosmic ray impacts when
calculating the weighted average of the spectra. UGC 6903 is the only galaxy in our
sample with only one single exposure; the masked pixels in this case were replaced by a
linear interpolation in the spectral dimension using neighbouring, uncontaminated pixels.

Extracted spectra from individual exposures within a group have been combined on a
fiber-by-fiber basis. For the central fibers (fiber 148-183; all within 11′′ from the central
fiber 164) the spectra were weighted by the square of their mean S/N , times the mean
spectral resolution of the spectrum. That is, the weight (wi) of fiber i is

wi = (S/N)2i (λ/∆λ)i, (2.3)

where (λ/∆λ)i is the mean spectral resolution of the spectrum. For the fibers at larger
distances from the center, the noise is dominated by the read-out noise of the detector
and thus similar for all spectra with faint continuum levels. Nevertheless, a varying
transparency of the atmosphere motivates assigning different weights to the different
exposures. Therefore, we use the average S/N of all recorded spectra as relative weights
in Equation 2.3. Also, spectra with large errors on the wavelength calibration, i.e. a
large rms as shown in Figure 2.11, are completely masked in the weighted average. The
error in each weighted-average spectrum is calculated by propagating the errors on the
individual spectra.

Weighted-average spectra for galaxies with multiple exposure groups (8 of 30 galaxies;
see Table 2.3) could not simply be combined on a fiber-by-fiber basis because the pointing
differences would result in an unacceptable, effective, on-sky beam smearing. These
spectra were instead combined at a later stage, after the difference in the pointing had
been determined (see Section 2.5.9).

Possible wavelength shifts between different exposure sets for the same galaxy, e.g.
due to significantly different flexure corrections or wavelength calibrations, have been
estimated by considering spectral shifts of the Ni sky line (see Section 2.5.7). Only
negligible wavelength shifts were detected. Note that possibly larger wavelength shifts
may exist between the spectra from different apertures in the same exposure than between
spectra from the same aperture in different exposures. However, line broadening due
to slight wavelength shifts between each weighted-average spectrum from the different
exposure sets is always much smaller than the instrumental resolution, and therefore
ignored.

Merging galaxy spectra from different pointings

Eight of our galaxies were observed during different runs. As mentioned above, these
galaxies may have been observed with slightly different pointings. For these galaxies,
we first combined the spectra from exposures within an exposure set, determined the
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UGC Nexp λ/∆λ Seeing Nspec

(1) (2) (3) (4) (5)
1081 7 7590 1.4 331
1862 11 7807 1.2 331
3701 17 7762 1.4 373
3997 16 7928 1.4 357
4036 8 7517 1.1 372
4555 12 7431 1.5 352
6918 7 8267 0.9 352
9177 10 7719 1.3 331

Table 2.4: Properties of the merged science exposures for the 8 galaxies with multiple point-
ings: (1) UGC number; (2) number of exposures in the merged data; (3) effective spectral
resolution; (4) effective seeing (arcsec); (5) number of galaxy spectra after merging.

continuum levels in the combined spectra and reconstructed the continuum image as
described in Section 2.5.13. For each of the eight galaxies, this resulted in multiple
reconstructed continuum images, one for each exposure set. Subsequently, we determined
the pointing offsets between the 2−4 reconstructed continuum images within an exposure
set (Section 2.5.13) and these offsets are listed in Table 2.3.

With the pointing offsets known, we adopted the positions of the fibers in the first
pointing as a reference. For each fiber in the reference pointing we associated the most
nearby fiber from any other pointing under the condition that the center of the associated
fiber should be within 1.5 fiber radius from the center of the reference fiber. Fibers from
offset pointings that could not be associated with a reference fiber were promoted to
reference fiber in a next iteration. In this way, groupings of 2 − 4 associated fibers were
identified while some edge fibers remained individual and unassociated in cases where
the offsets exceeded 1.5 fiber radius or 2.0 arcseconds.

After identifying groups of associated fibers from the various pointings, the spectra
from associated fibers were merged in a weighted average as described in Section 2.5.9.
Note that depending on the magnitude of the pointing offsets, the final number of merged
spectra may exceed the number of fibers in the PPak IFU. Because consecutive observa-
tions of a galaxy may have been acquired after several months have passed, the combined
spectra were shifted to zero heliocentric velocity before merging in order to avoid broad-
ening of the spectral lines due to differences in apparent recession velocity. For each
merged spectrum from a group of associated fibers, a new effective fiber position was
calculated, as well as a new effective fiber diameter based on the joint footprint of the
associated fibers. Furthermore, for each merged spectrum we calculated the new effective
spectral resolution and the effective seeing. These attributes of the merged spectra can
be found in Table 2.4.

The combined and merged individual spectra are displayed in grey scales in the upper-
right panel of the accompanying Atlas. The central bright band is formed by spectra
from the fibers near the center of the IFU where the surface brightness of the galaxies
is highest. This bright band is straddled on both sides by the spectra from the faint
outer regions of the galaxies. Spectra towards the upper and lower edges of the slit
come from intermediate radial ranges. The [Oiii] emission lines are clearly visible, as
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well as many stellar absorption lines. With a favourable north-south orientation of the
kinematic major axis, the rotation of the stellar disk can be clearly discerned by an offset
in wavelength of the absorption lines. This effect is particularly visible for UGC 4036
and UGC 6918.

Combining the template star spectra

Template stars were observed by drifting them through the field-of-view of the PPak
IFU, illuminating many fibers over the course of an observation. In every exposure,
we identified the individual spectra with a S/N higher than 20 and a spectral resolution
better than 5500. Typically ∼ 21 spectra were combined with weights wi = (S/N)2i . This
resulted for each template star in a combined spectrum with a spectral resolution better
than 6500 (σinst ≈ 20 km/s) and a S/N larger than 300. The effective spectral resolution
in each combined spectrum is calculated using equation 2.4 (see Section 2.5.10). The
average S/N and effective spectral resolution of the combined spectrum of each star can
be found in Table 2.2.

2.5.10 The instrumental spectral resolution

For accurate measurements of the stellar velocity dispersion, it is imperative to under-
stand and determine the instrumental spectral resolution for all extracted spectra of both
the galaxies and the template stars. This has been achieved by taking advantage of the
emission lines in the 15 Thorium-Argon spectra from the calibration fibers that were
illuminated simultaneously with the science observations.

The ThAr spectra were extracted in an identical manner as the science spectra, using
the HYDRA package in IRAF. After extraction, the ThAr spectra were wavelength
calibrated using the identified argon lines in their spectra. Since dohydra had problems
finding the argon lines automatically in each of the 15 extracted spectra due to the strong
curvature of the imaged slit on the detector, we manually shifted the extracted spectra to
have the same wavelength at about the same pixel prior to the automatic identification
of the argon lines as part of the wavelength calibration procedure.

Given that the intrinsic width of the argon lines is much smaller than the instrumental
resolution (σAr ≈ 1km/s ≪ σinst), the spectral resolution can be measured as a function
of position on the detector by fitting Gaussian profiles to the argon lines. Using low-order
polynomials to interpolate these measurements in both the spectral and spatial directions,
we have created 2-dimensional maps of σinst, providing a measure of the instrumental
spectral resolution for every pixel of every extracted spectrum (see Figure 2.16).

We have also calculated the average spectral resolution for every spectrum of every
galaxy exposure. A histogram of the results is shown in Figure 2.13. The tail of low-
resolution values is primarily due to spectra obtained from high aperture numbers in
exposures taken during, e.g., 4 November 2005 and 14 October 2006 (see Figure 2.14);
however, 97% and 87% of all spectra have resolutions of λ/∆λ > 6000 (σinst ≈ 21 km/s)
λ/∆λ > 7000 (σinst ≈ 18 km/s), respectively. The average velocity resolution for all
spectra, σinst ≈ 16.6 ± 1.4 km/s, is slightly better than reported in DMS-II.

For each galaxy, the spectral resolution maps of the individual exposures were com-
bined according to
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Figure 2.13: The distribution of the average instrumental spectral resolution in all science
exposures. The average resolution is λ/∆λ = 7680 ± 640 (σinst ≈ 16.6 ± 1.4 km/s), which
is somewhat lower than the most common resolution λ/∆λ ≈ 7800 due to the tail in the
distribution towards low λ/∆λ.

σcomb =

√

∑

(wi · σ3
i )

∑

(wi · σi)
, (2.4)

where wi is the same weight as used in equation (2.3). Figure 2.16 shows the average
resolution in the combined images.

Figure 2.15 shows the range in σinst in all 41 combined galaxy exposures. The top
panel shows σinst in the 41 spectra from aperture 164 (the central IFU fiber) versus
wavelength while the middle panel shows σinst at λ=5170Å (the central wavelength)
versus aperture number. In both the top and middle panel, each grey line indicates σinst

in a single combined exposure, while the thick black line shows the average of these 41
measures. As can be seen in these panels, as well as in Figure 2.16, the resolution in the
center of the detector is typically 15 − 17 km/s, while it tends to be slightly worse in
the blue part of the spectrum and toward high aperture numbers. The average spectral
resolution in each of the 41 combined images is presented in Table 2.3.

The uncertainty in σinst is primarily due to the error in the Gaussian fits to the
argon lines. We estimate this uncertainty on the basis of the rms about the polynomial
fits to the measured values, yielding one error value per spectrum. Errors from single
exposures are typically around 0.3 km/s (0.4 − 1.0 km/s for the 30 highest aperture
numbers where poor focus is a particular problem during the nights mentioned earlier),
assuming random errors when fitting the σinst maps. The errors on the instrumental
resolution for the weighted-average spectra (δσcomb) are calculated by propagating the
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Figure 2.14: The average instrumental resolution in all individual spectra as a function of
aperture number. The two solid lines and three dashed lines are from two exposures taken on
4 November 2005 and three exposures taken on 14 October 2006 that have particularly poor
spectral resolutions at high aperture numbers.
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The errors in the combined spectra as a function of aperture number are shown in the
bottom panel of Figure 2.15.

2.5.11 Seeing

We have calculated the effective seeing for every science exposure using recorded images
of the guide stars obtained with the Acquisition and Guide camera used through the
course of our science observations. The guide-camera images have an exposure time
of 15 − 120 seconds and are 50 × 50 pixels, with a pixel size of 0.2 arcsec. Typically
> 100 images have been combined to provide an image of the effective on-sky point
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Figure 2.15: Instrumental dispersions of all 41 combined galaxy exposures at aperture 164
as a function of wavelength (top) and as a function of aperture number at λ=5170Å(middle).
The thin, grey lines show σinst for individual combined science exposures, while the thick, black
line indicates the average of all exposures. The bottom panel shows the estimated errors in
σinst for all combined science exposures as a function of aperture number. Again, the thin, grey
lines show the errors for individual combined exposures, while the thick, black line indicates the
average of all images.

spread function (PSF) during the course of a science exposure. Determination of the
effective PSF is particularly useful for our interpretation of and correction for on-sky
beam-smearing effects on our data.

These PSF images have been crudely but adequately “bias-subtracted” by subtracting
the average value of the upper six pixels in every column from all pixels in the same
column. This was done to correct for the “bias-pattern” seen in the images with up to
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Figure 2.16: The average instrumental spectral resolution (σinst) as a function of wavelength
and aperture number.

30 ADU differences between neighboring columns. This effect is especially important for
seeing measurements of faint guide stars, which could have a peak flux of less than 50
ADU above the average bias level. This crude reduction of the images worked well for
all seeing measurements.

The IRAF task psfmeasure was then used to measure the FWHM of the stellar PSF;
here, we define the effective seeing to be the FWHM of the Moffat profile fitted to the
average image of the guide star. Our seeing measurements range from 0.6–3.1 arcsec
with an average of 1.4 arcsec; Figure 2.17 shows all the measured seeing values.

The effective seeing in the combined science exposures was calculated in the same
way as the instrumental spectral resolution (see equation 2.4). Table 2.3 presents the
effective seeing for every galaxy.

2.5.12 PPak fiber-position table

We have produced a post-fabrication astrometric fiber-position table of the PPak IFU
such that we can produce on-sky maps of our flux and kinematic measurements. A high-
contrast direct image of PPak with the fibers back-illuminated was obtained during the
installation phase of the PPak module and converted into FITS format. The relative
positions of all 331 science fibers and 36 sky fibers were determined by using the pro-
gram SExtractor (Bertin & Arnouts 1996). The scale of the image (in pixels/arcsec) was
calculated from the values given in (Kelz et al. 2006). As can be seen in Figure 2.1, the
hexagonal grid of fibers is not perfectly regular. In particular there is some appreciable
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Figure 2.17: The effective seeing during the galaxy observations. The horizontal axis indicates
the different observing runs, while different symbols (slightly offset) correspond to different
nights. The dashed line indicates the average seeing.

curvature in the most northern fiber rows. The derived PPak fiber position table can be
found in Section 2.C.

2.5.13 Coordinate registration with reconstructed continuum maps

Given the known relative positions of the fibers in the focal plane, we have reconstructed a
continuum image for each galaxy. From every spectrum the continuum level is determined
by simply averaging the total flux after applying a 3σ rejection to exclude the [Oiii] and
sky emission lines. The continuum levels are then inserted into a blank image at the
locations of the corresponding fibers. Subsequently, the interstitial pixels are filled by
convolving the discrete continuum measurements with a Gaussian kernel with a FWHM
that is 1.5 times the fiber diameter. The resulting continuum images are provided in the
Atlas. Comparing the reconstructed continuum images with the direct images that are
also provided in the Atlas, it is clear that the morphologies can be reproduced in detail.

We used these continuum images as reconstructed from the PPak spectra to determine
the actual pointing of PPak on the sky. Effectively, we attach a World Coordinate System
(WCS) to the 2-dimensional PPak images by transferring the WCS from the second
Palomar Observatory Sky Survey (POSS-II) plates to the PPak images. Although an
extensive cross-correlation technique may be the preferred method, we applied a more
efficient and sufficiently adequate method by simply fitting a 2-dimensional Gaussian
(gaufit2d in GIPSY) to the central parts of the reconstructed (PPak) and direct (POSS-
II) continuum images5. In this way, we have registered a WCS to the PPak continuum

5 In the case of UGC 6918 the POSS-II image is saturated and we used the SDSS image instead.
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images with an estimated accuracy of better than 1 arcsec. From this registration we
have recovered the equatorial coordinates of the center of the central fiber of the PPak
IFU.

With a WCS attached to the 2-dimensional PPak images, we can identify the locations
of the morphological centers of the galaxies that we define to coincide with the peak flux
in the inner regions. For galaxies that have been imaged by the Sloan Digital Sky Survey6

(SDSS), we have adopted the coordinates as reported by NED. For galaxies without SDSS
imaging, the coordinates reported by NED are mostly derived from 2MASS. However,
we found from visual inspection that our own Gaussian fitting to the inner regions of
the galaxies provided a more reliable estimate for the coordinates of the morphological
centers. Therefore, we adopt the centroid of the Gaussian fitted to the blue POSS-II
images as the location of the morphological center for galaxies without SDSS imaging. It
should be noted that the agreement between our fitted centers and the SDSS coordinates
is very good, with an rms scatter in the differences of the position of 0.4 arcsec and a
worst case of 0.8 arcsec. The coordinates of the adopted morphological centers of the
galaxies can be found in Table 2.1.

2.5.14 [OIII] intensity maps

Although we have not applied an absolute flux calibration to the observed spectra, for
every galaxy we have measured the relative fluxes of the [Oiii] emission line in every spec-
trum by integrating over a 20Å window, centered on the redshifted [Oiii] line. For this
purpose, the spectral region was first continuum subtracted by calculating the average
in a 20Å window on both sides separately, then interpolating the continuum by fitting a
straight line from the central part of the blue continuum window to the central part of
the red continuum window. Figure 2.18 illustrates an example of the fitting region with
a fairly bright [Oiii] line and with the subtracted continuum indicated by a dashed line.

Two-dimensional maps of the relative [Oiii] intensities were made in the same way as
for the continuum images and these maps are also presented in the Atlas. The light emit-
ted by the [Oiii] gas is much more patchy than the stellar continuum light, characterized
by small regions of strong emission. In general, these regions seems to be aligned with
the spiral arms (e.g. UGC 7244 and UGC 9965) and likely coincide with star formation
complexes. A comparison with the Hα emissivity will be deferred to a forthcoming paper.

2.6 Kinematics of the Stars and Gas

With the properly reduced and calibrated spectra in hand, we can now derive from each
spectrum the line-of-sight recession velocities and velocity dispersions of both the stars
and the [Oiii] gas. These kinematic measurements provide 2-dimensional velocity fields
and velocity dispersion maps as presented in the accompanying Atlas. From this, we
determine the orientation parameters of the galaxy disks such as their dynamical centers,
heliocentric systemic velocities, position angles and inclinations. Eventually, this allows
for the derivation of the gas and stellar rotation curves, as well as the radial velocity
dispersion profiles of the galaxies. These kinematic data products provide the basis for
further astrophysical analysis of the dynamics of the stellar disks such as the derivation

6 http://www.sdss.org/
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Figure 2.18: Illustration of how the continuum baseline under an [Oiii] emission line was
determined. The spectral windows in which the continuum level was fit are free from strong
spectral lines.

of the asymmetric drift and the shape of the stellar velocity dispersion ellipsoid, and will
ultimately lead to the determination of the disk dynamical-mass surface densities.

2.6.1 Extracting stellar and gas kinematics

The stellar kinematics in our target galaxies were derived using the program DC3, de-
veloped and described in detail in DMS-III. It is based on a refined cross-correlation
technique, taking advantage of the Mg and Fe absorption lines in both the galaxy spec-
trum and the spectrum of a template star. This program provides us with a measurement
of the systemic velocity and the line-of-sight velocity dispersion of the ensemble of stars
within the footprint of each fiber, corrected to the heliocentric reference frame taking into
account the heliocentric radial velocity corrections appropriate for the date and time of
the observation.

Although we have observed many template stars covering a range in effective tem-
perature, log(g) and metallicity, the derived stellar kinematics presented in this paper
are based on the use of a single template star for all galaxies. In general, however, an
appropriate mix of stellar template spectra could and should be used. This exercise will
be deferred to a future paper. An analysis of the anticipated effects of template mismatch
is presented in DMS-II (Section 3.4) and concludes that the median random error on the
derived velocity dispersion due to template mismatch is of order 4%.

For this paper we have used HD162555, a K1−III template star with log(g)=2.49 and
[Fe/H]=−0.15, observed with the same observational setup as the galaxies. Famaey et al.
(2005) report a heliocentric velocity of −14.84±0.20 km/s for this star. By fitting Gaus-
sians to the centroids of three MgIb and three Fe absorption lines in the wavelength
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calibrated spectrum that we obtained for this star, we measure a less blue-shifted helio-
centric velocity of −13.09± 0.80 km/s. The difference of +1.75± 0.82 km/s is similar to
the measured redshift of the Ni sky line as discussed in Section 2.5.7. For the remainder
of this paper, we will ignore this small apparent systematic offset in velocity.

The kinematics of the ionized gas in our target galaxies is derived from the properties
of the [Oiii]λ5007Å emission line. We have been able to fit the centroid and width
of this emission line in 7,008 out of 10,743 galaxy spectra using software developed by
Andersen et al. (2006, 2008). We fit both a single and a double Gaussian profile to
each line over a 20Å window centered at the redshifted wavelength of the emission line.
Emission line profiles are considered more aptly fit by a double Gaussian function when
the reduced chi-square decreases by more than 10% compared to that found for the single
Gaussian function. In 1,499 spectra, 14% of the fits, a double-Gaussian fit to the [Oiii]
line was preferred. For each fitted line, the fitting procedure returns measures of the
velocity and dispersion, and their associated errors as determined by a formal covariance
matrix analysis. In case of a double-Gaussian fit, the centroid and width of the Gaussian
representing most of the flux was adopted as the representative recession velocity and
velocity dispersion of the ionized gas respectively. The radial velocities of the [Oiii] line
have also been corrected to the heliocentric reference frame.

For illustration purposes, the heliocentric gas and stellar recession velocities and ve-
locity dispersions as measured in each spectrum, are placed in a 2-dimensional map at
the locations of the centers of the corresponding fibers. Similar to the reconstructed
continuum images, the pixels in between the fiber locations have been filled by interpo-
lation with a Gaussian convolution function with a FWHM of 1.5 fiber diameter (see
Appendix A of Westfall et al. 2011b, hereafter DMS-IV, for details on the interpolation
scheme). This yielded the two-dimensional velocity fields and velocity dispersion maps
as presented in the accompanying Atlas. We stress that the analysis of the kinematic
data is not based on these interpolated maps but rather on the individual measurements
from each fiber combined with the location of that fiber in the plane of the sky. The
right-most panels of the Atlas show the S/N for each fiber footprint in which the stellar
or gas velocity dispersion could be measured.

2.6.2 Orientation of the galaxy disks

In order to derive the rotation curves and the radial velocity dispersion profiles of the
stellar and gaseous disks, it is necessary to determine the location of their dynamical
centers, systemic velocities and orientation parameters (position angle and inclination).
We measured these properties with a step-wise approach, assuming that the dynamical
center, systemic velocity and orientation of a rotating disk do not change with radius;
e.g. the gas and ensemble-averages of stars rotate on circular, concentric, co-planar orbits
around a common dynamical center.

To minimize the degrees of freedom when fitting the orientation of the rotating disks,
we parameterize the shape of the rotation curve with a hyperbolic-tangent (tanh) function
that mimics a monotonically rising rotation curve with a linear rise in the inner regions
and a smooth turn-over at a scale radius rs into a flat part with an asymptotic maximum
rotation speed Varot:

V (R) = Varot × tanh(R/rs), (2.7)
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and

tanh(R/rs) =
eR/rs − e−R/rs

eR/rs + e−R/rs
, (2.8)

At radius R=rs the rotation speed has reached V(rs)=0.76Varot. It should be noted, how-
ever, that this parameterization can not accommodate rotation curves that are declining
over a certain radial range (e.g. UGC 4458) or rotation curves that show significant
structure (e.g. UGC 4555).

Thus, the projected 2-dimensional velocity field of a rotating galaxy disk can be
described with seven parameters; (x0, y0, Vsys, φ0, i, Varot, rs). In principle, all seven
parameters can be fitted simultaneously to the full 2-dimensional velocity field using a
program developed by Andersen (2001) and Andersen & Bershady (2003). In practice,
there is significant covariance between i and Varot for galaxies seen nearly face-on while
the dynamical center (x0,y0) is poorly defined for a velocity field in which the solid-
body part of the rotation curve extends to a large radius (large rs) such that the inner
isovelocity contours are nearly parallel with little curvature. To ameliorate these issues,
we have adopted a few additional assumptions as motivated in the following subsections.

Dynamical center

We start by trying to determine the location of the dynamical centers of the galaxy disks
on the basis of the structure in both the gas and stellar velocity fields. For this pur-
pose, we model the velocity fields by fitting all seven parameters simultaneously. Figure
2.19 illustrates the relative offsets between the dynamical centers and the morphological
centers (see Section 2.5.13). In the left panel, the solid and open symbols refer to the
dynamical centers derived on the basis of the stellar and gas velocity fields respectively.
The errorbars reflect the uncertainty on the dynamical centers as reported by the fitting
routine. No significant systematic offset is detected between the dynamical and morpho-
logical centers, for either the stellar or the gas kinematics. The offsets can be largely
explained by the measurement uncertainties on the locations (x0, y0) of the dynamical
centers. The distribution of offsets is similar for the dynamical centers derived from the
stellar and the gas velocity fields although the largest outliers tend to come from the gas
kinematics. The right panel shows the differences between the dynamical centers from
the stellar and the gas kinematics. Again no systematic offset or trend is detected and
the width of the distribution is similar to that in the left panel.

Although most points in the left panel of Figure 2.19 lie within half a fiber diameter
from the adopted morphological centers, which we believe to be accurately determined
with an rms of 0.4 arcseconds, there are still many galaxies with significantly deviat-
ing dynamical centers. Given the scatter in the right panel, for subsequent fits of the
kinematic model we have chosen to force and fix the positions of the dynamical centers
to coincide with the positions of the morphological centers which are more accurately
determined for all galaxies. Obviously, the assumption is that the dynamical and mor-
phological centers are co-located astrophysically as well.
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Figure 2.19: Left: Offsets in arcseconds between the morphological centers of the galaxies as
determined from direct images, and the dynamical centers as determined from the 2-dimensional
velocity fields. Open and solid symbols correspond to the dynamical centers derived from the
[Oiii] and stellar velocity fields respectively. Right: Offsets between the dynamical centers as
derived from the [Oiii] and stellar velocity fields. There are no systematic trends and the scatter
is similar in both panels.

Position angle & systemic velocity

As the next step, we have determined the kinematic position angles (φ0) and systemic
velocities (Vsys). We fitted the kinematic model, with the tanh-parameterization of the
rotation curve, to the gas and stellar velocity fields separately, keeping the dynamical
centers fixed to the morphological centers. To improve the stability of the fits, we have
also fixed Varotsini, rs and i, even though the values of φ0 and Vsys are highly insensitive
to these parameters under the assumption of axisymmetry.

For each galaxy the projected asymptotic maximum rotation speed (Varot sin i) was
kept fixed to (VFmax−VFmin)/2, where VFmax is the highest observed recession velocity
after rejecting the 10% highest values, and VFmin is the lowest after rejecting the 10%
lowest values. These rejection percentiles were set after inspecting the projected position-
velocity diagrams in order to remove outliers.

The inclination of the galaxy disk (i) was kept fixed to the value that is suggested by
the Tully-Fisher relation, based on the projected maximum rotation speed (Varot sin i)
determined above. For this purpose, the total absolute K-band magnitudes of the target
galaxies (see Section 2.2.1) were inserted into the MK-Vflat relation for the Ursa Major
’F/D’ sample as derived by Verheĳen (2001) to yield the corresponding Vflat values that
we associate with Varot. See the next section for further details.

The scale radius of the parameterized rotation curve (rs) was kept fixed to 0.42hR,
where hR is the photometric scale length of the exponential light distribution (see Ta-
ble 2.1). The factor 0.42 follows from fitting a tanh function to the model rotation curve
of an exponential disk with scale length hR that was forced to remain flat beyond 2.15hR

where the model rotation curve of the exponential disk reaches its maximum.
When comparing the systemic velocities that resulted from these constrained fits, we

find a slight but significant difference between the gas and stellar data. The upper-left
panel of Figure 2.20 shows for each galaxy ∆Vsys = V oiii

sys −V star
sys versus the average value

of Vsys. The weighted mean in ∆Vsys is −2.06± 0.20 km/s, indicated by the dashed line,
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such that the systemic velocity of the ionized gas is slightly blue-shifted with respect to
that of the stars. This offset corresponds to 1/5th of a spectral pixel. In Sections 2.5.7 and
2.6.1 we found a small systematic offset in the wavelength calibration that is consistent
for both the template star and the Ni sky line. However, the insignificant difference of
∼0.5 km/s is too small to explain the observed offset in ∆Vsys. We suspect that this mild
blue-shift of the [Oiii] emission line relative to the stars might be caused by the expansion
of the ionized gas in star forming regions of which we see preferentially the near sides
due to extinction within these regions. This will be explored in future papers that focus
on the properties of the ISM and star formation activities in our sample galaxies. To
bring the systemic velocities of the stars and the gas on par, and to partly correct ad hoc
for the small systematic offset in the wavelength calibration, we subtract the observed
average systematic offset of 2.1 km/s from all Vsys measurements of the stars.

For the next step in fitting the kinematic model, we adopt for each galaxy the weighted
average of Vsys from the two kinematic tracers, after correcting the stellar data for the
offset. The adopted average values of Vsys can be found in Table 2.1.

The upper-right panel of Figure 2.20 presents the differences between the measured
kinematic position angles of the gas and stellar data sets (∆φ0 = φoiii

0 −φstar
0 ). Overall, the

position angles agree very well within the uncertainties, with a weighted mean difference
of +0.31 ± 0.33 degrees as indicated by the dashed line. For a few galaxies ∆φ0 is
significant and the result of asymmetries in the 2-dimensional velocity fields combined
with a patchy distribution of the [Oiii] emission. Typically the errors on φ0 from the
[Oiii] data are much larger than the errors on φ0 from the stellar data.

For the next step in fitting the kinematic model, we adopt the weighted average of
the gas and stellar φ0 as listed in Table 2.1.

Inclination

When fitting our model in order to derive the inclinations of the rotating disks, we kept
the center (x0, y0), systemic velocity Vsys and position angle φ0 fixed to the values deter-
mined above, while fitting i, Varot sin i and rs. The differences between the inclinations
derived from the stellar (istars) and gas (igas) velocity fields are illustrated in the middle-
left panel of Figure 2.20. The scatter around the line of equality is relatively large and
can be understood in terms of the measurement errors. There is, however, no signifi-
cant systematic offset between the inclinations derived from the two tracers. Due to the
nearly face-on orientation of the galaxies in our sample, deriving the inclinations by fit-
ting our kinematic tanh-model to the velocity fields results in large uncertainties on i. In
the middle-right panel of Figure 2.20 the weighted average inclination (iPPak) as derived
from the velocity fields is plotted against the inclination as suggested by the Tully-Fisher
relation (iTF) as mentioned in the previous section. There exists only a weak correlation.

Given the lack of correlation between istars and igas; the weak correlation between
iPPak and iTF; the fact that Varot sin i is, however, well-defined for the gas tracers [Oiii],
Hα and HI; the availability of well-measured MK values; and the appreciation that the
MK-Vflat Tully-Fisher relation has a small observed scatter, we decided to adopt iTF for
the further analysis of the PPak data in this paper.

Verheĳen (2001) determined the Tully-Fisher relation for a sample of 21 spiral galaxies
in Ursa Major, taking advantage of deep K-band photometric images and information on
the shapes of the HI rotation curves from 21cm aperture synthesis imaging. The latter
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UGC Vsys φ0 κK MK VTF
flat 〈Vcsini〉gasw iTF Vstars

arot rstars
s V

[OIII]
arot r

[OIII]
s

(km/s) (deg) (mag) (mag) (km/s) (km/s) (deg) (km/s) (arcsec) (km/s) (arcsec)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
448 4856.8 ± 0.5 306.1 ± 0.6 0.039 −24.01 ± 0.10 189 ± 11 83.3 ± 0.6 26.1 ± 1.6 79.0 ± 0.8 5.06 ± 0.45 82.1 ± 1.0 4.55 ± 0.62
463 4459.4 ± 0.6 68.5 ± 0.6 0.036 −24.56 ± 0.09 212 ± 12 106.2 ± 0.5 30.1 ± 1.9 99.7 ± 0.7 10.79 ± 0.33 107.5 ± 1.3 9.67 ± 0.53

1081 3135.2 ± 0.4 72.5 ± 0.6 0.025 −23.10 ± 0.14 157 ± 9 62.7 ± 1.4 23.5 ± 1.6 58.7 ± 1.0 13.74 ± 0.80 63.8 ± 1.9 15.59 ± 1.69
1087 4480.9 ± 0.6 84.8 ± 1.0 0.036 −23.25 ± 0.13 162 ± 10 59.6 ± 0.5 21.6 ± 1.4 50.4 ± 1.6 7.07 ± 0.80 58.6 ± 1.0 5.09 ± 0.95
1529 4648.5 ± 0.7 162.1 ± 0.9 0.038 −24.04 ± 0.11 190 ± 11 118.8 ± 0.5 38.6 ± 2.6 118.4 ± 1.1 7.91 ± 0.40 121.1 ± 1.6 7.01 ± 0.58
1635 3516.5 ± 0.5 145.0 ± 1.0 0.028 −22.99 ± 0.13 154 ± 9 53.4 ± 0.5 20.3 ± 1.3 50.5 ± 1.0 9.41 ± 0.71 53.7 ± 1.5 11.04 ± 1.30
1862 1388.1 ± 0.5 20.6 ± 1.4 0.011 −20.98 ± 0.27 102 ± 8 57.1 ± 2.0 34.1 ± 3.3 46.6 ± 1.6 17.95 ± 1.51 56.6 ± 3.2 18.89 ± 2.33
1908 8257.8 ± 0.8 192.9 ± 1.2 0.066 −25.25 ± 0.09 243 ± 14 92.9 ± 0.8 22.4 ± 1.3 82.2 ± 2.0 9.35 ± 0.82 96.1 ± 1.9 11.67 ± 0.99
3091 5558.5 ± 0.6 209.9 ± 1.2 0.045 −23.17 ± 0.18 159 ± 10 67.1 ± 0.6 24.9 ± 1.7 58.3 ± 1.4 4.60 ± 0.66 68.8 ± 0.8 7.03 ± 0.65
3140 4622.4 ± 0.4 352.5 ± 0.9 0.037 −24.59 ± 0.09 213 ± 12 52.1 ± 0.4 14.2 ± 0.8 54.1 ± 0.9 6.14 ± 0.66 55.4 ± 1.1 3.03 ± 0.87
3701 2925.4 ± 0.6 91.0 ± 1.2 0.024 −22.00 ± 0.22 126 ± 9 56.1 ± 0.7 26.6 ± 2.0 50.6 ± 3.3 19.82 ± 2.67 57.9 ± 1.7 17.45 ± 1.49
3997 5943.3 ± 0.7 32.5 ± 1.2 0.048 −23.11 ± 0.22 158 ± 11 68.2 ± 0.9 25.7 ± 1.9 63.8 ± 1.8 7.68 ± 0.87 71.0 ± 1.4 11.64 ± 1.02
4036 3466.2 ± 0.3 195.4 ± 0.8 0.028 −24.02 ± 0.10 189 ± 11 52.6 ± 0.5 16.1 ± 1.0 48.7 ± 0.7 12.90 ± 0.70 53.3 ± 1.6 13.59 ± 2.73
4107 3507.6 ± 0.4 290.1 ± 0.6 0.028 −23.43 ± 0.12 168 ± 10 67.7 ± 0.4 23.7 ± 1.5 63.8 ± 0.9 9.67 ± 0.58 68.4 ± 0.9 9.08 ± 0.62
4256 5248.2 ± 0.7 290.5 ± 1.0 0.042 −24.90 ± 0.08 227 ± 13 74.2 ± 1.1 19.1 ± 1.1 63.0 ± 1.4 9.27 ± 0.91 84.8 ± 2.8 17.94 ± 1.53
4368 3876.2 ± 0.6 128.1 ± 0.6 0.031 −23.36 ± 0.12 166 ± 10 116.1 ± 0.4 44.6 ± 3.3 113.1 ± 1.7 15.44 ± 0.68 117.0 ± 1.3 13.28 ± 0.72
4380 7481.3 ± 0.7 29.1 ± 1.8 0.060 −24.10 ± 0.13 193 ± 12 46.0 ± 0.5 13.8 ± 0.9 36.0 ± 2.0 4.89 ± 1.21 42.2 ± 1.5 4.04 ± 1.68
4458 4751.7 ± 1.1 289.7 ± 0.9 0.038 −25.37 ± 0.08 250 ± 14 140.1 ± 1.7 34.2 ± 2.2 117.9 ± 1.7 3.98 ± 0.68 138.0 ± 3.6 0
4555 4243.9 ± 0.5 92.9 ± 0.4 0.034 −23.91 ± 0.10 185 ± 11 115.9 ± 0.9 38.7 ± 2.6 109.9 ± 0.8 9.04 ± 0.40 114.5 ± 1.3 3.55 ± 0.84
4622 12831.9 ± 1.1 118.3 ± 1.4 0.102 −25.16 ± 0.12 239 ± 14 89.2 ± 0.7 21.9 ± 1.4 83.6 ± 3.5 5.68 ± 0.90 88.7 ± 1.2 6.77 ± 1.07
6903 1891.7 ± 1.2 143.0 ± 3.1 0.015 −22.67 ± 0.20 144 ± 10 76.6 ± 1.3 32.1 ± 2.5 62.1 ± 8.7 17.55 ± 4.62 87.7 ± 18.2 34.26 ± 11.57
6918 1112.2 ± 0.3 191.6 ± 0.5 0.009 −22.92 ± 0.23 152 ± 11 92.8 ± 0.4 37.7 ± 3.1 92.2 ± 0.3 10.01 ± 0.22 95.3 ± 0.8 8.87 ± 0.45
7244 4361.1 ± 0.5 149.8 ± 1.9 0.035 −22.32 ± 0.21 134 ± 9 38.2 ± 0.6 16.5 ± 1.2 25.8 ± 2.6 12.35 ± 2.87 37.4 ± 2.1 20.02 ± 2.40
7917 6998.1 ± 0.9 220.5 ± 0.8 0.056 −25.48 ± 0.06 255 ± 14 129.8 ± 0.9 30.6 ± 1.9 120.7 ± 1.8 11.89 ± 0.72 118.1 ± 7.1 10.40 ± 2.49
8196 8336.9 ± 0.9 90.5 ± 1.1 0.067 −25.50 ± 0.07 256 ± 14 69.0 ± 0.8 15.6 ± 0.9 60.6 ± 1.5 4.71 ± 0.92 60.8 ± 2.9 2.99 ± 1.27
9177 8866.6 ± 0.9 244.5 ± 0.7 0.071 −24.64 ± 0.13 215 ± 13 135.4 ± 0.8 39.0 ± 2.7 134.6 ± 1.9 7.17 ± 0.57 143.0 ± 1.3 9.17 ± 0.89
9837 2654.9 ± 0.5 310.9 ± 1.0 0.022 −22.76 ± 0.18 147 ± 9 75.4 ± 0.5 31.0 ± 2.2 70.1 ± 3.4 16.05 ± 1.67 75.0 ± 1.2 14.29 ± 0.77
9965 4527.1 ± 0.4 203.2 ± 1.5 0.037 −23.69 ± 0.11 177 ± 10 37.3 ± 0.6 12.1 ± 0.7 31.0 ± 1.2 7.32 ± 1.13 39.9 ± 0.9 9.33 ± 1.11

11318 5884.5 ± 0.4 348.7 ± 1.7 0.047 −24.77 ± 0.08 221 ± 12 21.9 ± 0.6 5.7 ± 0.4 20.9 ± 0.8 6.87 ± 1.48 25.8 ± 1.6 14.37 ± 2.52
12391 4880.5 ± 0.5 38.6 ± 0.9 0.039 −23.61 ± 0.12 175 ± 10 83.7 ± 0.7 28.7 ± 1.8 73.0 ± 1.6 11.20 ± 0.81 87.0 ± 2.2 16.55 ± 1.33

Table 2.5: Parameterization of the orientation and kinematics of the galaxy disks. Numbers in italics are used to calculate iTF. (1)
UGC number; (2) weighted-average heliocentric systemic velocity; (3) position angle of the receding side of the kinematic major axis; (4)
k-correction used to calculate MK following κK = (1+α)2.5Log(1+z) with α = 1.25 for the K-band according to Westfall (2009); (5) absolute,
total K-band magnitude based on Table 2.1 with Ag

K and κK applied; (6) amplitude of the flat part of the rotation curve as predicted by
the Tully-Fisher relation; (7) weighted-average projected rotation velocity derived from the Hα, [Oiii] and HI position-velocity diagrams; (8)
derived inclination based on the Tully-Fisher relation; (9) asymptotic maximum rotational velocity of the tanh-model fitted to the stellar
data; (10) scale-radius of the tanh-model fitted to the stellar data; (11) and (12) identical to (9) and (10) but then for the [Oiii] gas.
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Figure 2.20: Differences between the gas and stellar orientation parameters of the disks,
derived in three steps from fitting tanh-models to the data as described in the text. Upper

left: The differences in systemic velocity as derived from the [Oiii] and stellar kinematic data. A
significant systematic offset is detected. Upper right: The differences in the [Oiii] and stellar
kinematic position angles versus the weighted mean kinematic position angle of the [Oiii] and
stellar data. Middle left: Comparison of the inclinations derived from the stellar and [Oiii]
kinematic data. The scatter is significant but consistent with the individual measurement errors.
An obvious correlation is lacking, except for the points with the smallest measurement errors.
Middle right: Comparison of the weighted, mean inclinations from the kinematic data and
the inclination as inferred from the MK-Vflat Tully-Fisher relation. A weak correlation seems
to be present. Bottom left: Comparison of the fitted projected maximum rotational velocities
of the tanh model describing the rotation curves. The systematic offset is expected given the
significant asymmetric drift of the stars. Bottom right: Comparison of the fitted scale radii
rs of the modeled rotation curves. Asymmetric drift would result in a smaller scale radius for
the [Oiii] rotatation curve.
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allowed for an accurate measurement of the amplitude of the flat part of the extended
rotation curves. The total observed scatter in the MK-Vflat relation was 0.26 magnitudes.
The estimated depth of the Ursa Major sample contributes 0.17 magnitudes to this total
observed scatter while the remaining quadrature difference of 0.20 magnitudes can be
attributed to the measurement errors. Here we adopt the inverse Tully-Fisher relation

Vflat = 0.5 × 10(5.12−MK)/11.3 (2.9)

to predict Vflat based on MK. We determined the total apparent magnitude (mK) from
a reanalysis of the 2MASS images as described in Section 2.2.1, following the same
procedure as Verheĳen (2001). The absolute magnitude MK follows by applying the same
corrections for extinction and the distance modulus as listed in Table 2 of DMS-I. Errors
on Vflat include an adopted intrinsic scatter in the Tully-Fisher relation of 0.2 magnitudes,
the photometric error on mK, and a distance error proportional to the recession velocity
increased by 150 km/s to account for uncertainties in the peculiar motions of the galaxies.
The estimated values of Vflat and its error are listed in Table 2.5.

Predicted values of Vflat are subsequently equated to the actually observed values of
Varot sin i to yield the inclination i and its error. Note that we did not use Varot sin i
from the fitted kinematic model but instead assessed the directly measured, projected
recession velocities along the kinematic major axis. For this we used multiple gas tracers
to avoid the effects of asymmetric drift of the stars that would lower the effective Varot.
In addition to the [Oiii] data we have access to Hi and Hα data that will be published in
forthcoming papers (Chapter 4; Swaters et al. 2011, in preparation; Andersen et al. 2011,
in preparation). We inspected the position-velocity diagrams for all three gas tracers and
determined a weighted average value of the observed Varot sin i as listed in Table 2.5. The
resulting inclinations iTF can also be found in Table 2.5.

It should be noted, however, that the inclinations used in forthcoming papers of
the DMS series might change due to improvements to our modeling and fitting of the
2-dimensional velocity fields, improvements of the photometric measurements, and im-
provements in our statistical treatment of the joint probability distributions for the var-
ious inclination measurements (Andersen et al. 2011; in preparation).

2.6.3 Rotation curves and velocity dispersions

Now that the orientation parameters (x0, y0, φ0, i) and systemic velocities Vsys of the
galaxies are determined, we can derive the rotation curves and the radial line-of-sight
velocity dispersion profiles of the rotating disks. This was done for both the gas and
stellar kinematics.

Parameterized rotation curves

While keeping the derived orientations of the galaxies fixed, we fitted our kinematic model
to the gas and stellar velocity fields of each galaxy in order to derive the parameters rs

and Varot of the prescribed rotation curve model. The results are presented in the bottom
panels of Figure 2.20.

The bottom-left panel shows that, in general, the derived asymptotic rotation speed
Varot of the stars is always smaller than that of the ionized gas. This is in accordance
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with the expectation that the asymmetric drift of the stars is significantly larger than
that of the ionized gas.

The bottom-right panel shows a significant scatter between the scale radii rs of the
gas and stellar rotation curves. Contrary to expectations from asymmetric drift, we find
in general that the scale lengths of the gas rotation curves are larger than those of the
stellar rotation curves. However, we suspect that this is an artefact of the fitting routine
in combination with the fact that the inner rising part of the rotation curves being usually
less well-sampled by [Oiii] emission than by stellar light. Note that the point located
on the vertical axis comes from UGC 4458 which has a declining gas rotation curve.
Considering the formal errors from the fits, it is noteworthy that the measurements with
the smallest errors tend to indicate that rstar

s > rOIII
s as would be expected for asymmetric

drift. In general, the size of the errorbars increases as the ratio rOIII
s /rstar

s increases. This
is a strong indication for a measurement bias. Therefore, we assign little astrophysical
meaning to the distribution of points in the bottom-right panel.

The fitted kinematic model with the parameterized rotation curve shape forms the
basis for the 2-dimensional model velocity fields as presented in the Atlas. Rotation
velocities of the model are projected following the derived orientation of the disk and
placed at the location of the fibers for which these velocities could actually be measured.
Subsequently, the model velocity field is interpolated in the same manner as the observed
velocity field. Due to the patchiness of the observed velocity field and the finite size of
the Gaussian convolution kernel, asymmetries are introduced in the interpolated model
velocity fields despite the axisymmetry of the kinematic model. We have chosen this
approach in an attempt to reproduce irregularities in the observed velocity field that
may be introduced by these effects. The difference between the interpolated observed
and model velocity fields is shown in the Atlas as a 2-dimensional map of the residuals.
These residual maps help to identify large scale, non-circular or streaming motions in
the stellar and gas disks. Note the large axisymmetric residuals for the gas velocity field
of UGC 4458. This is a consequence of trying to model a declining rotation curve with
a parameterized model rotation curve that is monotonically rising. This shortcoming of
the model motivates a non-parametric modeling of the rotation curve as explained in the
next section.

Kinematics from constrained tilted-ring fits

As pointed out before, the parameterization of the rotation curves with a hyperbolic-
tangent function may help stabilize the fitting routines when determining the orientation
of the rotating disks, but the functional form is merely an approximation to the actual
shape of the rotation curve. Therefore, we have also derived non-parametric descrip-
tions of the rotation curves by fitting tilted-rings to the two-dimensional kinematic data.
The orientation of these rings is constrained to the orientation of the galaxy disks as
determined in the preceding sections, adopting the dynamical centers to coincide with
the morphological centers and adopting the inclinations based on the inverted MK-Vflat

Tully-Fisher relation.
The tilted rings are chosen to have radii of 5 to 35 arcseconds with a radial increment

of 5 arcseconds while each ring is 5 arcseconds wide. Thus, the innermost ring has a radial
extent of 2.5 − 7.5 arcseconds and the outermost ring 32.5 − 37.5 arcseconds. For each
galaxy, the seven rings or annuli are centered on the morphological center and projected
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on the sky according to the predefined kinematic position angle φ0 and inclination iTF.
For each projected annulus the set of fibers is identified that have the center of their
footprints within the area of that particular projected annulus. Subsequently, under
the assumption of circular rotation, a cosine function is fit to the observed recession
velocities as a function of the in-plane angle along the ring. The amplitude of the cosine
corresponds to Vrot sin i at the radius of the ring. In this way, non-parametric rotation
curves are measured for both the gas and the stars, with each rotation curve sampled at
seven radii.

Furthermore, the individual measurements of σLOS for all fibers in an annulus are
averaged in an error-weighted sense, excluding measurements with errors in excess of 8
km/s. This yields a single value of σLOS for each of the seven annuli while the effective
radius for each annulus is calculated as the error-weighted mean distance of each fiber
to the galaxy center. This was done for both the stellar and gas kinematic data.

The radial profiles of Vrot and the azimuthally averaged σLOS are presented in the
Atlas. The seven radial points per profile are projected onto Position-Velocity diagrams
of measurements for individual spectra, separate for each tracer. In the Atlas, the radial
profiles from both tracers are also overplotted on each other to facilitate a qualitative
comparison. The best-fit tanh parameterizations are indicated with solid and dashed
lines. In general, the non-parametric rotation curves from the tilted-ring fits agree rea-
sonably well with the fitted tanh model but there are notable exceptions such as for UGC
4458.

2.7 The Vertical Stellar Velocity Dispersion

The core data product that forms the crux of the DMS project consists of the radial
profiles of the stellar velocity dispersion. Under the assumptions that the stars dominate
the dynamical mass surface density of the disk, that both the scale height and the mass-
to-light ratio of the stellar population are constant with radius, and that the radial
light profile shows an exponential decline with a radial scale length hR, it is expected
that the radial stellar velocity dispersion profile also shows an exponentially declining
behaviour with a scale length hσ that is twice the scale length of the light profile (e.g.
van der Kruit & Searle 1981). This notion motivates us to fit an exponential function to
the radial stellar velocity dispersion profiles

σ(R) = σ0 e−(R/hσ). (2.10)

For every galaxy this exponential function was fit in an error-weighted sense to the radial
distribution of the individual σLOS measurements, excluding data points with errors on
σLOS exceeding 8 km/s, and data points coming from the inner radii where the bulge
contributes more than 10% to the total light in a spectrum, based on the K-band surface
brightness profile. UGC 7917 is an exception for which we excluded the inner regions
that seem to be affected by a significant bar. This fitting provided for each galaxy the
stellar, line-of-sight, central velocity dispersion of the disk (σLOS,0), as well as the scale
length of the exponential decline (hσ,LOS). These two fitted parameters were used to scale
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the error-weighted, azimuthally averaged, stellar line-of-sight velocity dispersion (σLOS)
measurements in the seven radial bins, both in amplitude and in radius. These scaled
radial profiles of σLOS(R) of all galaxies are collected in the upper panel of Figure 2.21,
showing σLOS/σLOS,0 versus 2R/hσ,LOS for each annulus of every galaxy. Azimuthally
averaged σLOS measurements that are affected by bulge light are indicated by open sym-
bols without errorbars, and the solid line corresponds to the fitted exponential function.
Excluding the open symbols in the inner regions, the error-weighted scatter around the
exponential fit is only 3.0%.

Several previous studies have reported dips in the observed central velocity dispersion
of the stars for some galaxies (Bottema 1993; Emsellem et al. 2001; Márquez et al. 2003;
Shapiro et al. 2003; Ganda et al. 2006) and it has been argued that this dip is caused
by a small, kinematically cold, central and young stellar disk of high surface brightness
that may out-shine a kinematically hotter component like a bulge. Indeed, some of these
studies focussed on barred galaxies, Seyfert galaxies or galaxies with a significant bulge
component. For edge-on galaxies, it was illustrated by Kregel & van der Kruit (2005)
that the stellar line-of-sight velocity dispersion drops naturally towards the center as a
result of the sampling of the stellar kinematics along the sightline. The galaxies in our
PPak sample are all close to face-on and with a couple of exceptions, they were selected
not to display prominent bars, bulges or nuclear activities and, therefore, it may not be
surprising that central dips in the stellar velocity dispersions are not observed in our
galaxies.

2.7.1 Deriving σz from σLOS

In the previous section, we have considered the radial behaviour of the line-of-sight ve-
locity dispersion σLOS. To infer the dynamical surface mass densities of the galaxy disks,
however, the relevant dynamical measurement is not σLOS but the vertical component σz

of the stellar velocity dispersion ellipsoid (SVE). Therefore, each individual measurement
of σLOS has been deprojected to σz following DMS-II (Eq. 4)

σ2
z =

σ2
LOS

cos2 i

[

1 +
tan2 i

α2

(

sin2 θ + β2 cos2 θ

) ]−1

, (2.11)

where α = σz/σR and β = σθ/σR describe the triaxial shape of the SVE, i is the
inclination of the disk and θ is the azimuthal angle in the plane of the disk. In principle,
α and β can be derived from the gas and stellar kinematic data presented here, assuming
that the epicycle approximation and the asymmetric drift equations hold (DMS-IV).
This analysis has not been carried out yet for the current sample of galaxies and we
follow DMS-II in adopting α = 0.6 ± 0.15 and β = 0.7 ± 0.04 for all galaxies.

The conversion of σLOS to σz is applied to every individual σLOS measurement. No
beam-smearing corrections have been applied at this stage as they would only marginally
affect the innermost points. Subsequently, for every galaxy the exponential decline in σz

is fit in an error-weighted sense, yielding hσ,z and σz,0, while error-weighted azimuthal
averages in seven tilted-rings are calculated in the same manner as for σLOS. The results
for the azimuthally averaged, radial profiles of σz are shown in the bottom panel of Figure
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Figure 2.21: The radial velocity dispersion profiles for all galaxies, azimuthally weighted-
averaged in seven radial bins for each individual galaxy. The dispersion profiles are normalized to
the central velocity dispersion and scaled in radius by the scale length of the exponential decline
as derived by fitting an exponential function to the velocity dispersion profile of individual
galaxies. The radial profiles follow an exponential decline very well, except at larger radii where
some flattening is observed for several galaxies. Radii at which the bulge contributes a significant
amount of light, as well as all data points from UGC 4458 and UGC 8196, are marked with
smaller symbols without errorbars and have been excluded from the calculation of the scatter.
Also note that the exponential profile as indicated with a thick grey line has not been fitted
to the data points shown in this figure, but to the individual measurements for every galaxy
separately (see figures in the accompanying Atlas). Top: The measured line-of-sight stellar
velocity dispersion σLOS. Bottom : The vertical stellar velocity dispersion σz. The dashed
lines indicate the range above which the points were selected for Figure 2.22. Note that the
scatter decreases when considering σz instead of σLOS.
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Figure 2.22: The line-of-sight velocity dispersion σLOS of the data points with a vertical
stellar velocity dispersion σz that exceeds the exponential decline in the outer regions of the
stellar disks (see bottom panel of Figure 2.21). The grey band indicates the instrumental velocity
dispersion.

2.21. Qualitatively we see the same behaviour but the weighted rms scatter is reduced
slightly to 2.4%, indicating the merit of considering the SVE shape.

It is noteworthy that in several galaxies σz decreases more slowly than exponential
beyond a radius of R≈1.5hσ,z as the points scatter upward from the solid line. Usually
these points are measured at lower surface brightness levels and the larger errors on σLOS

down-weigh these points in the exponential fit. One could ask the question whether this
kinematic flaring is astrophysical in its origin or an observational consequence of the
limited spectral resolution of the spectrograph. To investigate this, we have isolated all
points that lie above the upper dashed line in the bottom panel of Figure 2.21 and plot
in Figure 2.22 the absolute values of their σLOS measurements against radius. The hori-
zontal grey band indicates the range of the instrumental velocity dispersions that apply
to our PPak observations. Clearly, many of the measured σLOS values are significantly
larger than the instrumental dispersion and this gives confidence that the observed flar-
ing is real. The astrophysical interpretation of this kinematic flaring is briefly discussed
below and will be explored further in a forthcoming paper.

2.7.2 Photometric and dispersion scale lengths

When fitting the exponential decline of σz with radius as described above, we have left
the scale length hσ,z of this decline as a free parameter; however, there is an astrophysi-
cally expected link to the photometric scale length. For an isolated stellar disk in local
isothermal equilibrium, the vertical velocity dispersion of an ensemble of stars is propor-
tional to the square root of the local, dynamical mass surface density Σdyn or surface
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Figure 2.23: The ratio of the scale length hσ,z of the exponential decline in σz and twice
the photometric scale length hR as a function of several global properties of the galaxies. This
ratio is expected to be 1 (log(hσ,z/2hR)=0) for an isolated exponential stellar disk in isothermal
equilibrium. In general, the points converge to the expected ratio for massive disks with a high
central surface brightness in luminous galaxies with a noticeable bulge component. The only
significant trend is found with the scale length of the stellar disk.

brightness µ if the dynamical mass-to-light ratio of the stellar disk remains constant with
radius (van der Kruit 1988): σz(R) ∝

√

Σdyn(R) ∝
√

(Mdyn/L) µ(R). Consequently, it
is expected that the dispersion scale length hσ,z is twice the photometric scale length hR

of the radial luminosity profile: hσ,z ≡ 2hR.
To investigate whether the galaxies in our sample adhere to this notion, we plot the
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ratio hσ,z/2hR versus various galaxy properties in Figure 2.23. As can be seen from the
scatter, this ratio varies up to a factor of 2.5 in both directions: In some galaxies hσ,z =
2.5 × 2hR while in other galaxies 2hR = 2.5 × hσ,z. The weighted-average logarithmic
ratio is +0.061 with a scatter of 0.094 dex, indicating there is no significant systematic
deviation from our expectation. It should also be noted that situations in which hσ,z >
2hR do not correspond to the kinematic flaring mentioned before. It does mean, however,
that the exponential decline in σz is slower than expected on the basis of the photometric
scale length, but it may still follow an exponential behaviour. Astrophysically, it may
imply that the dynamical mass-to-light ratio increases with radius, the scale height of
the disk increases with radius, or the vertical distribution of mass in the disk becomes
less concentrated toward the mid-plane.

The upper panels of Figure 2.23 show the scale length ratio versus the kinematic prop-
erties of the disk, namely the central velocity dispersion σz,R=0, as well as σz,R=0/Vmax as
a measure of the maximality of the disk (see Section 2.7.3 and Chapter 3). The observed
scatter is larger than could have been expected given the formal fitting errors on hσ,z

and hR. There are no clear trends although the scatter in the scale length ratio seems to
become smaller for disks with higher central velocity dispersions. In the middle panels,
the scale-length ratio is plotted against the photometric properties of the disk, namely
the face-on central surface brightness in the K-band µi

0(K) and the photometric disk
scale length hR. Again, the scatter seems to decrease towards disks with a high central
surface brightness. A significant trend seems to exist with the photometric disk scale
length expressed in kilo-parsecs. In small disks, the vertical stellar velocity dispersion
seems to decline more slowly with radius than expected on the basis of the light distri-
bution. On the contrary, the outskirts of relatively large disks seem to be kinematically
colder than expected on the basis of the light distribution. In the bottom panels, the
scale length ratio is plotted against the total absolute K-band magnitude as a proxy for
total mass, or Vmax through the Tully-Fisher relation, and against the bulge-disk ratio
as derived from the decomposition of the 1-dimensional 2MASS luminosity profile. A
weak trend may exist with the absolute K-band magnitude in the sense that the faintest
galaxies have the largest hσ,z/2hR ratios. The bulge-disk ratio does not seem to be of
influence on the dispersion-to-photometric scale length ratio.

In conclusion, our theoretical expectation that hσ,z = 2hR seems to hold best for
stellar disks with a high central velocity dispersion, high central surface brightness, in
the brightest galaxies with a significant bulge component. The galaxy with the lowest
scale length ratio Log(hσ,z/2hR)= −0.4 is UGC 4458 for which hσ,z and σz,0 are poorly
defined due to its large bulge.

2.7.3 σz,0 versus Vmax

One of the key science objectives of the DMS is to break the disk-halo degeneracy when
decomposing the rotation curves of galaxies into contributions from the various dynamical
constituents such as the stellar disk and the dark-matter halo. With our measurements of
σz,0 of the stellar disk and Vmax of the gas ([Oiii]) disk, and by making a few reasonable
assumptions, we can take a first step toward doing so without engaging yet in the full
rotation curve decomposition process.

For this purpose we can consider how much the disk contributes to the rotational
velocity of a galaxy. For a radially exponential disk in isothermal equilibrium with
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Figure 2.24: The relation between the central stellar velocity dispersion and the maximum
rotational velocity of the stellar disks. Left: The line-of-sight velocity dispersion. Right: The
vertical stellar velocity dispersion. Note that the correlation becomes tighter when considering σz

instead of σLOS, indicating the relevance and merit of considering the stellar velocity dispersion
ellipsoid. The black solid line in each panel indicates the error-weighted fit and the black dashed
lines, the error-weighted 1-sigma rms scatter. The grey lines indicate the corresponding results
from the study by Bottema (1993).

a certain oblateness (q), vertical density distribution (k) and central vertical velocity
dispersion of the stars (σz,0), its dynamical mass can be calculated analytically. From this
follows the gravitational potential which governs the corresponding maximum rotational
velocity Vdisk

max = f(q, k) σz,0 that occurs at a radius near 2.1 disk scale lengths. Fitting the
kinematic tanh-model to the observed kinematics of the [Oiii] gas provides the maximum
rotational velocity Vmax of the galaxy. From this, the maximality of the disk can be
defined as the fractional contribution of the disk to the total rotational velocity of the
galaxy at the radius where the rotation curve of the disk peaks; F disk

max ≡ V disk
max /Vmax.

Investigation of F disk
max on the basis of the data presented here has been carried out in

Chapter 3 which also provide the functional form of f(q, k). Consequently, we limit
ourselves here to investigating the relation between the observables σz,0 and VOIII

max .
Figure 2.24 illustrates the relation between the central velocity dispersion of the stars

and the maximum rotational velocity of the [Oiii] gas. In the left panel, the central
line-of-sight velocity dispersion of the stars is used while in the right panel the vertical
velocity dispersion is plotted. The purpose of this figure is to demonstrate, again, the
merit of considering the shape of the stellar velocity dispersion ellipsoid, which we assume
to be identical for all galaxies, even though the galaxies in our sample are nearly face-on.
Not only does the slope become shallower as expected, the fractional weighted scatter
in the correlation also decreases. The resulting slope indicates that the stellar disks are
significantly submaximal as discussed in Chapter 3.

Figure 2.25 shows the ratio σz,0/VOIII
max = F disk

max / f(q, k) versus various global prop-
erties of the galaxies. Some weak trends with the face-on central disk surface brightness
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Figure 2.25: The ratio of the central, vertical, stellar velocity dispersion of the disk over the
maximum rotational velocity of the gas disk versus various global properties of the galaxies.

µi
0(K), the absolute K-band magnitude MK , the B − K color, and the morphological

type can be discerned. In each panel these trends may be weak but they are all consistent
in terms of galaxy properties along the Hubble sequence: Later-type, fainter and bluer
galaxies of lower surface brightness seem to have kinematically colder disks relative to
their rotational velocity. It should be noted that these global properties along the Hubble
sequence also correlate along the Tully-Fisher relation: Brighter galaxies have a larger
VOIII

max . Therefore, if there would be a significant covariance between MK and σz,0/VOIII
max ,

this would invoke trends opposite to what is observed in Figure 2.25.

Further astrophysically meaningful interpretations of these possible trends are de-
ferred to forthcoming papers as they require a careful assessment of additional ancillary
data such as the deeper photometric imaging data and structural analysis of the galaxies,
as well as the assumptions such as the validity of using the same spectroscopic template
star and adopting the same shape of the stellar velocity dispersion ellipsoid for all galax-
ies.
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2.8 Summary and Conclusions

We have presented gas and stellar kinematic data for 30 nearly face-on spiral galaxies from
an extensive observing campaign with PPak, a custom-built fiber-based Integral Field
Unit module for the Cassegrain-mounted PMAS spectrograph on the 3.5m telescope at
Calar Alto. To be able to measure the velocity dispersions of the stars in the outer
low surface brightness (µ(B) ≈ 25 mag/arcsec2) regions of the disks of spiral galaxies,
observations with multiple hour-long exposures per galaxy were carried out at the highest
spectral resolution (R≈8000) achievable with PMAS, covering a wavelength range of
4980−5369Å. During dusk and dawn, a total of 69 bright spectral template stars were
observed with the same spectrograph setting. The design of PPak in combination with
the chosen observing strategy allowed for zero calibration overheads during the precious
dark nights.

Extraordinary measures in the data reduction process were required to overcome the
adverse effects of flexure and optical aberrations in the instrument in order to ensure the
highest possible quality of the final data products. A detailed description of the various
calibration and data reduction steps is provided, including spectral calibration of the
external flood-lamps; correction for shifts and a changing plate scale on the detector due
to flexure; pixel-to-pixel and fiber-to-fiber flat-fielding; sky subtraction by interpolation
along the slit to account for optical aberrations in the spectrograph; and mapping the
spectral resolution that changes significantly across the detector. Wavelength calibration
of the extracted galaxy spectra using ∼20 emission lines in the flood-lamp spectra resulted
in a typical rms scatter of 0.01Å (∼0.6 km/s) around the fitted dispersion function
and a systematic offset of the zero point of 0.022Å (∼1.3 km/s). After extraction and
wavelength calibration, spectra from the same fiber but from different exposures were
combined, weighted by S/N and effective spectral resolution.

The kinematics of the ionized gas were obtained by fitting Gaussians to the emission
line of [Oiii]λ5007Å, provided the line was sufficiently bright, yielding recession velocities
and velocity dispersions of the [Oiii] gas at each fiber position. The stellar kinematics
were measured with an enhanced cross-correlation technique (DC3; DMS-III) using the
same K1-III template star as a reference for all galaxies, yielding recession velocities and
velocity dispersions of the stars at each fiber position. For illustration purposes, two-
dimensional maps of the stellar continuum and [Oiii] line intensity were reconstructed
for each galaxy, as well as the velocity fields and velocity dispersion maps for both the
stars and the [Oiii] gas. The reconstructed continuum images were used to register a
coordinate system to the PPak fiber positions.

The measured recession velocities of the gas and stars in combination with the fiber
positions were used to derive the orientation of the galaxy disks. Dynamical centers were
assumed to coincide with the morphological centers and an axisymmetric kinematic model
with a hyperbolic-tangent prescription for the shape of the rotation curve was fitted to the
velocity fields. A systematic weighted-average blueshift in the global recession velocities
of the [Oiii] gas with respect to the stars of −2.1 km/s was detected and preliminarily
ascribed to the expansion of star forming regions where the [Oiii] emission originates. No
systematic offset is detected between the kinematic position angles of the rotating gas
and stellar disks. The Tully-Fisher relation (Verheĳen 2001) was invoked to determine
the inclination of the galaxy disks. Given the dynamical centers, systemic velocities and
orientations of the galaxy disks, the radial dependence of the rotational velocity and
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velocity dispersion of the gas and stars was determined.
The asymptotic maximum velocities of the fitted parameterized rotations curves of

the gas and stars clearly indicate the presence of asymmetric drift in the stellar disks for
nearly all galaxies in the sense that VOIII

max > Vstars
max . The observed line-of-sight velocity

dispersions σLOS of the stars were corrected for the adopted shape of the stellar velocity
dispersion ellipsoid (α=0.6, β=0.7), assumed to be the same within and among galaxies,
yielding the vertical velocity dispersions σz of the stars which have been measured out
to 2−3 photometric disk scale lengths hR. The radial decline of the stellar velocity
dispersion has been fit with an exponential decrease, yielding central velocity dispersions
σ0 and dispersion scale lengths hσ for both σLOS and σz . For several galaxies, the stellar
velocity dispersion declines more slowly than exponential beyond 1.5hR.

For the ensemble of 30 galaxies, the weighted-average ratio hσ,z/2hR is consistent
with the theoretically expected value of unity but with a variance of 0.09 dex; larger
than can be explained on the basis of the measurement errors. More massive disks with
a higher central surface brightness show less scatter in this ratio and adhere closer to the
theoretical expectation. A weak trend with photometric scale length hR seems to suggest
that hσ,z>2hR in galaxies with hR<4 kpc and hσ,z<2hR in galaxies with hR>4 kpc.
The relation between the central stellar velocity dispersion of the disk and the maximum
rotational velocity becomes tighter when using σz instead of σLOS, indicating the merit
of considering the shape of the stellar velocity dispersion. The ratio σz,0/VOIII

max seem to
show trends with the disk central surface brightness, absolute K-band magnitude, B-K
color and morphological types, that are weak but consistent with the global properties
along the Hubble sequence; when compared to their rotational velocities, later-type spiral
galaxies have stellar disks that are kinematically colder than earlier-type galaxies.

The main purpose of this paper is to present the kinematical data of the gas and stars
as obtained with the custom-built PPak IFU for 30 galaxies in the Phase-B sample of
the DMS, and to present a first exploration of the kinematics. Any further analysis of
these data is deferred to forthcoming papers.
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Appendix 2.A Notes on Individual Galaxies

UGC 448: Good quality data, with rather regular kinematics.
UGC 463: Has been studied in more detail in DMS-IV.
UGC 1081: Barred galaxy. The [Oiii] map clearly shows the patchiness of the [Oiii] gas.
Bright star in the PPak field.
UGC 1087: This galaxy also shows clear patchiness of the [Oiii] gas.
UGC 1529: Sc galaxy which is a rather typical case in our sample, except that it is more
inclined than most other galaxies (iTF = 39 deg).
UGC 1635: Poor [Oiii] data.
UGC 1862: Rather different from the rest of the galaxies in the sample. It is the least luminous
galaxy with an absolute K-band magnitude of -21.0, one magnitude fainter than the second less
luminous galaxy (UGC 3701). Its surface-brightness profile show no indication of a bulge. Even
though it is modeled without a bulge, we still exclude the inner 2.5 arcsec (indicated with a
dotted vertical line in the atlas) in the analysis.
UGC 1908: Barred galaxy. Classified as a star-burst galaxy. Broad [Oiii] line indicating an
active galactic nucleus (AGN).
UGC 3091: This galaxy has been modeled assuming no bulge. The excess light in the central
region is interpreted as an inner disk. As with UGC 1862, we exclude the inner region for any
analysis (vertical dotted line).
UGC 3140: Close to face on (iTF = 14.2 deg). Good-quality data.
UGC 3701: Low surface brightness.
UGC 3997: Low surface brightness. Bright star to the west, close to the center.
UGC 4036: This galaxy has a bar, and the [Oiii] data indicates an AGN.
UGC 4107: This galaxy has good-quality data.
UGC 4256: Has two close companions (SDSS J081025.21+340015.8, SDSS J081021.17+340158.7)
about 4 arcmin to the north of UGC 4256, with a bridge in the Hi gas between the three galaxies
(Chapter 4).
UGC 4368: The most inclined galaxy in the sample (iTF = 45deg). It has two bright stars
within the PPak field-of-view.
UGC 4380: Small apparent size, with an optical scale length hR = 10′′.
UGC 4458: The earliest morphological type in the sample (Sa), with the largest bulge/disk
ratio. Rotation curve declining from 350 km/s to 250 km/s (see Chapter 4). The gas rotation
curve is not well fitted with a tanh-model. To be able to fit an exponential to the velocity
dispersion, we include a few more points (the excluded region is delimited by the dotted line
instead of the dashed line in the Atlas.)
UGC 4555: Central region lacks [Oiii] gas. Has a bright star to the north.
UGC 4622: The most distant galaxy in the sample, with a Vsys = 12830km/s.
UGC 6903: Barred galaxy. Poor data quality, with only one hour exposure.
UGC 6918: High surface brightness galaxy, with very good quality on the data. Has an AGN.
UGC 7244: This barred galaxy has been modeled assuming no bulge. The excess light in the
central region is interpreted as an inner disk. As with UGC 1862, we still exclude the inner
region for any analysis (vertical dotted line).
UGC 7917: Barred galaxy. Due to its large bar, we have extended the inner region that we
exclude while fitting the exponential decline of the velocity dispersion to be within 1hR (vertical
dotted line in the Atlas). Gas-poor in the center.
UGC 8196: Problem child! Possibly a larger bulge and a much larger hR. As with UGC 7917,
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we exclude more data in the inner region (everything inside of the vertical dotted line). This
because we could not simultaneous fit an exponential to both the inner and outer region. Gas-
poor.
UGC 9177: Among the most inclined galaxies in the sample (iTF = 39 deg).
UGC 9837: This galaxy has good-quality data, with large [Oiii] emission.
UGC 9965: Close to face on (iTF = 12.1 deg). Its surface-brightness profile show no indication
of a bulge. As with UGC 1862, we exclude the inner region for any analysis (vertical dotted
line).
UGC 11318: Barred galaxy. The most face-on galaxy in the sample (iTF = 5.7 deg).
UGC 12391: This Sc galaxy is a rather typical case in our sample. Has a star about 30 arcsec
from the center.

Appendix 2.B Atlas of Galaxy Kinematics

This atlas presents a collection of the relevant photometric and kinematic data obtained
for the 30 galaxies in the PPak sample. For each galaxy, the data are ordered over two
pages. The first page displays two-dimensional maps. The second page shows derived
radial profiles and contains a table with relevant parameters.

2.B.1 Maps

The maps are organized in three rows. The first row shows on the left the optical im-
age of the galaxy, extracted from blue POSS-II plates. It illustrates the morphology of
the galaxies and gives an impression of the surface brightness of the stellar disk. Color
images of the galaxies in 50×50 kpc2 boxes can be found in DMS-I. The elongated
panel on the right shows the extracted, wavelength-calibrated, sky-subtracted and com-
bined(+merged) galaxy spectra. Each pixel row contains a grayscale representation of
the spectrum from one fiber. Most of the galaxies have 331 spectra, but five of the galax-
ies with merged data sets have more than 331 spectra as listed in Table 2.4. These extra
spectra are always from fibers along the edge of the IFU and thus from the outermost
regions of the galaxy disks, making them darker than the fibers just below them, which
are positioned closer to the galaxy centers. The bright band in the center represents
spectra from the fibers near the center of the IFU. The dark spectra above and below
this band come from the outer parts of the disk while the brighter spectra toward the top
and bottom of this panel come from intermediate radial ranges. See Kelz et al. (2006)
for details on the fiber-to-sky mapping. In the blue part of the spectra, the [Oiii]λ5007Å
emission line is readily visible, as well as the [Oiii]λ4961Å line for most galaxies with
recession velocities larger than 1500 km/s. For distant galaxies like UGC 1908 the Hβ
line has redshifted into the observed spectral range as well. In the red part of the spectral
range, various stellar absorption lines are visible, including the MgIb triplet and several
Fe lines.

The two rows, each with six panels, display the reconstructed and interpolated two-
dimensional maps of the stellar (top) and gas (bottom) intensities and kinematics. Each
maps is 80′′ on a side, centered on the galaxy, and the small white cross indicates the
morphological center of the galaxy. From left to right on each of the two rows, the panels
represent:
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1) Reconstructed intensity maps of the stellar continuum (top row) and the total flux
in the [Oiii]λ5007Å emission line (bottom row). In each map, the measured continuum
or line flux in a fiber is inserted as a delta function at the location of the fiber and
this ’forest’ of delta-functions is subsequently smoothed with a Gaussian kernel with a
FWHM of 4.0 arcseconds (1.5 fiber diameter) as illustrated by the hatched circle in the
lower-right corner of these panels.

Note that the reconstructed continuum maps reproduce in detail the morphologies
of the galaxies as seen in the direct images. The [Oiii] intensity maps are much more
patchy and have holes in areas where no [Oiii] emission was detected.
2) Observed velocity fields with data points weighted by their errors and smoothed
with a Gaussian kernel with FWHM=8.0 arcsec. The velocity intervals between the
isovelocity contours is given in the bottom table on the second page. The thick black
curve indicates the systemic velocity while the black and white contours show the receding
and approaching sides of the disk, respectively.
3) Model velocity fields based on the fitted tanh-model for the rotation curve shape
as described in Section 2.6.2. Model recession velocities are only inserted for fibers with
actual measurement. The same smoothing has been applied as for the observed velocity
fields but with all points having the same weight. Non-axisymmetric features in the
model velocity fields are the result of irregular sampling due to missing fibers without
observed data. Consequently, deviations from axisymmetry occur mainly at the edges of
the field-of-view for the stellar data and, for the same reason, near the galaxy centers for
the [Oiii] velocity fields. The isovelocity contours in the model velocity fields are drawn
at the same recession velocities as for the observed velocity fields.
4) Residual velocity fields calculated simply as the observed minus the modeled ve-
locity fields. The contour levels are listed in the bottom table on the second page, where
black contours indicate positive residuals and white contours negative residuals.
5) Line-of-sight velocity dispersion maps, also interpolated and smoothed to an
effective FWHM resolution of 8 arcseconds with data weighted by error. Contours are
drawn in steps of 8 km/s with the lowest contour starting at 16 km/s which is similar to
the instrumental spectral dispersion. The analysis of the velocity dispersion carried out
in this paper only used data points with errors on σLOS smaller than 8.0 km/s.
6) Signal-to-noise maps are shown in the right-most panels of each row. These in-
dicates the average S/N in the continuum of the spectra for the upper row, and the
[Oiii] intensity divided by the error in the intensity for the bottom row. For fibers that
are missing in these panels, the continuum levels or [Oiii] emission lines could not be
measured.

2.B.2 Radial profiles

On the second page for each galaxy, the radial profiles based on the PPak data are
constructed on the basis of the orientation of the galaxy disks as derived in Section 2.6.2.
The radial profiles are organized in four groups:
1) The two panels in the upper left show radial profiles of the continuum and [OIII]
intensities measured in the spectra as a function of deprojected distance to the center
of the galaxy. The grey points and errorbars show the intensities in individual spectra,
while the black points and errorbars show the weighted-average data in radial bins.
The vertical dashed line indicates the radius outside of which the bulge contributes less
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than 10% to the total azimuthally averaged surface brightness, based on the K-band
profile. The scatter in the grey points at a certain radius indicates the azimuthal surface
brightness fluctuations at that radius. In the lower panel, very high [Oiii] intensities at
the centers of galaxies indicate the presence of an active galactic nucleus, e.g. in the case
of UGC 1908, UGC 4036 and UGC 6918.

2) The two panels in the upper right show position-velocity diagrams of the measured
stellar (top) and gas (bottom) recession velocities, For these plots, only points within
±45 degrees from the kinematic major axis were selected and projected onto the kine-
matic major axis, following the orientation of the disk, while the recession velocities are
deprojected assuming circular rotation. The solid (stellar) and dashed (gas) curves indi-
cate the fitted hyperbolic-tangent function supposed to describe the shape of the rotation
curve (Section 2.6.3) while the black points with the errorbars indicate the velocities as
derived from the tilted-ring fitting (Section 2.6.3). Note that both the parameterized
rotation curve and the tilted-ring fits are based on data from both the approaching and
receding sides of the galaxy. Thus, the derived rotation curves are symmetric around
R=0, even though the data may show kinematic asymmetries.

3) The two panels in lower right show the radial profiles of the line-of-sight velocity
dispersions σLOS of the stars (top) and the gas (bottom). Again, the deprojected
radial distance of each point from the galaxy center is based on the orientation of the
galaxy disk. Grey errorbars correspond to individual measurements while black errorbars
represent weighted-averages in radial bins. The vertical dashed line indicates the radius
outside of which the bulge contributes less than 10% of the light. In the upper panel,
the black solid line represents the exponential decline of σLOS of the stars, based on an
error-weighted fit to the individual (grey) data points, excluding points with errors on
σLOS larger than 8 km/s and points inside the vertical dashed line. Measurements with
errors larger than 8 km/s are also excluded from the figure.

4) The two panels in the lower left show the tilted-ring rotation curves (top) and
velocity dispersion profiles (bottom) of both the stars (solid points) and the gas (open
circles) in the same panel. The curves in the upper panel show the fitted parameterized
rotation curves of the stars (solid) and the [Oiii] gas (dashed). These curves are the same
ones that are shown in the two panels at the upper right. The solid line in the bottom
panel shows the exponential fit to the stellar line-of-sight velocity dispersion and is the
same one that is shown in the upper panel at bottom right.

The panel in the upper right on the second page shows the K-band surface brightness
profile as derived from the 2MASS images. The dashed-solid-dashed line indicates the
result from the iterative fit to the disk of the galaxy as described in Section 2.2.1. The
solid part of the line indicates the converged radial fitting range of 1 − 4hR and 1hR

is indicated by an upward arrow. The corresponding photometric scale lengths and
central surface brightness are considered as representative for the disk. The curved
solid line in the inner region represents the best-fitting bulge profile as a generalized
Sersic profile convolved with a Gaussian to mimic the effects of the seeing. The dashed
vertical indicates the radius outside of which the bulge contributes less than 10% to the
azimuthally averaged light profile.
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2.B.3 Tables

The second page of the Atlas for each galaxy contains two tables with galaxy parameters
that pertain to the figures on the Atlas pages.

The upper table lists the parameters of the derived orientation and kinematics of the
galaxy including: The coordinates (α and δ; Section 2.6.2) of the morphological center;
the systemic velocity and position angle of the receding side of the kinematic major
axis (Vsys and φ0; Section 2.6.2); the Tully-Fisher-based inclination of the galaxy disk
(i; Section 2.6.2); the asymptotic rotational velocity and the scale radius of the fitted
parameterized rotation curve (stellar: Varot,∗, hv,∗ gas: Varot,g, hv,g), Section 2.6.3); the
fitted central line-of-sight velocity dispersion and dispersion scale length of the stellar
disk (σ∗

LOS,0 and h∗
σ; Section 2.7 ).

The second table provides the contour levels and intervals for the observed, modeled
and residual velocity fields, as well as the velocity dispersion maps.
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Appendix 2.C The PPak Fiber Position Table

Fiber X Y Fiber X Y Fiber X Y Fiber X Y Fiber X Y

1 -14.31 0.16 75 0.15 24.93 149 1.87 9.32 223 3.27 -24.72 297 -3.71 -12.39

2 16.31 3.24 76 -14.24 25.15 150 -8.92 3.16 224 -23.43 -21.46 298 1.54 -21.64

3 0.10 12.46 77 18.09 25.15 151 5.22 -9.29 225 28.61 0.28 299 -21.52 -5.89

4 -14.23 12.64 78 -25.06 12.87 152 -3.70 -6.21 226 -14.55 -30.90 300 -10.91 -18.51

5 14.71 12.58 79 -5.22 28.05 153 5.37 3.09 227 -26.96 -2.67 301 17.89 -0.01

6 -10.73 6.37 80 21.85 12.79 154 -3.53 6.26 228 19.41 -15.50 302 8.77 -15.52

7 7.34 18.74 81 -28.58 0.40 155 -9.00 -3.02 229 12.39 -27.82 303 21.29 -6.19

8 -6.99 18.75 82 7.31 24.99 156 5.46 9.35 230 31.99 -5.95 304 -12.64 -9.16

9 -17.88 6.42 83 32.45 6.83 157 8.87 -3.13 231 -18.05 -18.41 305 10.62 -6.22

10 9.00 9.30 84 -19.51 22.18 158 -5.29 9.40 232 -7.37 -30.92 306 -0.20 -18.59

11 -7.08 12.46 85 -28.62 6.60 159 -1.93 -9.31 233 -30.55 -8.83 307 -12.74 -15.38

12 0.14 18.77 86 21.69 19.00 160 3.61 6.22 234 -3.83 -24.70 308 12.26 -15.49

13 18.16 6.37 87 3.76 31.17 161 -10.70 0.09 235 24.92 -18.54 309 -7.39 -18.48

14 -23.23 3.41 88 -12.38 28.38 162 -7.23 -6.13 236 17.73 -30.92 310 3.39 -12.41

15 7.20 12.38 89 -23.25 15.98 163 3.55 -0.04 237 -19.93 -27.71 311 17.71 -6.26

16 -12.39 15.69 90 14.49 25.05 164 0.00 0.00 238 6.90 -30.84 312 -10.81 -6.04

17 12.57 3.06 91 26.99 9.76 165 -3.60 -0.01 239 -25.15 -5.89 313 14.07 -12.41

18 -1.64 15.59 92 -35.75 0.53 166 1.70 -3.06 240 26.70 -9.21 314 -7.26 -12.37

19 12.68 15.67 93 25.28 19.19 167 1.77 3.12 241 -12.70 -27.81 315 10.54 -18.58

20 -21.41 0.32 94 -19.55 28.52 168 -1.79 -3.07 242 17.77 -24.71 316 3.34 -18.55

21 23.53 3.35 95 3.76 24.91 169 -1.81 3.11 243 -25.22 -12.05 317 14.18 -6.28

22 -12.39 9.53 96 30.77 3.62 170 6.99 -6.24 244 6.92 -24.73 318 -1.99 -15.49

23 12.77 21.85 97 18.06 31.61 171 7.22 6.16 245 26.71 -2.97 319 -17.95 -6.00

24 -5.21 15.62 98 -23.18 9.72 172 -5.50 -9.28 246 -2.03 -27.80 320 7.01 -12.44

25 -16.02 15.80 99 -1.65 28.02 173 -5.31 3.12 247 21.22 -12.40 321 -9.00 -9.22

26 12.64 9.39 100 -24.97 19.20 174 7.11 -0.03 248 -16.35 -21.56 322 8.78 -9.33

27 -16.09 3.26 101 28.98 13.04 175 -1.72 9.42 249 -28.72 -5.74 323 -5.60 -15.47

28 5.51 15.62 102 -15.93 22.02 176 -0.09 -6.19 250 15.86 -21.65 324 -16.16 -2.88

29 -1.61 21.83 103 19.87 22.06 177 -5.45 -3.02 251 -7.41 -24.70 325 14.27 -0.06

30 19.90 9.51 104 -14.16 31.54 178 5.28 -3.12 252 -19.91 -15.23 326 5.15 -15.55

31 -19.62 9.64 105 12.71 28.17 179 0.06 6.26 253 28.41 -6.05 327 -0.17 -12.37

32 10.81 6.21 106 27.19 3.56 180 1.63 -9.32 254 8.75 -27.80 328 -10.93 -12.28

33 5.56 21.75 107 -32.22 0.46 181 -7.12 6.26 255 -14.44 -24.68 329 12.37 -9.36

34 -3.50 12.47 108 -6.99 31.48 182 8.94 3.09 256 23.04 -15.49 330 12.43 -3.09

35 -8.77 21.87 109 -30.33 9.91 183 -7.15 0.05 257 -0.28 -24.72 331 -12.60 -3.02

36 3.61 12.42 110 23.55 16.01 184 3.44 -6.25 258 -23.41 -8.95

37 16.38 15.77 111 21.65 25.40 185 35.76 0.55 259 15.94 -27.79

38 -12.50 3.20 112 -17.76 18.95 186 -10.99 -30.89 260 23.10 -9.23

39 -14.14 18.92 113 -3.43 24.93 187 21.34 -24.72 261 -21.70 -18.37 501 -0.69 74.92

40 10.82 12.36 114 10.89 31.27 188 -23.45 -15.17 262 -9.20 -27.82 502 63.19 -31.30

41 -19.64 3.35 115 -26.78 3.48 189 24.83 -12.33 263 10.51 -24.72 503 -63.17 -31.45

42 14.39 6.21 116 34.43 3.83 190 3.38 -30.92 264 17.64 -18.58 504 60.68 41.19

43 -10.61 12.57 117 1.96 28.06 191 -21.80 -24.58 265 1.56 -27.82 505 -1.27 -67.61

44 3.73 18.68 118 -17.76 25.31 192 30.29 -2.80 266 25.01 0.15 506 -63.12 38.40

45 18.27 12.66 119 23.46 9.65 193 -32.28 -5.75 267 -19.79 -9.04 507 2.69 68.59

46 -12.30 21.90 120 -26.83 16.04 194 14.15 -30.88 268 -9.16 -21.67 508 66.09 -37.84

47 -21.39 6.51 121 -8.77 28.39 195 -5.63 -27.81 269 5.14 -21.66 509 -58.75 -37.90

48 10.88 18.79 122 19.96 15.86 196 21.27 -18.61 270 17.67 -12.42 510 64.51 34.89

49 -8.82 15.66 123 16.22 28.16 197 -16.28 -27.80 271 -16.29 -15.30 511 2.53 -73.74

50 19.96 3.28 124 -21.47 12.86 198 30.24 -9.12 272 19.59 -3.10 512 -59.05 32.33

51 2.00 15.59 125 -32.17 6.73 199 -27.09 -15.14 273 -23.33 -2.75 513 2.84 75.35

52 -5.19 21.84 126 -21.35 19.08 200 19.55 -27.75 274 -3.77 -18.60 514 66.75 -31.56

53 -16.03 9.57 127 28.85 6.71 201 5.05 -27.78 275 14.15 -18.57 515 -59.52 -31.23

54 14.52 18.82 128 -15.96 28.47 202 -34.06 -2.62 276 -12.69 -21.56 516 64.26 41.48

55 16.23 9.40 129 23.48 22.26 203 26.61 -15.38 277 6.97 -18.56 517 2.32 -67.25

56 -17.81 0.24 130 5.53 28.09 204 -26.95 -8.95 278 -16.28 -9.08 518 -59.38 38.67

57 1.96 21.76 131 -26.73 9.76 205 33.85 -2.78 279 19.53 -9.33 519 -0.91 68.61

58 -10.58 18.80 132 -21.39 25.45 206 -3.83 -30.94 280 -2.05 -21.68 520 62.50 -37.56

59 21.70 6.43 133 -3.37 31.15 207 -19.92 -21.53 281 -9.14 -15.40 522 60.83 34.57

60 9.11 15.57 134 30.67 9.92 208 -18.10 -30.90 282 21.48 0.04 521 -62.41 -37.76

61 -8.87 9.50 135 -33.99 3.60 209 10.53 -30.89 283 -19.66 -2.85 523 -64.56 -34.86

62 -25.00 0.37 136 -10.58 25.18 210 19.47 -21.61 284 12.35 -21.65 524 -62.77 32.12

63 -3.42 18.74 137 19.82 28.50 211 -30.47 -2.65 285 -18.08 -12.16 525 4.50 71.97

64 -17.86 12.72 138 -28.66 12.97 212 -25.21 -18.30 286 10.56 -12.36 526 68.09 -34.87

65 9.16 21.91 139 7.34 31.22 213 28.44 -12.30 287 1.64 -15.46 527 -57.39 -34.55

66 -14.29 6.44 140 -23.09 22.25 214 -28.81 -11.99 288 15.99 -3.17 528 66.09 38.42

67 25.33 6.57 141 -17.67 31.62 215 -18.09 -24.64 289 -14.47 -18.46 529 4.13 -70.30

68 -6.94 24.92 142 10.93 25.03 216 32.17 0.37 290 -14.38 -6.09 530 -57.42 35.56

69 -24.97 6.56 143 27.12 16.09 217 -0.19 -30.92 291 15.93 -15.50 531 -2.65 71.77

70 18.14 18.89 144 0.15 31.16 218 14.17 -24.72 292 -5.55 -21.61 532 60.95 -34.37

71 9.08 28.04 145 16.36 21.96 219 24.84 -6.13 293 23.18 -3.02 533 -1.08 -73.99

72 -19.62 15.92 146 14.47 31.33 220 -10.95 -24.69 294 8.75 -21.63 534 58.81 37.76

73 -30.39 3.52 147 -10.55 31.56 221 23.08 -21.53 295 -14.46 -12.28 535 -2.96 -70.77

74 25.40 12.91 148 10.73 -0.05 222 -21.64 -12.12 296 15.96 -9.36 536 -64.74 35.14

Table 2.6: The PPak fiber position table. On-sky positions (in arcsec) of the 331 science
fibers and 36 sky fibers, relative to the central fiber #164. The fiber numbers 501-536 are the 36
sky-fibers. Positive X values represent an offset towards the west and positive Y values represent
an offset towards the south.
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Appendix 2.D The Atlas
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Chapter 3
Galaxy Disks Are Submaximal

Published as: Bershady, M.A.; Martinsson, T.P.K.; Verheĳen, M.A.W.; Westfall, K.B.;

Andersen, D.R. & Swaters, R.A. 2011, ApJ, 739, L47

Abstract

We measure the contribution of galaxy disks to the overall gravitational potential of 30 nearly
face-on intermediate-to-late-type spirals from the DiskMass Survey. The central vertical velocity
dispersion of the disk stars (σdisk

z,R=0) is related to the maximum rotation speed (Vmax) as σdisk
z,R=0 ∼

0.26Vmax, consistent with previous measurements for edge-on disk galaxies and a mean stellar
velocity ellipsoid axial ratio α ≡ σz/σR = 0.6. For reasonable values of disk oblateness, this
relation implies these galaxy disks are submaximal. We find disks in our sample contribute only
15% to 30% of the dynamical mass within 2.2 disk scale-lengths (hR), with percentages increasing
systematically with luminosity, rotation speed and redder color. These trends indicate the mass
ratio of disk-to-total matter remains at or below 50% at 2.2hR even for the most extreme,
fast-rotating disks (Vmax ≥ 300 km s−1), of the reddest rest-frame, face-on color (B − K ∼ 4

mag), and highest luminosity (MK < −26.5 mag). Therefore, spiral disks in general should be
submaximal. Our results imply that the stellar mass-to-light ratio and hence the accounting of
baryons in stars should be lowered by at least a factor of 3.
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3.1 Introduction

Rotation-curve decomposition is the primary tool for measuring the distribution of
dark matter in spiral galaxy halos, but the tool is blunted by uncertainties in the
mass-to-light ratio (Υ) of the luminous disk and bulge. The ‘maximum-disk hypoth-
esis’ (van Albada & Sancisi 1986; see also Binney & Tremaine 2008) bypasses this mass-
decomposition (‘disk-halo’) degeneracy. A disk contributing maximally to the gravita-
tional potential sets a lower limit on the amount of halo dark matter in the inner regions
of disk galaxies. Maximum-disk decompositions find the disk mass produces 85 ± 10%
of the observed rotation velocity at 2.2 disk scale-lengths (hR; Sackett 1997). Unfortu-
nately, this hypothesis remains unproven, and there have been suggestions to the con-
trary based on the lack of surface-brightness dependence in the Tully-Fisher relation (TF;
Tully & Fisher 1977) for a wide range of spirals (Courteau & Rix 1999; Courteau et al.
2003; Zwaan et al. 1995). Constraints on Υ from stellar population synthesis (SPS) mod-
els are poor due to long-standing uncertainties in the low-mass end of the stellar IMF
and late phases of stellar evolution (e.g. TP-AGB stars; Maraston 2005; Conroy et al.
2009).

Direct kinematic evidence for the mass contribution from spiral disks stems from a
series of longslit spectroscopic studies (van der Kruit & Freeman 1984; Bottema 1993;
Kregel et al. 2005) showing that the ratio of the disk stellar velocity dispersion and the
maximum observed rotation speed was much lower than expected for a maximum disk.
Bottema (1993) found disks contribute only 63±10% of the observed rotation speed. Most
of these galaxies are viewed edge-on, however, so that the inference of disk mass requires
some uncertain assumptions about the stellar velocity ellipsoid (SVE) and line-of-sight
deprojection. Recent results from PNe kinematics of several nearby galaxies suggest disk
maximality may depend on Hubble type (Herrmann & Ciardullo 2009). Constraints on
disk maximality from hydrodynamical modeling of observed non-axisymmetric gas flows
has conflicted (cf. Weiner et al. 2001; Kranz et al. 2003).

Analyses of one gravitional-lens system (Dutton et al. 2011) and one barred, resonance-
ring system (Byrd et al. 2006) indicate the disks in these two galaxies are submaximal.
Observational evidence suggests disks are submaximal, but the question is unsettled.

The DiskMass Survey (DMS; Bershady et al. 2010a) breaks the disk-halo degeneracy
by obtaining independent measures of the total dynamical mass and dynamical disk-mass
surface density from integral-field stellar and gas kinematics of face-on, disk-dominated
galaxies. Following the approach of Bottema (1993) and Kregel et al. (2005), in this
chapter we derive the disk maximality based on the relation between the disk vertical
stellar velocity dispersion (σz) and the disk-equatorial circular speed of the potential,
making basic assumptions of disk equilibrium and a testable hypothesis about the SVE.
We adopt H0 = 73 km s−1 Mpc−1 and Vega magnitudes.

3.2 Data and Measurements

For 30 nearly face-on spiral galaxies covering a range in morphology, mass, color, surface
brightness and scale length from our Phase-B sample (Bershady et al. 2010a), the stellar
line-of-sight velocity dispersions σLOS and gas rotation curves were measured out to
∼ 3hR. Spectroscopic data in the MgI region (498-538 nm) at resolutions of λ/∆λ ∼
7700 were collected with the PPak integral field unit (Verheĳen et al. 2004; Kelz et al.
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Figure 3.1: Stellar velocity dispersion versus maximum gas rotation speed: (a) σdisk
z,R=0 for

face-on galaxies from the DiskMass survey (filled circles) and Bottema (1993, open circles);
(b) σdisk

R,R=hR
for edge-on galaxies from Bottema (1993) and Kregel et al. (2005, open squares

and MW for the Milky Way). Lines show the maximum rotational velocity allowed for a self-
gravitating galactic disks of different oblateness (labeled). Maximum disks in the observed
oblateness range would fall in the gray shaded region.

2006) of the PMAS spectrograph (Roth et al. 2005) on the 3.5m Calar Alto telescope.1

Stellar velocity dispersions were measured down to σLOS ∼ 18 km s−1 for individual
fiber spectra via our data-censored cross-correlation software (DC3; Westfall et al. 2011a)
using a K1 III stellar template.

The maximum rotation speed of the potential (Vmax) at 2.2hR is derived by fit-
ting a simple hyperbolic-tangent (tanh) model (e.g., Andersen et al. 2001) to the two-
dimensional [Oiii]λ5007 velocity field, deprojected using inclinations (iTF) inferred from
inverting the Tully-Fisher relations from Verheĳen (2001) for the K-band. To min-
imize systematic error, total magnitudes estimation matched the protocol used by
Verheĳen (2001), using elliptical-aperture surface-photometry of reprocessed 2MASS im-
ages (Skrutskie et al. 2006), as described in Westfall et al. (2011b, hereafter DMS-IV).
Since Vmax is derived from the asymptotic velocity of the tanh model, systematic errors
arise if the rotation curve is not truly flat. Inspection of each galaxy’s position-velocity
diagram shows these errors to be of the same order as the formal errors from the fitting,
in most cases. In Figure 3.1, we flag two exceptions: UGC 1862, which still has a rising
rotation curve at the outermost point; and UGC 4458, which has a declining rotation
curve after reaching Vmax due to a prominent bulge. Random errors on Vmax (7% on
average) are dominated by inclination uncertainties.

The central value of the stellar velocity dispersion of the disk (σdisk
LOS) is found by

fitting a radial exponential function to the σLOS measurements in a radial range that
shows an exponential decline (typically 0.5 < R/hR < 4), e.g., excluding the bulge
region, and then extrapolating to R = 0. The exponential function is found to fit well
in this radial range. Because σz is expected to scale with the square root of the surface
density, the kinematic scale-length (hσ) is expected to be 2hR for an exponential disk

1 Centro Astronómico Hispano Alemán (CAHA) at Calar Alto, operated jointly by the MPIA and
CSIC.
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of constant thickness and Υ viewed perfectly face-on. In our fitting, we allow hσ to be
a free parameter; the implications for Υ disk gradients are discussed in Chapter 5. For
present purposes it suffices to state Υ gradients are generally small.

The vertical component σdisk
z of the stellar velocity ellipsoid is extracted from σdisk

LOS by
assuming a constant shape of the SVE and iTF. Following Bershady et al. (2010b, here-
after DMS-II) we adopt α = 0.6 ± 0.15 (25%) and β ≡ σθ/σR = 0.7 ± 0.04 (5%), where
σR and σθ are the radial and tangential components of the SVE. These are reasonable
values given extant results for external galaxies summarized by van der Kruit & de Grĳs
(1999), Shapiro et al. (2003) and our own work (Westfall 2009, DMS-IV). We may then
write σ2

z =
σ2
LOS

γ cos2 i ; γ is a projection factor defined in DMS-II as a function of the SVE
ratios and inclination. A typical value of

√
γ cos i is 1.1, with a 10% uncertainty. This

factor dominates the error on σz at small radii and larger inclinations, with the largest
contribution from the uncertainty in α. Errors contributed by inclination uncertainties
are lower but non-negligible; errors contributed by β computed from the epicycle approx-
imation are negligible. Measurement error in σLOS generally dominate at larger radii and
at lower inclinations. Details of the sample, instrumental configurations, data acquisi-
tion and reduction, basic data products, and full mass decompositions are presented in
Chapter 2 and Chapter 5.

3.3 Disk Maximality

For an oblate, self-gravitating, exponential disk of constant Υ it can be shown (DMS-II;
Freeman 1970; Casertano 1983; Kuĳken & Gilmore 1989) that the maximum rotation
speed of the disk is related to the disk central mass surface-density, Σ0, and hR:

V disk
max = cmax

√

π G Σ0 hR (3.1)

where cmax ∼ 0.88(1 − 0.28/q) to excellent approximation for q < 4, and q ≡ hR/hz

is the oblateness parameter. A comparison of Vmax to V disk
max is an accurate measure of

disk maximality regardless of a bulge component. The comparison also provides a good
estimate of baryon maximality because V disk

max occurs at R/hR ∼ 2.2 where most bulges
do not significantly contribute to Vmax.

For a disk in equilibrium Σdyn = σ2
z/πkGhz, where k parameterizes the vertical

density distribution with likely values between 1.5 to 2 (exponential to isothermal dis-
tributions, respectively; van der Kruit 1988). Because we measure σLOS outside of the
galaxy center, where the bulge contribution is minimal and it is plausible that the SVE is
relatively constant with radius, our estimate of σdisk

z,R=0 is well-posed. In contrast, central
measurements of σLOS are contaminated by bulges, bars, and non-circular motions. For a
disk embedded in a dark halo, we expect σz will increase for a given disk Σdyn (Bottema
1993), hence the estimate is an upper limit.

Combining Equation 3.1 with the expression for Σdyn, and normalizing k to an ex-
ponential density distribution and q for an oblateness of a typical disk with a 3.5 kpc
scale-length (Equation 1 from DMS-II), we find the following relation between the max-

imum rotation speed of the disk, disk central velocity dispersion, and disk oblateness:

V disk
max =

[

2.04
( q

8.1

)

− 0.07
]

(

q

8.1

k

1.5

)−0.5

σdisk
z,R=0, (3.2)
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Our expectations are, then, that for a maximum disk where V disk
max = 0.85Vmax, there

should be a linear relation between Vmax and σdisk
z,R=0 with a slope of ∼0.43.

However, in Figure 3.1a, the distribution of σdisk
z,R=0 versus Vmax for the DMS sample

lie near σdisk
z,R=0 = (0.26 ± 0.10)Vmax, a slope well below the expected value of 0.43 for

a maximum disk. The disks of our sample galaxies would be maximal if hR/hz ∼ 30.
Based on the compilation from DMS-II (e.g., Kregel et al. 2002), this oblateness is twice
as flat as any observed edge-on disk. For realistic values of hR/hz, the disk-only rotation
curves peak well below the measured Vmax. These galaxy disks are submaximal.

To test this result, we plot the uncorrected central disk velocity dispersion (σdisk
LOS,R=0)

as filled gray points in Figure 3.1a. The corrections for the SVE projection are relatively
small. Even without the correction disks still appear to lie in a parameter space that is
marginally submaximal. This is an upper limit for any reasonable SVE with α < 1 and
β within a factor of 2 of the epicyclic value, and considering the above-mentioned impact
of a dark halo on σz .

In Figure 3.1b we plot σdisk
R,R=hR

versus Vmax for the edge-on samples of Bottema
(1993) and Kregel et al. (2005). As these authors state, for an exponential disk mass-
density distribution of constant SVE with α = 0.6, σdisk

R,R=hR
∼ σdisk

z,R=0. The similarity
of the relation found for both edge-on and face-on samples demonstrates the accuracy
of our basic assumption concerning the average SVE: If α were 65% larger on average
(α = 1 instead of 0.6), then the edge-on sample would be centered in the maximum-
disk region of Figure 3.1. While this check is of primary importance for interpreting the
maximality of edge-on disks, it also confirms our second-order corrections to σdisk

LOS for
face-on samples. A corollary, important below, is that the disk-oblateness measurements
of these edge-on samples, used for mass-estimates of our face-on sample, are likely also
an accurate application.

3.4 Why We Expect All Disks Are Submaximal

We quantify disk maximality as F disk
max ≡ V disk

max /Vmax, using Equation 3.2 for V disk
max and

Equation 3.1 from DMS-II for q. Figure 3.2 shows F disk
max of the DMS sample versus

maximum rotation speed, K-band luminosity (MK), and B − K color (velocity and
luminosity are tightly correlated via iTF). We adjust q for the 3 galaxies in our sample
earlier than Sb or later than Scd, as discussed in DMS-II.

Our value of F disk
max for UGC 463 agrees well within the errors to the detailed calculation

presented in DMS-IV. For the DMS sample 〈F disk
max 〉 = 0.47 ± 0.08 (rms), equivalent to

22+8
−7% by mass for the disk within 2.2hR, ignoring details of oblateness (the range is

marked in Figure 3.2c). In contrast to Herrmann & Ciardullo (2009), we find little
dependence of F disk

max on morphology (Figure 3.2c). There is also no significant trend
of F disk

max with disk central surface-brightness [〈µ0(K)〉 = 17.9 mag arcsec−2, ranging
from 16 to 20 mag arcsec−2; 18.1 mag arcsec−2 corresponds to a ‘Freeman’ disk for
B − K = 3.5 mag], bulge-to-disk ratio (〈B/D〉 = 0.1, ranging from 0 to 0.75), or bar
classification. As Figure 3.2 shows, however, galaxies with higher rotation speed (see also
Kranz et al. 2003), greater near-infrared luminosity, and redder color are significantly
more maximal. Adopting a regression model with intrinsic scatter (Akritas & Bershady
1996), we find F disk

max = (0.24 ± 0.08) + (0.26 ± 0.08)(Vmax/200 km s−1) and F disk
max =

(0.50 ± 0.07) − (0.06 ± 0.02)(MK +24), including bootstrap errors. The Vmax trend is
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Figure 3.2: Ratio of disk rotation speed to total rotation speed (Fdisk) versus (a) total rotation
speed, (b) K-band luminosity and (c) B − K color for DiskMass Survey galaxies. Maximum
disks have Fdisk = 0.85 ± 0.1 (shaded gray). Galaxies are coded by Hubble type (Sa, circles;
Sb/Sbc, squares; Sc/Scd, triangles; Sd/Im, pluses) and bar classification (SA, blue/dark gray;
SAB, green/light gray; SB, red/medium gray). Lines and labels are described in the text.

consistent with disk mass-fractions doubling as (total mass)1/2.
We have modeled the trend with color assuming galaxies have a constant mean

surface-brightness with color, and estimating changes in Υ with color based on all
SPS models from Bell & de Jong (2001), Portinari et al. (2004) and Zibetti et al. (2009).
Salient model variations include treatment of chemical enrichment, star-formation his-
tory, and stellar evolutionary tracks (with varying amounts of TP-AGB stars). Differ-
ent mass zeropoints (e.g., IMFs) are irrelevant here since we normalize the models at
F disk

max = 0.525 at B − K = 3.5. The curves in Figure 3.2c show the median and ex-
trema of these model predictions for relative changes in Υ with color. The trends are
upper limits since they assume dynamical mass is equivalent to stellar mass, and discount
contributions from disk gas.

The dependencies of F disk
max on color, luminosity and rotation speed are such that

even at extrema (maxima) in each quantity, the extrapolated value of F disk
max < 0.75.

For example, we have labeled the B − K colors for different Hubble and spectral types
(Bershady 1995). Our sample spans essentially all of the color range. This means that
even the earliest-type, fastest-rotating, reddest disk should still be submaximal on average.

Indeed, the most maximal disk from Herrmann & Ciardullo (M94; 2009) has a value of
F disk

max ∼ 0.7. Calculations for our sample assume k = 1.5, i.e., an exponential disk vertical
density distribution. If, for example, disk vertical density distributions are isothermal,
then our estimates of F disk

max decrease by ∼15%; mass-fractions decrease by 25%.
These results have significant implications for the IMF, stellar evolution, cosmologi-

cal accounting of baryons, and the formation of galaxy disks. Since a truncated IMF is
already required to match Υ for a maximal disk (Bell & de Jong 2001), substantially sub-
maximal disks require either uncomfortably top-heavy IMFs, or validates recent sugges-
tions of a surfeit of luminous, low-mass stars (e.g., TP-AGB). A quantitative assessment
of this surfeit is forthcoming. Similarly, current accounting of the distribution of stellar
mass in cosmological volumes is based on an Υ calibration that either assumes disks are
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maximal, or agrees with such a calibration (e.g., Li & White 2009; McGaugh et al. 2010).
These stellar mass estimates should be lowered by at least a factor of 3 for disks, since
F disk

max represents the total dynamical mass, not just stellar mass. For example, the stellar
mass of the disk of UGC 463 is only 60% of the total disk dynamical mass (DMS-IV).
Unless the provocative claim for high Υ in elliptical cores (van Dokkum & Conroy 2011)
is confirmed and shown to be more wide-spread, our downward revision of Υ is applica-
ble to cosmological samples. Finally, galaxy formation models must reproduce accurate
scaling-relations and their scatter (e.g., total mass to luminosity) in the context of sub-
maximal disks. This submaximality must correlate with total mass, luminosity and stellar
population, balancing trends of baryon loss from feedback with changes in angular mo-
mentum that, by our reckoning, on average must decrease threefold from maximum-disk
estimates.
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Chapter 4
21-cm Radio Synthesis Imaging of

Spiral Galaxies

Abstract

We present the results from Hi 21-cm radio spectral-line aperture-synthesis imaging of 28 nearly
face-on spiral galaxies obtained with the VLA, WSRT and GMRT facilities. This data set
contributes to the DiskMass Survey primarily by delivering Hi velocity fields and rotation curves
that extend well beyond the field-of-view of the PPak and SparsePak Integral Field Units, as
well as Hi column density maps from which the contribution by the atomic gas to the total
dynamical mass surface densities of the galaxy disks can be determined. In this chapter, we
detail the observations and data reduction procedures and present a brief analysis of the radio
data. We construct 21-cm continuum images, global Hi emission line profiles, column density
maps, velocity fields and position-velocity diagrams. From these we determine star-formation
rates, Hi line widths, total Hi masses, extended Hi rotation curves and azimuthally-averaged
radial Hi column density profiles. All data products are presented in an accompanying Atlas.
For all 28 galaxies the Hi disks extend beyond the readily observable stellar disks and outline
a tight correlation between total Hi mass and Hi diameter while the largest Hi disks have a
slightly lower average column density. Normalized in radius by the photometric scale length
of the stellar disks, galaxies with larger Hi disks have stellar disks with relatively high velocity
dispersions at larger radii. A large fraction of the galaxies in our sample show an indication
for the Hi disk being warped in position angle and/or inclination. We find a striking similarity
among the radial Hi surface density profiles, where the average, normalized radial profile of late-
type spirals in our sample is described surprisingly well with a Gaussian profile. We compare
our 21-cm radio continuum luminosities with 60-µm luminosities from IRAS observations for a
sub-sample of 16 galaxies and find that these follow a tight radio-infrared relation, with a hint
of a deviation from this relation at low luminosities. Considering the star formation rates we
find the strongest correlation between the average star formation rate per unit surface area and
the central surface brightness of the stellar disk.
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4.1 Introduction

As part of the DiskMass Survey (DMS; Bershady et al. 2010a, hereafter DMS-I), this
chapter outlines the data reduction and observational results from 21-cm radio synthesis
observations of 28 spiral galaxies. The main observational goals of the DMS are to obtain
rotation curves and velocity dispersion profiles of the stars and ionized gas in a sample
of ∼40 nearly face-on spiral galaxies, taking advantage of the two custom-built Integral
Field Units (IFU) SparsePak (Bershady et al. 2004, 2005) and PPak (Verheĳen et al.
2004; Kelz et al. 2006). The kinematics of the stars and ionized gas ([Oiii]λ5007Å)
have been measured with the PPak IFU for 30 galaxies following Westfall et al. (2011a,
hereafter DMS-III) and presented in Chapter 2. The reduction and analysis of the gas
and stellar kinematic data from SparsePak is pending. The measured vertical velocity
dispersions of the stars in the disk allows for calculating the disk’s total, dynamical mass
surface density (DMS-I; Bershady et al. 2010b, hereafter DMS-II), which will be used
in Chapter 5 to break the disk-halo degeneracy that so far has hampered rotation-curve
decompositions from which the radial density profiles of dark-matter halos can be derived.
For one show-case galaxy in the DMS sample, UGC 463, the full analysis addressing all
core scientific goals of the DMS has been carried out by Westfall et al. (2011b, hereafter
DMS-IV).

To achieve all the primary science goals of the DMS, including the determination of
radial density profiles of the dark matter halos and the mass-to-light ratio of the stellar
populations of the observed galaxies, supplementary atomic hydrogen observations are
required. The observed distribution and kinematics of the Hi gas radially extend the
stellar and ionized gas velocity fields obtained with the IFUs beyond their field-of-view,
typically ≤3 disk scale lengths. These Hi observations allow to further constrain the
density profiles of the dark matter halos and to determine the contribution by the atomic
gas to the total dynamical mass surface density of the disk.

The ground-breaking study of Bosma (1978, 1981a,b) showed that Hi rotation curves
in general remain flat out to the last measured point, many optical scale lengths from
the center. Extended flat rotation curves were also found by Begeman (1987, 1989) who,
with better data and an improved algorithm to make tilted-ring model fits, demonstrated
that the eight galaxies in his sample all showed flat rotation curves. The rotation curve
of one of the galaxies in his sample, NGC 3198, even remained flat to within 5 km/s out
to the last measured point at 11 disk scale lengths. This generic flatness of extended Hi

rotation curves is now commonly interpreted as evidence for the existence of an extended
distribution of dark matter surrounding the exponential stellar disk, with a 1/r2 radial
decline in the density of the dark matter at radii where the dark matter dominates the
total gravitational potential.

An important issue to consider when deriving Hi rotation curves is the need to account
for a possible warp in the outer disk. It has already been known for half a century that
the Hi disk of our own Galaxy is warped in the outer parts (Burke 1957; Kerr 1957),
and it later became clear that many spiral galaxies have warps (e.g. Sancisi 1976; Bosma
1981b). We now believe that most Hi disks are warped, and García-Ruiz et al. (2002)
even claim that whenever a galaxy has an extended Hi disk with respect to the stellar
disk, it has a warp. van der Kruit (2007) found that this Hi-warp starts at around 1.1
times the truncation radius of the optical disk.

The most common way to derive a rotation curve in the presence of a warp is to model



4.2: The Reduced HI Sample 115

the observed two-dimensional velocity field with a set of nested tilted rings, allowing the
inclination and position angle of the rings to vary with radius. Usually, the position
angles of the rings can be readily measured from the velocity fields but as demonstrated
by Begeman (1989, Appendix A2), below inclinations of ∼40 degrees a strong degeneracy
exists between the inclination of a ring and the rotational velocity of that ring, even for
symmetric velocity fields with random errors of 5 km/s on the velocity measurements. For
the nearly face-on galaxies of the DMS sample, it turned out to be impossible to derive
meaningful inclinations on the basis of the Hi velocity fields presented here. Therefore,
we considered the absolute K-band magnitudes of our sample galaxies and take advantage
of the small scatter in the Tully-Fisher relation (Tully & Fisher 1977; Verheĳen 2001) to
predict the circular velocity of the gas as detailed in Chapter 2.

The measurement of the azimuthally-averaged, radial Hi mass surface density profile,
ΣHI(R), is on the other hand much less affected by the uncertainties in the inclina-
tion of nearly face-on galaxies. Some earlier studies have noted the similarities in ΣHI(R)
among galaxies, especially within the same morphological type (Rogstad & Shostak 1972;
Cayatte et al. 1994), while others point out the diversity in the radial behaviour of
ΣHI(R) in galaxies with a wide range of global properties (Verheĳen & Sancisi 2001).
Swaters et al. (2002) found that the outer part of the ΣHI(R) profile in many late-type
dwarf galaxies can be well fitted with an exponential decrease, and it can be argued that
spiral galaxies in general should display a similar exponential profile at the outer radii.
Here, we investigate and parameterize the typical radial behaviour of ΣHI(R) and study
its dependence on global photometric and kinematic properties of the galaxies.

Our observations also allow us to construct 21-cm continuum images and derive total
radio continuum luminosities at 1.4 GHz. These are used to estimate the star-formation
rates in the DMS galaxies and we investigate the correlation of these star-formation
rates with other global properties of the galaxies. We also use literature values from
IRAS far-infrared (FIR) fluxes to investigate the FIR-radio correlation (e.g. Condon
1992; Yun et al. 2001).

This chapter is organized in the following way: Sections 4.2 and 4.3 discuss the
sample and the observations carried out with three different arrays (WSRT, GMRT &
VLA). In Section 4.4, we describe the data reduction procedures, using AIPS for the
calibration and imaging while subsequent analysis was done with GIPSY. Observational
results such as the orientation of the disks, Hi column density maps, velocity fields and
rotation curves are described in Section 4.5 and presented in an atlas, showing maps and
radial profiles for the individual galaxies. Section 4.6 presents the Hi properties of the
galaxies in the sample, with an investigation of the distribution of the Hi gas and an
inspection of warps, while Section 4.7 deals with the radio continuum flux, from which
we estimate star-formation rates. Finally, Section 4.8 summarizes this work.

4.2 The Reduced HI Sample

The complete DMS sample selection procedure has been described in detail in DMS-I
and an abridged summary is given in Chapter 2. All 43 galaxies of the Phase-B sample
for which stellar kinematic measurements are obtained with the IFUs have been imaged
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UGC R.A. Dec. Dist. Type Dcorr

25 B K B − K µi=0
0 (K) hR(K) B/D σ∗

z,0 h∗

σ,z

(J2000) (J2000) (Mpc) (arcsec) (mag) (mag) (mag) (mag/arcsec2) (arcsec) (km/s) (arcsec)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)

Galaxies observed with PPak:
448 00:42:22.06 29:38:30.1 65.3 ± 2.1 SABc 100 14.0 ± 0.2 10.13 ± 0.07 3.6 ± 0.2 17.77 ± 0.04 12.19 ± 0.27 0.32 48.5 ± 2.9 24.4 ± 2.5
463 00:43:32.39 14:20:33.2 59.6 ± 2.1 SABc 100 13.3 ± 0.2 9.38 ± 0.05 3.6 ± 0.2 16.88 ± 0.05 13.08 ± 0.47 0.06 68.5 ± 2.5 28.1 ± 1.5

1087 01:31:26.63 14:16:39.4 59.6 ± 2.1 Sc 91 14.3 ± 0.3 10.68 ± 0.11 3.4 ± 0.3 17.97 ± 0.06 11.19 ± 0.34 0.04 43.6 ± 5.0 18.8 ± 3.9
1635 02:08:27.78 06:23:42.3 46.6 ± 2.1 Sbc 112 14.1 ± 0.3 10.40 ± 0.09 3.5 ± 0.3 17.86 ± 0.03 12.92 ± 0.30 0.07 28.8 ± 1.6 38.9 ± 6.5
3140 04:42:54.93 00:37:06.9 62.1 ± 2.1 Sc 117 13.4 ± 0.2 9.45 ± 0.06 3.6 ± 0.2 16.97 ± 0.10 11.67 ± 0.50 0.11 73.4 ± 3.8 23.0 ± 1.8
3701 07:11:42.59 72:10:11.5 43.2 ± 2.1 Scd 114 14.4 ± 0.4 11.23 ± 0.19 2.9 ± 0.4 19.35 ± 0.16 16.96 ± 1.59 0.05 26.0 ± 1.8 97.7 ±29.2
3997 07:44:38.74 40:21:58.9 83.1 ± 2.1 Im 74 − 11.56 ± 0.21 − 19.18 ± 0.16 13.74 ± 1.21 0.02 42.2 ± 3.9 16.4 ± 2.7
4036 07:51:54.79 73:00:56.8 50.9 ± 2.1 SABbc 123 12.8 ± 0.2 9.56 ± 0.05 3.1 ± 0.2 17.54 ± 0.14 17.51 ± 1.41 0.04 51.7 ± 2.2 36.0 ± 2.5
4107 07:57:01.87 49:34:02.5 51.1 ± 2.1 Sc 89 13.7 ± 0.2 10.16 ± 0.07 3.4 ± 0.2 17.62 ± 0.06 12.92 ± 0.46 0.04 42.3 ± 1.6 31.7 ± 2.3
4256 08:10:15.18 33:57:23.9 74.8 ± 2.1 SABc 134 12.9 ± 0.2 9.54 ± 0.05 3.2 ± 0.2 17.11 ± 0.04 12.92 ± 0.30 0.08 73.3 ± 4.5 22.2 ± 2.0
4368 08:22:44.96 24:17:48.9 56.4 ± 2.1 Scd 141 13.5 ± 0.3 10.45 ± 0.09 2.9 ± 0.3 17.71 ± 0.15 11.67 ± 0.87 0.07 42.1 ± 2.5 38.1 ± 3.7
4380 08:24:31.87 54:51:14.0 105.0 ± 2.1 Scd 71 14.5 ± 0.2 11.09 ± 0.13 3.2 ± 0.2 18.06 ± 0.07 9.78 ± 0.35 0.03 48.2 ± 9.9 16.0 ± 6.5
4458 08:32:11.25 22:33:37.8 68.4 ± 2.1 Sa 114 13.2 ± 0.2 8.86 ± 0.05 4.2 ± 0.2 18.70 ± 0.04 27.14 ± 0.67 0.72 77.9 ±52.9 25.8 ±99.9
4555 08:44:08.27 34:43:02.1 61.8 ± 2.1 SABbc 97 13.2 ± 0.2 10.09 ± 0.06 3.0 ± 0.2 17.64 ± 0.07 13.57 ± 0.50 0.04 40.4 ± 1.6 50.2 ± 4.3
4622 08:50:20.19 41:17:21.9 178.2 ± 2.2 Scd 85 14.6 ± 0.3 11.21 ± 0.12 3.3 ± 0.3 17.84 ± 0.12 8.75 ± 0.56 0.16 49.4 ± 9.3 16.1 ± 4.6
6903 11:55:36.94 01:14:13.8 31.3 ± 2.2 SBcd 158 13.1 ± 0.3 9.84 ± 0.13 3.2 ± 0.3 19.06 ± 0.07 27.83 ± 1.42 0.02 29.7 ± 4.7 28.2 ± 8.2
6918 11:56:28.13 55:07:30.8 21.8 ± 2.3 SABb 141 12.0 ± 0.2 8.79 ± 0.02 3.2 ± 0.2 16.00 ± 0.04 10.96 ± 0.22 0.06 38.4 ± 1.1 55.7 ± 3.4
7244 12:14:18.08 59:36:55.6 65.4 ± 2.2 SBcd 95 14.6 ± 0.4 11.81 ± 0.19 2.7 ± 0.4 19.24 ± 0.18 12.19 ± 1.23 0.00 29.3 ± 1.6 42.1 ± 9.4
7917 12:44:26.20 37:07:16.4 102.9 ± 2.3 SBbc 117 13.8 ± 0.2 9.66 ± 0.04 4.1 ± 0.2 17.73 ± 0.09 16.96 ± 0.79 0.14 63.3 ±10.3 29.2 ± 5.2
8196 13:06:04.43 55:39:21.9 119.7 ± 2.3 Sb 93 14.0 ± 0.2 9.97 ± 0.05 4.0 ± 0.2 16.84 ± 0.04 8.35 ± 0.19 0.24 107.0 ±63.2 16.5 ± 4.6
9177 14:20:30.49 10:25:55.5 132.4 ± 2.6 Scd 85 14.0 ± 0.2 11.05 ± 0.12 2.8 ± 0.2 18.22 ± 0.08 10.96 ± 0.44 0.08 50.7 ± 5.9 18.5 ± 3.0
9837 15:23:51.68 58:03:10.6 43.2 ± 2.3 SABc 109 14.1 ± 0.3 10.45 ± 0.14 3.6 ± 0.3 19.84 ± 0.08 27.83 ± 1.42 0.03 37.4 ± 3.0 24.6 ± 4.5
9965 15:40:06.76 20:40:50.2 70.6 ± 2.4 Sc 74 14.0 ± 0.2 10.62 ± 0.08 3.1 ± 0.2 17.57 ± 0.05 10.34 ± 0.29 0.00 39.8 ± 1.9 29.6 ± 3.9

11318 18:39:12.23 55:38:30.6 85.2 ± 2.2 SBbc 100 13.8 ± 0.2 9.95 ± 0.06 3.7 ± 0.2 17.12 ± 0.03 10.96 ± 0.22 0.12 59.3 ± 3.7 30.0 ± 3.3
Galaxies observed with SparsePak:

6463 11:28:00.61 29:30:39.8 41.1 ± 2.3 SABbc 114 12.9 ± 0.2 10.48 ± 0.07 2.4 ± 0.2
6869 11:53:41.72 47:51:31.3 15.8 ± 2.2 SAbc 173 11.7 ± 0.2 8.43 ± 0.08 3.2 ± 0.2 17.08 ± 0.05 19.3 ± 0.50
7416 12:21:39.17 40:50:56.2 101.2 ± 2.3 SBb 93 13.9 ± 0.2 10.15 ± 0.05 3.7 ± 0.2
8230 13:08:41.73 52:46:27.4 104.1 ± 2.3 SABab 62 14.5 ± 0.2 10.14 ± 0.08 4.3 ± 0.2

Table 4.1: The reduced HI sample: (1) UGC number; (2) Right Ascension; (3) Declination; (4) distance; (5) morphological type; (6)
diameter of the blue 25th mag/arcsec2 isophote corrected for extinction and inclination; (7) B-band magnitude taken from DMS-I; (8) total
extrapolated K-band magnitude (see text); (9) B−K color corrected for Galactic extinction; (10) representative, face-on, central disk K-band
surface brightness; (11) representative K-band disk scale length; (12) bulge-disk ratio from K-band surface brightness profile decomposition;
(13) central vertical stellar velocity dispersion of the disk; (14) scale length of the fitted exponential radial decline of the vertical stellar
velocity dispersion.
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at 21 cm using the Westerbork Synthesis Radio Telescope (WSRT1), the Very Large
Array (VLA2) and the Giant Metrewave Radio Telescope (GMRT3). This sample was
augmented with UGC 6869 (NGC 3949) for which stellar kinematic measurements were
obtained with SparsePak during a pilot study. Due to limited resources, the Hi data for
only 28 of the 44 galaxies are reduced, analysed and presented here. From the 30 galaxies
of the PPak sample presented in Chapter 2, six galaxies were omitted that have been
observed with the GMRT but that are lacking photometry from the Sloan Digital Sky
Survey (SDSS). The Hi sample does include, however, four galaxies from the Phase-B
sample for which stellar kinematic data of good quality have been obtained with the
SparsePak IFU, for which SDSS photometry is available and that have been observed
with the WSRT. However, for these four galaxies the reduction and analysis of the stellar
kinematic data and of the luminosity profiles from 2MASS are pending at the time of
this writing. Absolute K-band magnitudes for these four galaxies are taken from DMS-I.

The 28 galaxies for which the Hi data are presented here, 24 with PPak data and
4 with SparsePak data, will be referred to as the ’reduced Hi-sample’ and are listed in
Tables 4.1 and 4.3 along with some radio-observational details. The scope of this chapter
is limited to a description of the data reduction and a concise analysis of the reduced
Hi sample. The radio data products will be used for further analysis in Chapter 5 and
forthcoming papers.

4.3 Observational Strategy and Configurations

Collecting Hi imaging data for 44 galaxies comprises a substantial observational program.
Therefore, in order to collect the radio data within the time frame of a PhD project, the
observations were distributed over the three largest aperture synthesis imaging arrays
that operate at 1.4 GHz, and over multiple observing semesters and cycles. Our strategy
was to use the WSRT only for galaxies with a declination above 30 degrees. Because of
the east-west configuration of the WSRT antennas, the elliptical synthesized beam of the
WSRT is elongated in the north-south direction on the sky, approximately proportional
to 1/sin(δ) such that the synthesized beam is ∼15” and circular at the North Celestial
Pole while it is ∼15”×30” at a declination of 30 degrees. At lower declinations, the
WSRT beam becomes too large compared to the diameters of the target galaxies. The
Y-shape along which the VLA and GMRT antennas are laid out allows for a more or
less circular synthesized beam at lower declinations as well and these arrays were used
to mainly target galaxies at declinations below 30 degrees. Of the galaxies for which the
Hi data are presented here, 7 were observed with the VLA, 18 with the WSRT including
3 galaxies previously observed with the VLA, and 6 galaxies were observed with the
GMRT. Details of the observational setups depend on the array that was used and are

1 The Westerbork Synthesis Radio Telescope (WSRT) is operated by the ASTRON (Netherlands
Foundation for Research in Astronomy) with support from the Netherlands Foundation for Scientific
Research NWO.

2 The Very Large Array (VLA) is operated by the The National Radio Astronomy Observatory
(NRAO). NRAO is a facility of the National Science Foundation operated under cooperative agree-
ment by Associated Universities, Inc.

3 The Giant Metrewave Radio Telescope (GMRT) is run by the National Centre for Radio Astro-
physics of the Tata Institute of Fundamental Research. We thank the staff of the GMRT who have
made these observations possible.
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VLA WSRT GMRT
Number of galaxies observed 7∗ 18 20∗∗

Allocated observing time (hr) 20 234 193
Configuration C maxi-short fixed
Frequency of observations (MHz) 1362−1407 1362−1417 1380−1415
Bandwidth (MHz) 3.125 10.0 8.0
Number of channels 128 1024 256
Channel width (kHz [km/s]) 24.4 [5.23] 9.77 [2.09] 31.3 [6.69]
Integration time (sec) 30 60 16.9
No. of antennas used 23 11 − 13 18 − 21
Maximum baseline (km) 3.4 2.7 26
Minimum baseline (m) 45 36 100
Primary beam (arcmin) 30 36 24
Synthesized beam (arcsec) 13.4 × 15.3 14.6 × 22.7 12.9 × 16.4
RMS noise (mJy/beam) 0.71 0.55 0.64

Table 4.2: Configurations of the interferometric observations. The stated frequency of obser-
vations gives the range of central frequencies. The channel width in km/s is valid for a frequency
of 1400 MHz. No. of antennas used is the number used in the Fourier transforms. Maximum and
minimum baseline are valid for a complete array without projection effects. Synthesized beam
sizes and RMS noise levels are average values, where the RMS noise is measured in individual
individual channel maps. All observations are carried out in dual-polarization. Notes: ∗3 of
these galaxies were also observed with the WSRT, providing higher-quality data; ∗∗Data for 6
galaxies observed with the GMRT are presented here.

described below. A summary of the observational setups is provided in Tables 4.2 and
4.3.

4.3.1 Observations with the VLA

Observations with the Very Large Array were carried out in its C-configuration in Septem-
ber and October 2005. A total of 20 hours was allocated, spread over 5 observing tracks.
Each galaxy was observed during 3-5 scans, each lasting ∼30 minutes and, consequently,
the accumulated integration times per galaxy varied between 1.5 and 2.5 hours. Every
30-minute scan was bracketed by short observations of a nearby phase calibrator with
the same correlator settings. A flux calibrator was observed once during each observing
track with a set of correlator settings that were relevant for the galaxies observed during
that track. The flux and phase calibrators used for each galaxy can be found in Table 4.3.

The longest and shortest baselines of the VLA in its C-configuration are 3400 and
45 meters respectively which allows for an angular resolution of ∼13” while the largest
observable structures are about 15 arcminutes in size, much larger than our target galax-
ies. The same correlator settings were used for all galaxies but the observing frequencies
were tuned to match the recession velocities of the galaxies. An observing bandwidth
of 3.125 MHz, or 660 km/s at the rest frequency of 1420.405 MHz, was split into 128
channels of each 24.4 kHz, or 5.15 km/s. Doppler-tracking to heliocentric velocities was
enabled to compensate for the drifting observing frequencies. Observations were carried
out in dual-polarization mode to increase the signal-to-noise in the unpolarized 21-cm
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emission line of Hi by a factor
√

2. The signal from the correlator was integrated in
time intervals of 30 seconds after which the visibilities were recorded. At the observed
frequencies, the Full Width Half Maximum (FWHM) of the primary beam of the VLA
is 30 arcmin and occasionally one or more satellites or companion galaxies were detected
within the field-of-view and frequency range covered by the observations.

4.3.2 Observations with the WSRT

Observations with the Westerbork Synthesis Radio Telescope were carried out in its
maxi-short configuration between July 2007 and November 2008. A total of 234 hours
was allocated, spread over semesters 07B and 08A with some observations delayed to
semester 08B. As an east-west array, the WSRT takes advantage of earth rotation to
sample the UV-plane. Each galaxy was observed during a 12-hour track, preceded and
followed by observations of a flux calibrator. The excellent phase stability of the WSRT
at 1.4 GHz does not require observations of phase calibrators during the 12-hour track.

The longest and shortest baselines of the WSRT in its maxi-short configuration,
providing optimum imaging performance for extended sources within a single 12-hour
observation, are 2700 and 36 meters respectively which allows for an angular resolution
of ∼15” in the east-west direction while the largest observable structures are about 20
arcminutes in size, much larger than our target galaxies. The same correlator settings
were used for all galaxies but the observing frequencies were tuned to match the recession
velocities of the galaxies. An observing bandwidth of 10 MHz, or 2110 km/s at the
rest frequency of 1420.405 MHz, was split into 1024 channels of each 9.77 kHz, or 2.06
km/s. Doppler-tracking was enabled. Observations were carried out in dual-polarization
mode to increase the signal-to-noise in the unpolarized 21-cm emission line. To limit
the amount of data from the WSRT, the signal from the correlator was integrated in
time intervals of 60 seconds after which the visibilities were recorded. At the observed
frequencies, the FWHM of the primary beam of the WSRT is 36 arcminutes and often
one or more satellites or companion galaxies were detected within the field-of-view and
frequency range covered by the observations.

4.3.3 Observations with the GMRT

Observations with the Giant Metrewave Radio Telescope with its fixed antennas were
carried out between May 2008 and November 2009. A total of 193 hours was allocated,
spread over four observing cycles (60, 50, 45 and 38 hours for cycles 14, 15, 16 and 17
respectively). In each cycle, the allocated time was split up over several tracks that each
lasted ∼10−19 hours. During each track, 1−3 galaxies were observed and most galaxies
were observed during multiple tracks. During a track, a galaxy was observed with several
scans, each lasting for 40−60 minutes. Similar to the VLA observing strategy, every scan
was bracketed by short observations of a nearby phase calibrator with the same correlator
settings. A flux calibrator was observed once or twice during each observing track with
a set of correlator settings that were relevant for the galaxies observed during that track.
The flux and phase calibrators used for each galaxy can be found in Table 4.3.

The GMRT consists of 30 dishes in a fixed configuration with 14 dishes located in a
central region of about 1 km2 and 16 dishes distributed along three arms of the overall
Y-shaped configuration. The longest and shortest baselines of the GMRT are 26 km and
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UGC Array Obs.Date Calibrators Tobs νc beam size σchan σcont

hrs MHz arcsec2 mJy/bm mJy/bm
(1) (2) (3) (4) (5) (6) (7) (8) (9)
448 WSRT 2007-09-03 3C286; 3C48 12.0 1397.9 29.9 × 13.6 0.47 0.20
463 VLA 2005-09-22 3C48; 0119+084 2.3 1399.7 14.7 × 12.9 0.54 0.34

2009-09-23 3C48; 0119+084
1087 VLA 2005-09-27 3C48; 0204+152 2.0 1401.1 16.2 × 13.2 0.58 0.28
1635 VLA 2005-09-24 3C48; 0204+152 2.1 1404.3 14.4 × 13.5 0.51 0.24

2009-09-25 3C48; 0204+152
3140 VLA 2005-09-27 3C48; 0459+024 2.0 1400.5 15.9 × 13.9 0.59 0.76
3701 WSRT∗∗ 2007-12-11 3C48; 3C286 12.0 1409.8 15.9 × 14.6 0.43 0.08
3997 WSRT 2007-12-10 3C48; 3C286 12.0 1393.0 23.6 × 14.6 0.44 0.08
4036 WSRT 2007-12-19 3C48; 3C286 12.0 1404.2 15.8 × 14.9 0.40 0.09
4107 WSRT 2008-01-02 3C48; 3C286 11.0 1404.0 20.5 × 14.3 0.41 0.06
4256 WSRT 2008-01-03 3C48; 3C286 9.8 1396.0 35.5 × 14.9 0.45 0.08
4368 GMRT 2008-11-15 3C48; 3C286; 6.8 1402.0 16.3 × 13.7 0.58 0.64

0834+555
4380 WSRT 2008-01-14 3C48; 3C286 10.3 1385.8 20.1 × 14.0 0.44 0.07
4458† GMRT 2009-11-17 3C48; 3C286; 9.7 1398.3 13.9 × 10.5 0.57 0.38

2009-11-18 0834+555
4555 WSRT 2008-05-18 3C48; 3C286 12.0 1400.5 29.8 × 15.5 0.41 0.09
4622 WSRT∗∗ 2007-12-31 3C48; 3C286 12.0 1362.1 26.4 × 16.2 0.41 0.07
6463 WSRT 2008-05-19 3C147; 3C286 12.0 1408.5 31.3 × 13.9 0.44 0.16
6869∗ WSRT 2008-05-21 3C147; 3C286 12.0 1416.5 21.6 × 15.7 0.55 0.10
6903 GMRT 2009-05-30 3C286; 1347+122; 6.8 1411.5 14.6 × 10.5 0.63 0.24

1130-148
6918 GMRT 2008-05-29 3C286; 1400+621; 5.6 1415.0 16.6 × 12.6 0.59 0.74

2008-05-31 1219+484
7244 WSRT 2008-05-08 3C147; CTD93 12.0 1400.0 17.1 × 14.4 0.43 0.10
7416 WSRT 2008-11-28 3C147; CTD93 12.0 1388.6 23.4 × 14.6 0.44 0.15
7917 WSRT 2008-11-29 3C147; CTD93 12.0 1388.2 25.3 × 14.5 0.43 0.11
8196 WSRT 2008-07-09 3C147; CTD93 12.0 1382.0 18.0 × 14.7 0.47 0.12
8230 WSRT 2008-06-29 3C147; CTD93 12.0 1387.2 18.8 × 14.6 0.42 0.06
9177 GMRT 2008-05-31 3C286; 1347+122; 10.8 1379.6 18.2 × 12.2 0.42 0.38

2008-06-06 1445+099; 1609+266; ∗∗∗

2008-09-15 2130+050
9837 WSRT 2007-07-21 3C286; 3C48 12.0 1407.9 17.5 × 14.5 0.43 0.09
9965 GMRT 2008-05-29 3C286; 3C48; 10.3 1399.3 18.8 × 17.7 0.43 0.25

2008-06-07 1609+266 ∗∗∗

2008-09-16
11318 WSRT∗∗ 2007-07-20 3C286; 3C48 12.0 1393.1 17.3 × 13.8 0.48 0.08

Table 4.3: Observed galaxies of the reduced Hi sample. Columns show: (1) UGC catalog
number; (2) array used for observation; (3) starting date of the observation; (4) observed flux
and phase calibrators; (5) total integration on source; (6) central frequency of the bandpass; (7)
FWHM of the synthesized beam; (8) average rms noise in a single channel map; (9) rms noise
in the continuum map.
Notes: ∗ UGC 6869 is an inclined galaxy, not included in the DMS sample; ∗∗ also observed by
the VLA in September 2005; ∗∗∗ many antennas non-operational due to thunderstorm. UGC
9177 and UGC 9965 have 3.3 and 3.5 hours on source, respectively; † for UGC 4458, we use
Hi data from the WHISP-survey. It was observed with WSRT for 12 hours, with a synthesized
beam of 45.6′′ × 15.5′′, a velocity resolution of 16.5 km/s after Hanning smoothing, and with a
noise in the channel maps of 0.43 mJy/beam (Noordermeer et al. 2005).
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100 meters respectively which allows for an angular resolution of ∼2” at 1.4 GHz while
the largest observable structures are ∼7 arcminutes in size, still much larger than our
target galaxies. The high angular resolution comes at the expense of Hi column density
sensitivity and therefore, during the data reduction, the distribution of baselines was
tapered such that the angular resolution of the GMRT observations was similar to the
VLA and WSRT observations. The same ’High-Res’ correlator settings were used for
all galaxies but the observing frequencies were tuned to match the recession velocities.
An observing bandwidth of 8 MHz, or 1689 km/s at the rest frequency of 1420.405
MHz, was split into 256 channels of each 31.25 kHz, or 6.60 km/s. Doppler-tracking was
not enabled. Observations were carried out in dual-polarization mode to increase the
signal-to-noise in the unpolarized 21-cm emission line. The signal from the correlator
was integrated in time intervals of 16.9 seconds after which the visibilities were recorded.
The relatively large dishes of the GMRT result in a smaller primary beam with a FWHM
of 24 arcminutes at our observing frequencies.

A summary of the various telescope and correlator settings is provided in Table 4.2.

4.4 Data Reduction

The reduction and analysis of standard spectral line apertures synthesis imaging data
such as obtained here, by and large takes place in two different domains. Flagging,
calibrating and Fourier transforming the recorded visibilities, including gridding, weight-
ing and tapering, is done in the UV-domain. For this purpose we used the Classic

AIPS4 software package. Post-imaging reduction and analysis of the data cubes is per-
formed in the image-domain with the GIPSY5 software package (van der Hulst et al.
1992; Vogelaar & Terlouw 2001). Some details of the data reduction procedure are de-
scribed below.

4.4.1 Flagging, calibrating and Fourier imaging the visibilities

The raw visibilities of a particular galaxy and its associated calibrators were extracted
from the recorded data sets of each track, loaded into AIPS and concatenated if the
collected data were distributed over multiple files. Obviously bad data from defunct
antennas or data affected by Radio Frequency Interference (RFI) or correlator glitches
were flagged. Telescope-based gain, phase and bandpass corrections were determined
using the observed fluxes from the calibrators. Calibrated visibilities of the galaxy scans
were closely inspected and additional flags were applied when necessary. Subsequently,
the calibrated visibility data of a galaxy were Fourier transformed to the image domain.
Although the calibration procedures in principle are very similar for data from the dif-
ferent arrays, they are rather different in practice. Below, we provide some details of the
calibration and imaging procedures separately for the three different arrays.

The VLA data

The VLA observations were done with 4 of the 27 antennas missing from the array as
they were being refurbished for the EVLA expansion. The collected visibility data are
4 Astronomical Image Processing System
5 Groningen Image Processing SYstem
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processed and calibrated following standard procedures. In short, after visual inspection
of the visibilities and flagging of bad baselines and antennas (TVFLG), the central 75% of
all channels were averaged to form a continuum data set (AVSPC). Expected flux levels
for the primary flux calibrators were calculated for the frequencies of our observations
(SETJY) and antenna-based complex gain corrections were calculated by comparing the
baseline-based visibility amplitudes in the continuum data set of the flux calibrator with
the expected flux levels (CALIB). Flux levels of the phase calibrators in the continuum
data sets were derived (GETJY). Antenna-based complex gain corrections were derived
for each scan of both the flux and phase calibrators (CALIB) and interpolated in time
over the galaxy scans to account for temporal variations (CLCAL). Gain solutions were
inspected visually (SNPLT) and galaxy scans during which phase jumps occurred were
flagged manually (UVFLG). Flag (FG) and interpolated solution (CL) tables were copied
from the continuum to the line data sets (TACOP). Using the line data, the shapes of
the complex bandpasses (frequency dependent, relative complex gain solutions) were
calculated for each antenna and for each scan of both the flux and phase calibrators
(BPASS), and the derived shapes and temporal variations of the bandpasses were visually
inspected (POSSM, BPLOT). Retained visibilities from the galaxy scans were calibrated
by applying the interpolated complex gain and bandpass corrections and copied to a
calibrated UV data set (SPLAT). Calibrated baseline-based visibilities of the galaxy scans
were again inspected visually for the presence of RFI and flagged accordingly (TVFLG).

The calibrated and partially flagged visibilities of an observed galaxy were Fourier
transformed (IMAGR) into data cubes containing the 21-cm continuum and Hi-line emis-
sion, as well as cubes with the frequency-dependent antenna patterns. The visibilities
were given a ’Robust=0’ weighting for the best trade-off between the size and shape of
the synthesized beam and the root-mean-square (rms) noise in the channel maps. The
size of the synthesized beam is listed in Table 4.3 and indicated in the maps presented
in the accompanying Atlas. All data cubes constructed from the VLA data have a pixel
size of 4.5×4.5 arcseconds to properly sample the beam while the channel maps have a
dimension of 512×512 pixels and the antenna patterns a dimension of 1024×1024 pix-
els. During the map-making process no ’cleaning’ or deconvolution has been applied to
remove the sidelobes of the synthesized beam.

The WSRT data

The WSRT observations were carried out with antenna 5 missing from the standard
array of 14 antennas as it is equipped with a prototype receiver for the APERTIF system.
Reduction of the WSRT data used the same suite of AIPS programs as mentioned above.
Upon loading and concatenating the raw visibility data into AIPS, they were weighted
according to the elevation-dependent behaviour of the system temperature. Antennas
with an anomalous behaviour of their system temperature were flagged; three tracks
suffered from one dysfunctional antenna, and one track from two dysfunctional antennas.
Although the WSRT observations were scheduled as to maximize night-time observing,
many galaxies were still partly observed during the day and solar-RFI clearly affected
the shortest baseline on several runs. Therefore, in every observation, we removed this
RFI by blindly flagging the four shortest baselines (antenna pairs 9A, 9B, AB and CD)
whenever the sun was above the horizon. Before proceeding with the calibration, the
visibility amplitudes were visually inspected for both the XX and YY polarizations.
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Additional data affected by RFI was noted and manually flagged.
A continuum data set was produced by averaging the central 75% of the channels. The

expected flux levels of the calibrators 3C48 and 3C147 were calculated for the observed
frequencies based on the known fluxes and spectral indices for these sources. For CTD93,
which lacks an AIPS model, the Stokes-I flux was set manually to 4.83 Jansky, based on
the VLA Calibrator Manual6. For 3C286, which is approximately 10% linear polarized,
the Stokes parameters were set manually to (I,Q,U,V)=(14.65,0.56,1.26,0.00) Jansky,
taken from the ASTRON homepage7. For every track, antenna-based, complex gain and
phase corrections were determined for both calibrator scans separately by comparing the
observed complex visibilities to the expected fluxes and phases for the calibrators. The
corrections were then linearly interpolated in time between the two calibrator scans that
bracket the 12-hour scan of the galaxy. Recall that, contrary to the VLA observations,
no additional phase calibrators were observed with the WSRT. For each observation, the
interpolated gain and phase corrections were transferred from the continuum to the line
data set. The shapes of the complex bandpasses of the antennas were determined on the
basis of the frequency-dependent complex visibilities for both calibrators separately, and
subsequently interpolated in time. The gain-, phase- and bandpass-calibrated visibility
data of the galaxies were cleaned from remaining RFI by flagging visibilities with an
amplitude above 5σ of the rms noise (0.24±0.02 Jy) in the UV-data, after subtracting a
continuum baseline (UVLIN) to the line-free channels. We verified that the 5σ clip level
was high enough as not to affect the Hi signal itself.

For every galaxy, an initial data cube was made by Fourier transforming the calibrated
UV-data, including the continuum flux from the galaxy and other sources in the field.
From this data cube, the channels that are free of line emission were determined and
these channels were used to fit the continuum baseline for the purpose of flagging RFI as
mentioned above. The line-free channels were also averaged to produce a single-channel,
continuum UV-data set for each galaxy. The UV-data sets were then Fourier transformed
to produce the final line-free continuum image and the Hi+continuum data cube for every
galaxy, as well as maps and cubes of the corresponding antenna patterns.

The WSRT visibilities were also given a ’Robust=0’ weighting and Figure 4.1 il-
lustrates the trade-off between angular resolution and column density sensitivity for the
WSRT data of UGC 4107. As a function of the ’Robust’ parameter, it shows the effective
angular resolution (

√

ΘxΘy) as a solid line, and the 3σ Hi column density sensitivity per
channel as a dashed line. A value of ’Robust=−5’ corresponds to a ’uniform’ weighting
of the UV-data, yielding the smallest beam (∼14′′) and the worst column density sen-
sitivity limit (∼0.93 M⊙pc−2), while ’Robust=+5’ corresponds to a ’natural’ weighting
of the UV-data, yielding the best column density sensitivity (∼0.23 M⊙pc−2) but the
largest beam (∼26′′) with significant sidelobes. A ’Robust=0’ weighting provides the
best compromise for our purpose, yielding a synthesized beam of 14.3×20.5 arcseconds
for the case of UGC 4107 at a declination of +49.5 degrees. For each data cube, the
resulting size of the synthesized beam is listed in Table 4.3 and indicated in the maps in
the Atlas. All data cubes and continuum maps constructed from the WSRT data have
a pixel size of 5 arcseconds in Right Ascension and 5/sin(δ) in Declination. The chan-
nel maps and continuum images have a dimension of 512×512 pixels and the antenna

6 http://www.vla.nrao.edu/astro/calib/manual
7 http://www.astron.nl/radio-observatory/astronomers/analysis-wsrt-data/analysis-wsrt-dzb-data-

classic-aips/analysis-wsrt-d
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Figure 4.1: Illustration of the trade-off between angular resolution and column density
sensitivity for different robust-weightings of the WSRT visibility data, ranging from uniform
(robust=−5) to natural (robust=+5) weighting. The solid curve indicates the size of the syn-
thesized beam, ranging from 14′′ to 26′′, and the dashed curve shows the 3σ column density
sensitivity in a single channel, ranging from 0.23 to 0.93 M⊙pc−2. For our purpose, a weighting
of robust=0 gives a reasonable trade-off between resolution and sensitivity.

patterns a dimension of 1024×1024 pixels. Note that because of the rectangular shape
of the pixels in the WSRT images, the imaged areas on the sky are also rectangular.
The channel maps and continuum images were not deconvolved during the map-making
process.

The GMRT data

The reduction and calibration of the UV-data from the GMRT follows the same overall
strategy as applied to the VLA data but there are a few notable differences in practice.

First of all, identifying and flagging RFI is much more tedious and time-consuming for
GMRT data compared to the VLA and WSRT data. This is mainly due to higher levels
of RFI at the GMRT site and the larger data volumes generated by the GMRT: The
typical data volume per galaxy from the GMRT is ∼3 times that from the WSRT and
∼14 times that from the VLA. Several remote antennas and long baselines were flagged
blindly upfront, motivated by the fact that the highest angular resolution provided by
the longest GMRT baselines is not required to obtain a synthesized beam similar to
that provided by the VLA and WSRT. Therefore, we flagged a) nine of the outermost
antennas that provide the longest baselines; b) baselines longer than 25 kλ between the
remaining inner antennas of the array; and c) the nine shortest baselines (<300 meters)
whenever the sun was above the horizon in order to remove solar RFI. All these antennas
and baselines were excluded from the calibration and imaging process. Subsequently,
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for each track the preliminary-calibrated, remaining GMRT visibilities were prepared for
visual inspection by arranging them for each polarization in 3-dimensional data cubes
(UVIMG) with baseline number, time and frequency channel as their axes. The visually
identified presence of RFI was recorded and flagged manually. Second, due to steep phase
gradients across the 8 MHz bandpass, a continuum data set for determining the gain and
phase corrections was made by averaging only ∼10 RFI-free channels near the center
of the bandpass to avoid effective de-correlation of the signal that would have occurred
when the default 75% of the channels would have been averaged. Third, because the
shape of the bandpass of the GMRT is quite stable in time, a single average bandpass
was determined for each galaxy by making use of all the scans of the flux and phase
calibrators observed for that galaxy.

After some trails and consultation with the staff at the GMRT in Khodad and the
NCRA in Pune, the calibrated UV-data were Fourier transformed to the image-domain
with a ’Robust=0’ weighting, a Gaussian UV-taper with its width at 30% set to 16 kλ
in both U and V, and excluding baselines longer than 25 kλ (5.3 km). This yielded
angular resolutions that are similar to what was obtained with the VLA-C and the
WSRT as listed in Table 4.3. All data cubes constructed from the GMRT data have a
pixel size of 4.0×4.0 arcseconds to properly sample the beam while the channel maps
have a dimension of 512×512 pixels and the antenna patterns a dimension of 1024×1024
pixels. The channel maps were not deconvolved during the map-making process.

4.4.2 Post-imaging deconvolution and signal definition

The data cubes produced with AIPS, for each galaxy containing the 21-cm sky signals and
corresponding frequency-dependent beam patterns or ’dirty’ beams (the radio-equivalent
of a point-spread-function), were further processed with GIPSY. Before deriving the
various data products, the continuum and line emission must be separated and, after
defining the regions that contain the continuum and Hi signal in each channel map, the
images need to be deconvolved or ’CLEANed’ to remove the sidelobes of the synthesized
beams. The post-imaging processing of the data cubes is basically identical for all three
arrays and described in more detail in the following subsections.

Velocity smoothing

All observations were carried out with a ’uniform’ frequency taper which means that the
spectral response to an infinitely narrow emission line is a sync function with a FWHM
of 1.2 times the width of a frequency channel. Furthermore, strong continuum sources
may produce a ’Gibbs’-ripple that can affect a large part of the bandpass. To suppress
the sidelobes of the sync function and the Gibbs-phenomenon, the data cubes were first
convolved along the frequency axis with a Hanning smoothing kernel which extends over
3 channels with relative weights of (1/4,1/2,1/4). As a consequence, the spectral response
function becomes triangular in shape with a FWHM of twice the channel width. At the
rest frequency of the Hi line, this corresponds to a velocity resolution of 10.3, 4.12 and
13.4 km/s for the VLA, WSRT and GMRT data respectively. To increase the signal-to-
noise and to obtain a similar velocity resolution as the VLA and GMRT data, the data
cubes from the WSRT were smoothed further in velocity to a near-Gaussian response
function with a FWHM of 4 channels or 8.3 km/s. Subsequently, every other channel
in the WSRT data cubes was discarded such that the FWHM of the spectral response
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function was sampled by 2 channels, reducing the number of channels from 1024 to 512
while each retained channel was doubled in width to 19.5 kHz or 4.12 km/s and preserved
its observed flux density. All operations were performed on both the data cubes and the
cubes containing the beam patterns.

Continuum subtraction

From each spectrum in the data cubes, the continuum emission was subtracted using
an iterative rejection scheme. A second-order polynomial was fit as a baseline to each
spectrum separately and subtracted. Subsequently, the rms noise was calculated in each
continuum-subtracted channel map and pixels above and below 2σ were masked. This
mask was transferred to the input data cube and baselines were refitted, ignoring the
masked pixels. After subtracting the refitted baselines, the rms was recalculated and
the pixel-mask was adjusted. This process was repeated until the pixel-mask no longer
changed significantly. This iterative rejection method maximizes the number of line-free
channels in the fitting, while still ensuring that most of the Hi signal was rejected before
fitting the final continuum baseline. For the VLA and GMRT data, a continuum map
was created by calculating the values of the fitted baselines at the center of the observed
bandpass. Recall that for the WSRT data, the continuum UV-data sets were already
prepared in the UV-domain by averaging line-free channels and Fourier transforming that
data set to the image domain (see Section 4.4.1).

For every galaxy, this iterative procedure resulted in a continuum-free, 3-dimensional
data cube that only contains the signal from the Hi-emission line, as well as a line-free
2-dimensional image that only contains the continuum flux of the galaxy and other radio
sources in the field. In these cubes and images, the line and continuum signal is still
convolved with the corresponding beam patterns.

Signal definition and CLEANing

The signals in the continuum images and Hi-data cubes were deconvolved with the CLEAN

algorithm as developed by Högbom (1974) and implemented in GIPSY. To avoid that
noise peaks are mistaken for signal and to speed-up the search for CLEAN-components,
we defined masks or search areas that contain the continuum and Hi signals. For the
Hi-data cubes, the shapes of these masks vary from channel to channel as different parts
of the rotating Hi disks are seen at different frequencies or recession velocities.

For the 2-dimensional continuum images the masks were made in an iterative way.
First, the brightest continuum sources were identified visually and search areas enclosing
these sources were created manually (BLOT). The overall rms noise in the continuum maps
was calculated and the maps were CLEANed down to 1σ. This removed the sidelobes of
the brightest sources, reduced the rms noise in the maps and revealed fainter continuum
sources for which enclosing search areas were added to the pre-existing ones. The lower
rms noise was recalculated and the continuum image was CLEANed again down to 1σ with
the updated map containing the search areas. This was repeated until all sidelobes were
removed, the noise no longer decreased and no more fainter sources were revealed. The
CLEAN components found within the final set of search areas were restored into the map
with a Gaussian beam of the same FWHM and position angle as the ’dirty’ beam-pattern.

Constructing masks or search areas for the Hi-channel maps is more elaborate as
the spatially extended Hi signal occurs in many channels and at different locations as a
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function of frequency. Also, extended emission at lower column densities may disappears
below the noise levels which makes it difficult to identify this emission and include it in
the search areas. The procedure we adopted was as follows. First, all channel maps in
a data cube were cleaned blindly down to 4 times the rms noise in a channel map and
the found CLEAN-components were restored with a Gaussian beam similar in size and
orientation as the ’dirty’ beam pattern. This removed most of the sidelobes from the
brightest Hi sources, including possible companion galaxies near the velocity extremes
of the data cubes. Second, the channel maps were spatially smoothed to a beam that is
twice as large as the Gaussian beam with which the CLEAN-components were restored for
the VLA and WSRT data, and to a 30′′ × 30′′ beam for the GMRT data. This enhances
the signal-to-noise of Hi emission at lower column densities. Third, we calculated the
rms noise in the spatially smoothed channel maps and selected only those pixels with
values above the 2σ-level. This resulted in frequency-dependent masks that contain the
Hi signal from the galaxies, as well as some >2σ noise peaks. As the final fourth step,
we visually inspected the continuation of the search areas in all three dimensions of the
data cubes and manually removed all noise peaks. Naturally, there is some risk that the
faintest dwarf satellites were misjudged to be noise peaks. Also, the edges of the search
areas are affected by noise at the 2σ-level and emission from the lowest column density
gas, below 2σ in the smoothed channel maps, is still excluded from the search areas.

The channel-dependent search areas based on the smoothed data cubes were used
to CLEAN the high-resolution data cubes down to 1σ of the rms noise level. The CLEAN-
components that were found within the search areas were restored with a Gaussian beam
of similar FWHM as the antenna pattern. In the CLEANed channel maps the sidelobes
of the beam pattern were fully removed. It is noteworthy that for almost half of the
28 observed target galaxies we also detected Hi emission from one or more satellites or
companion galaxies but these are not considered in any further analysis. In total, 51
galaxies were detected in Hi of which 23 are companion galaxies.

4.5 Data Products

In this section we will discuss the primary data products derived from the continuum
maps and the Hi-data cubes, including continuum maps and flux densities, global Hi lines
and their widths and integrated fluxes, Hi maps and radial Hi column density profiles,
Hi velocity fields, position-velocity diagrams and rotation curves. For every galaxy, the
results are collected and presented in the appended Atlas.

The Hi data of UGC 4458 have been taken from the WHISP survey (van der Hulst et al.
2001) and have already been presented by Noordermeer et al. (2005). These data were
of much higher quality than our GMRT observations. For consistency within the set of
derived data products, we have taken the CLEANed data cube that was obtained with the
WSRT and re-processed it in the same manner as the other galaxies we have observed.

4.5.1 The 21-cm continuum maps and flux densities

The 21-cm continuum flux densities are measured from the CLEANed continuum maps
as presented in the Atlas. Only the flux within the search area of the galaxy used by
the CLEAN algorithm was considered. If the galaxy was not clearly detected in radio
continuum, the flux was calculated in an area that corresponds to the optical disk.
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Figure 4.2: Comparison of our measurements with data from the literature. Left: Total
21-cm radio continuum flux densities of the galaxies. Middle: Integrated Hi-line fluxes. Right:
Hi line widths at the 20% level of peak intensity. Solid symbols represent data from the WSRT,
open circles from the VLA and open triangles from the GMRT. The data are listed in Table 4.4
with references to the literature values.

Measured fluxes were corrected for the attenuation of the primary beams, but this is
only a minute correction given that the galaxies are relatively small and located near the
centers of the fields-of-view.

The radio continuum maps obtained with the GMRT show strong imaging artefacts
from imperfections in the calibration procedure. A proper self-calibration procedure can
correct for these effects but has not been carried out as it is time-consuming and not
required for the Hi data in which we are primarily interested. For the radio continuum
maps from the GMRT we formally calculated the flux in an area that approximately
covers the optical disk of the galaxy, but these flux measurements will have large un-
certainties. In general, we estimate the errors on the measured continuum flux densities
from the rms noise in the maps. For galaxies observed with the GMRT this will be an
underestimate due to the mentioned artefacts. We estimate an additional 10% system-
atic error on the flux density to account for uncertainties in the flux calibration. The
continuum flux densities are presented in Table 4.4.

The left panel of Figure 4.2 shows a comparison of our measured S21cm flux densities
with literature values as reported by the NASA/IPAC Extragalactic Database8 (NED)
(White & Becker 1992; Condon et al. 1998, 2002). Included are the 15 galaxies for which
a 21-cm continuum flux is reported in the literature and there is good agreement, indi-
cating that our flux calibrations were successful.

4.5.2 The global HI profile

The global Hi profile was constructed by calculating the flux density in each channel
map within the search area that defines the signal from the galaxy. The error on the
flux density measurements was calculated empirically, and we took advantage of the fact
that the signal of the galaxy only occupies a small fraction of the 3-dimensional data
cube. We extracted the smallest data cube that encloses the search areas defining the Hi

8 Operated by the Jet Propulsion Laboratory, California Institute of Technology, under contract with
the National Aeronautics and Space Administration.
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this study literature values

UGC S21cm W20 W50 R
R

Svdv Vsys S21cm W20 W50

R

Svdv Vsys ref.
(mJy) (km/s) (km/s) (km/s) (Jy km/s) (km/s) (mJy) (km/s) (km/s) (Jy km/s) (km/s)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)
448 3.4 ± 0.7 193.2 ± 0.7 179.1 ± 1.6 8.3 5.42 ± 0.18 4855.3 ± 0.3 187 ± 5 176 ± 5 4.65 ± 0.43 4857 ± 5 a
463 37.2 ± 4.1 236.8 ± 0.8 220.5 ± 2.8 10.3 3.17 ± 0.15 4457.1 ± 0.2 32.8 ± 1.7 258 ± 2 221 ± 2 7.72 ± 0.86 4462 b

1087 6.5 ± 1.2 150.3 ± 0.8 136.1 ± 1.7 10.3 3.98 ± 0.16 4485.5 ± 0.6 159 ± 1 136 ± 1 6.44 ± 0.69 4484 b
1635 2.4 ± 0.7 120.6 ± 1.1 109.6 ± 2.0 10.3 2.91 ± 0.12 3517.6 ± 0.2 143 ± 4 127 ± 4 4.94 ± 0.64 3516 b
3140 15.9 ± 3.5 139.6 ± 0.5 120.5 ± 1.0 10.3 10.20 ± 0.19 4623.3 ± 0.9 13.5 ± 1.2 152 ± 2 119 ± 2 14.66 ± 1.79 4620 b
3701 1.2 ± 0.3 153.4 ± 0.7 131.9 ± 1.3 8.3 9.15 ± 0.21 2917.6 ± 0.6 154 ± 8 135 ± 8 8.43 ± 1.01 2915 b
3997 0.7 ± 0.3 168.8 ± 1.6 154.7 ± 1.4 8.3 3.33 ± 0.11 5941.6 ± 0.8 166 ± 35 95 ± 23 4.64 ± 0.73 5915 ± 12 c
4036 9.6 ± 1.1 134.7 ± 0.5 119.9 ± 0.6 8.3 8.83 ± 0.26 3468.3 ± 0.3 7.6 ± 1.7 156 ± 34 128 ± 25 8.65 ± 2.39 3470 ± 17 a
4107 3.8 ± 0.4 164.2 ± 0.9 152.4 ± 1.2 8.3 3.19 ± 0.11 3509.1 ± 0.2 2.6 ± 0.5 169 ± 12 146 ± 12 3.25 ± 0.46 3512 b
4256 36.7 ± 3.7 196.8 ± 0.7 171.3 ± 1.4 8.3 11.57 ± 0.27 5248.1 ± 0.3 46.5 ± 2.1 207 ± 6 188 ± 6 12.22 ± 0.84 5259 ± 3 a
4368 13.2 ± 3.0 274.7 ± 1.4 243.5 ± 1.4 13.4 12.94 ± 0.29 3864.4 ± 3.2 248 ± 13 243 ± 6 14.69 ± 2.71 3870 ± 6 a
4380 0.9 ± 0.3 145.9 ± 1.0 120.7 ± 2.0 8.3 3.35 ± 0.10 7480.7 ± 2.1 153 ± 3 116 ± 3 3.14 ± 0.38 7483 b
4458 10.1 ± 3.6 284.0 ± 0.8 240.9 ± 1.2 13.4 11.69 ± 0.34 4758.5 ± 2.2 6.2 ± 0.5 288 ± 6 257 ± 5 9.49 ± 1.31 4749 ± 5 a
4555 3.4 ± 0.5 265.3 ± 0.5 243.4 ± 1.3 8.3 4.06 ± 0.08 4239.0 ± 1.2 2.7 ± 0.5 251 ± 6 247 ± 7 4.65 ± 0.75 4244 ± 6 a
4622 1.0 ± 0.3 221.1 ± 0.8 194.6 ± 1.8 8.3 3.38 ± 0.09 12826.3 ± 1.5
6463 2.3 ± 0.6 191.0 ± 0.5 175.3 ± 0.7 8.3 9.60 ± 0.20 2503.1 ± 0.3 3.0 ± 0.5 187 ± 4 178 ± 4 10.16 ± 0.70 2507 ± 5 a
6869 117.9 ± 11.8 282.6 ± 0.9 254.4 ± 1.4 8.3 40.71 ± 1.79 798.8 ± 0.3 118.4 ± 4.2 276 ± 7 260 ± 5 41.41 ± 3.81 798 ± 5 a
6903 5.3 ± 1.2 197.4 ± 1.0 178.0 ± 1.8 13.4 9.65 ± 0.43 1888.8 ± 1.4 187 ± 7 180 ± 12 23.29 ± 1.61 1892 ± 5 a
6918 59.4 ± 11.9 236.9 ± 1.6 204.6 ± 4.3 13.4 15.17 ± 0.38 1103.7 ± 2.9 56.4 ± 2.3 234 ± 7 214 ± 5 20.28 ± 3.27 1108 ± 5 a
7244 1.1 ± 0.4 107.6 ± 0.7 86.7 ± 1.0 8.3 5.12 ± 0.10 4356.7 ± 0.7 112 ± 36 72 ± 24 4.3 ± 1.4 4350 ± 12 d
7416 7.4 ± 1.0 189.7 ± 1.6 166.5 ± 1.2 8.3 3.52 ± 0.09 6900.5 ± 0.4 6.0 ± 0.5 207 ± 11 170 ± 11 3.86 ± 0.36 6901 ± 10 a
7917 2.9 ± 0.6 274.4 ± 0.8 259.4 ± 1.8 8.3 4.00 ± 0.13 6988.5 ± 1.2 3.5 ± 0.6 278 ± 7 4.98 ± 0.34 6985 ± 5 a
8196 14.5 ± 1.5 163.0 ± 1.3 126.9 ± 3.3 8.3 5.92 ± 0.15 8329.6 ± 1.6 13.6 ± 0.6
8230 2.1 ± 0.3 299.9 ± 2.0 286.9 ± 5.4 8.3 1.90 ± 0.08 7163.3 ± 1.2 263 ± 15 2.33 ± 0.21 7152 ± 10 a
9177 6.3 ± 1.7 304.6 ± 1.5 279.8 ± 3.9 13.4 2.48 ± 0.15 8861.3 ± 1.8 8860 ± 10 e
9837 3.3 ± 0.6 184.9 ± 0.5 166.8 ± 0.9 8.3 9.24 ± 0.26 2656.5 ± 0.0 180 ± 5 161 ± 5 9.71 ± 0.45 2657 ± 4 a
9965 4.1 ± 0.8 106.6 ± 0.7 83.8 ± 1.4 13.4 3.77 ± 0.07 4525.3 ± 0.3 3.5 ± 0.5 108 ± 7 87 ± 7 5.85 ± 1.62 4528 ± 8 a

11318 22.3 ± 2.3 81.3 ± 0.5 59.2 ± 0.7 8.3 4.71 ± 0.09 5884.4 ± 0.1 20.9 ± 1.9 83 ± 5 57 ± 8 4.98 ± 0.34 5886 ± 5 a

Table 4.4: Obtained 21-cm measurements and literature values: (1) UGC number; (2) radio continuum flux; (3) width of the global Hi

profile at 20% of the peak flux density; (4) width of the global Hi profile at 50% of the peak flux density; (5) velocity resolution of the data
cubes; (6) integrated Hi flux; (7) systemic velocity derived from the global Hi profile. Columns (8)−(12) represent similar measurements
collected from the literature. Column (13) provides references to the literature: a) Bottinelli et al. (1990); b) Springob et al. (2005); c)
Schneider et al. (1992); d) Theureau et al. (1998); e) Paturel et al. (2003).
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signal. This small ’signal’ cube was replicated 27 times in a 3×3×3 configuration within
the full data cube and centered on the target galaxy. Consequently, 26 of the small cubes
were centered on line-free areas of the main data cube, modulo the presence of a possible
companion galaxy. Subsequently, for every channel in the ’signal’ cube the flux density
was measured within the replicated search area in each of the 26 surrounding ’noise’
cubes. The error on the flux density measurement is then calculated as the rms scatter
in the 26 flux density measurements from the ’noise’ cubes. The measured flux densities
and their errors were corrected for the minute effect of the primary-beam attenuation.
The global Hi profiles are presented in the accompanying Atlas.

Integrated line flux

The integrated Hi line flux
∫

Svdv was calculated by summing the primary beam-corrected
flux densities in all channel maps and multiplying it with the channel width dv defined
to be the velocity width of the central frequency channel. The integrated Hi fluxes are
listed in Table 4.4. The middle panel of Figure 4.2 shows a comparison between our
integrated Hi fluxes and literature values taken mainly from Bottinelli et al. (1990) and
Springob et al. (2005) who have collected measurements that are largely obtained with
single-dish telescopes. The correlation between our measurements and the literature
values is less strong than for the continuum fluxes: the integrated fluxes reported in the
literature tend to be larger than our measurements obtained with the VLA and GMRT
arrays (open symbols in Figure 4.2) while there is good correspondence with the WSRT
measurements (solid symbols).

To investigate whether this offset is caused by a systematic error in the flux calibration
of the VLA and GMRT observations we recall the left panel of Figure 4.2, demonstrating
no systematic offset in the continuum fluxes of the galaxies. To confirm this, we have
compared the continuum flux densities of other continuum point-sources in the field with
those reported by the NRAO VLA Sky Survey (NVSS; Condon et al. 1998). Again, no
systematic offset was found. Furthermore, as pointed out before, the shortest baselines
in our interferometric observations allow us to detect structures that are larger than the
dimensions of the targeted galaxies. Therefore, it is unlikely that some of the Hi flux is
’resolved-out’ by the interferometers.

Three of our target galaxies have been observed by both the VLA and WSRT arrays
and for two of those galaxies (UGC 3701 and UGC 11318) the VLA provides a useful
integrated Hi flux measurement. These galaxies were also observed with the Green Bank
(GB) 91m telescope and these single-dish measurements are reported by Springob et al.
(2005). There is reasonable correspondence among the integrated fluxes from the VLA,
WSRT and GB measurements: 8.0, 9.2 and 8.4 Jy km/s for UGC 3701, and 4.4, 4.7 and
3.1 Jy km/s for UGC 11318 for the VLA, WSRT and GB respectively.

We note that the literature values with which our four VLA measurements are com-
pared in Figure 4.2, all come from Springob et al. (2005) who observed these galaxies
with the Arecibo telescope. No other galaxies observed by us have literature values from
this combination of reference and telescope so there is an exclusive VLA-Arecibo cor-
respondence. We also note that the fluxes measured with Arecibo have been corrected
by Springob et al. (2005) for pointing offsets and beam-filling effects, following a model
that describes the presumed radial extent of the Hi gas in the galaxies. We suspect that
these applied beam-corrections are systematically too large for the Arecibo observations.
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Finally, we note that the fluxes as measured by the single-dish observations may be con-
taminated by contributions from companion galaxies at similar recession velocities as the
target galaxies.

Given the facts that: a) there is no offset in the continuum fluxes; b) the interfer-
ometers can detect the largest structures in our target galaxies; c) there is a reason-
able correspondence between the VLA, WSRT and GB fluxes of 2 galaxies observed by
both arrays, and d) significant and uncertain beam-corrections have been applied to the
Arecibo measurements, we conclude that there is no reason to question the integrated
Hi fluxes that we have measured.

Line width and rotation speed

The width of the Hi line is traditionally defined to be the full width (in km/s) between
the outer edges of the profile where the flux density is 20% of the maximum observed
flux density (Smax

HI ) of the emission line. Variations on this definition include considering
the 25% or 50% of the peak flux density or of the mean flux density. In the nominal case
of a double-horned profile, the peak flux densities of the two horns may be considered
separately as well. Here, we limit ourselves to measuring W20 and W50, the full widths of
the profile at 20% or 50% of the absolute peak flux density observed over the entire profile.
For two galaxies, UGC 8230 and UGC 9177, the flux density in the global profile drops
below the 20% level in between the two outer profile edges (see the Atlas), but since we
measure the line widths from the outside inwards, this does not affect our measurements.

We proceed by calculating the velocities at the 20% level (V low
20 & V high

20 ) and the
50% level (V low

50 & V high
50 ) by linear interpolation between the two channels that are just

above and below these thresholds. The widths follows from W20 = V high
20 − V low

20 and
W50 = V high

50 − V low
50 . The systemic velocities (Vsys) based on the global profiles are

calculated as (V high + V low)/2 for both the 20% and 50% levels and then averaged. The
error on Vsys is taken as half the difference between Vsys,20 and Vsys,50. The measured
line widths and their formal errors, as well as the systemic velocities and their errors are
listed in Table 4.4. The global Hi profiles are presented on the Atlas pages and W20 is
indicated by a horizontal dashed line.

The shape of the global Hi profile results from the convolution between the radial
distribution of the Hi gas, the rotation curve of the galaxy and the orientation of gas disk
in terms of its inclination and the possible presence of a warp. Relatively shallow edges of
an Hi profile (e.g. UGC 4458 and UGC 8196) hint at the presence of a declining rotation
curve or a warp towards an edge-on orientation. The absence of a clear double-horned
signature (e.g. UGC 463) may indicate that the flat part of the rotation curve is not
traced by the Hi gas over an extended radial range. In an ideal situation (flat rotation
curve, extended Hi disk, no warp), the width of the Hi line is a measure of the maximum
rotation speed of the galaxy after application of several corrections to the observed width.
Typically, these include corrections for the finite velocity resolution of the instrument,
for the turbulent motions of the Hi gas, and for the inclination of the gas disk.

We correct our measured line widths W20 for instrumental broadening using the
expression motivated and provided by Verheĳen (2001)
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where WR
20 is the line width corrected for instrumental broadening, W20 the observed

width, and R the velocity resolution in km/s as listed in Table 4.4. Given the range of
velocity resolutions of our observations, R=8.3−13.4 km/s (R=16.5 km/s for UGC 4458
from WHISP, this correction amounts to a modest 2−5 km/s. The right panel of Fig-
ure 4.2 shows a comparison of our corrected line widths WR

20 with values from the lit-
erature, most often obtained from single-dish observations. The correspondence is quite
good, keeping in mind that the single-dish observations are often of low signal-to-noise
while it is not always clear from the literature if and how the correction for instrumental
broadening was applied. It should also be noted that global Hi profiles measured with
single-dish telescopes may be broadened by Hi emission from satellite galaxies at similar
recession velocities.

Subsequently, we correct our profile widths for the turbulent motion of the gas with
the expression given by Tully & Fouque (1985)
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Following Tully & Fouque (1985), the value of the transition parameter is set to Wc,20 =
120 km/s. The turbulence parameter is set to Wt,20 = 2k20σran. For a purely Gaussian
profile k20 = 1.80 but we follow Bottinelli et al. (1983) and adopt k20 = 1.89, accounting
for a somewhat narrower core and broader wings than a Gaussian profile. The value
of the velocity dispersion is determined by comparing the half-width of the corrected
Hi line (WR,t

20 /2) with the amplitude of the projected flat part of the rotation curve
(Vflatsin(i)) as the average of the [Oiii], Hα, and Hi position-velocity diagrams. The
best agreement is found for σran = 10 km/s which results in an average difference of
+0.4 km/s, with a scatter of 5.9 km/s, excluding UGC 4458 which has a declining
rotation curve with a flat part much lower than the maximum velocity. See Figure 4.3
for a graphical representation. The value of σran = 10 km/s is higher than observed
by O’Brien et al. (2010) who found that most of their gas-rich dwarf systems display
velocity dispersions of 6.5 to 7.5 km/s, and it is at the high end of the characteristic
value of 8 − 10 km/s found by Tamburro et al. (2009) for galaxies more similar to those
in our sample. The correction of the WR

20 line widths for the turbulent motion of the gas
in our galaxies amounts to ∼18−38 km/s.

Finally, we correct the width of the Hi line for the inclination of the galaxy

W cor
20 = WR,t

20 / sin(iTF). (4.3)
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Figure 4.3: The difference between the weighted-average, projected rotational velocities of
the Hα, [Oiii] and Hi position-velocity diagrams and half the corrected widths of the Hi global
profiles. The dashed line shows the average difference while the rms scatter is indicated by the
two dotted lines.

4.5.3 The HI column-density map

A total Hi column-density map was made by adding all channel maps containing Hi

emission. Before doing so, the pixels in every channel map that are located outside the
search area were set to zero. In this way, we avoid adding noise to areas of the total
Hi map from channel maps that do not contain Hi emission from the galaxy at that
particular location on the sky. This procedure allows us to obtain a higher signal-to-
noise, but has the disadvantage that the noise level varies across the total Hi map due
to the fact that a different number of channels were added at each position.

The pixel-dependent noise in the Hi map was determined empirically and analogous
to the procedure with which the noise in the global Hi profile was determined. A total of
26 line-free maps was constructed by projecting the smallest cube containing the channel-
dependent search areas at 26 emission-free locations around the target galaxy, setting the
pixels outside the search areas to zero, and adding the channel maps in which the pixels
now only contain noise. At each pixel in the total Hi map the rms noise was determined
as the variance among the 26 corresponding pixel values in the 26 line-free maps. Finally,
the total Hi map and the corresponding noise map were corrected for the attenuation by
the primary beam of the dishes that make up the array.

The pixel values of the Hi map were converted to column densities according to

NHI = 1.823× 1018

∫

Tb dv [atoms cm
−2

], (4.4)

where dv is the velocity range in km/s over which the emission line was integrated
or summed, and Tb in Kelvin is the brightness temperature. The conversion from
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mJy/beam to Kelvin for an elliptical Gaussian beam is calculated according to

Tb =
605.7

Θx Θy
S

(ν0

ν

)2

[K], (4.5)

where S is the flux density in mJy/beam, Θx and Θy are the major and minor FHWM of
the Gaussian beam in arcseconds, ν0 is the rest frequency of the Hi line (1420.40575177
MHz) and ν is the frequency at which the redshifted Hi line is observed. The conversion
from [atoms cm−2] to [M⊙ pc−2] is according to

1 [M⊙ pc−2] = 1.249× 1020 [atoms cm−2]. (4.6)

The Hi column-density maps of the galaxies can be found in the Atlas with all maps
having the same contour levels in terms of M⊙ pc−2.

4.5.4 The observed HI velocity field

The observed velocity field of the rotating Hi disk was created by fitting a single Gaussian
to the Hi emission line in the spectrum at every position on the sky. The fitting routine
makes use of initial estimates for the amplitude, centroid and dispersion of the Gaussian
function. For each spectrum, the initial estimate for the amplitude is simply the peak
flux while the initial estimates for the centroid and dispersion were calculated as the first
and second moment of the spectrum in which pixels outside the search areas were set to
zero. The Gaussian fit was accepted if the following four conditions were met: 1) the
amplitude of the fitted Gaussian exceeds 2.5 times the rms noise in the spectrum; 2) the
centroid of the fitted Gaussian lies within 300 km/s from the systemic velocity (from
Table 2 in DMS-I); 3) the formal error in the centroid was smaller than 5 km/s and 4)
the velocity dispersion lies in the range 5−100 km/s.

The observed velocity fields are presented in the Atlas. For presentation purposes
only, the values of pixels within the velocity field for which the Gaussian fit failed, have
been calculated by interpolating the values from neighbouring pixels, weighted by the
Gaussian beam. For subsequent analysis of the kinematics, only pixels with accepted
Gaussian fits were considered.

Modeling the HI kinematics

We model the axisymmetric behaviour of each observed velocity field with a set of nested,
concentric tilted rings following Begeman (1989). Along the major axis, each tilted ring
is 10′′ wide or ∼2/3 of the size of the synthesized beam, and the radii of the centers of
the rings are RN = 5′′ + N × 10′′ where N=0,1,...,20. The tilted-ring fitting procedure
is carried out in four steps using the ROTCUR program within GIPSY .

In the first step we start with determining the systemic recession velocity of the gas
disk. For this purpose we keep the location of the dynamical center of all rings fixed
and coinciding with the morphological center of a galaxy. For the 24 galaxies observed
with PPak we refer to Chapter 2 for a discussion on how the morphological centers
were determined for galaxies without SDSS imaging. For the 4 galaxies observed with
SparsePak we adopt the centers as reported by the SDSS. The adopted dynamical centers
of the galaxies are listed in Table 4.1. In making the fits, for each galaxy the inclination
of all rings was kept the same and fixed at the iTF value calculated as in Chapter 2.
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For the four galaxies in the reduced Hi sample that were not discussed in Chapter 2, we
have calculated their iTF according to the absolute K-band magnitudes as reported in
DMS-I. Values of MK and the inferred iTF values are listed in Table 4.5. For each ring,
the systemic velocity, kinematic position angle and rotational velocity were fitted such as
to reproduce the cosine-behaviour of the recession velocities as a function of azimuthal
angle in the plane of the galaxy. For each galaxy, the radial trend of Vsys is presented
in the upper ’geometry’-panel on the Atlas page. The systemic velocity of the galaxy is
calculated as the weighted average of all rings and indicated by a horizontal solid line.
The measured systemic velocities derived from the observed Hi velocity fields are listed
in Table 4.5.

In the upper panel of Figure 4.4 we compare the systemic velocities derived here
from the Hi velocity fields with those derived from the stellar and [Oiii] velocity fields
obtained with the PPak IFU by plotting the difference ∆Vsys=VHI

sys −VPPak
sys for the 24

galaxies with available PPak observations. For the PPak data we consider the weighted-
average systemic velocities of the stellar and [Oiii] kinematics (see Chapter 2 for details).
Overall there is good agreement between the PPak and Hi measurements with a minor
systematic offset of ∆Vsys=−2.5 km/s or 1/4th of the typical velocity resolution of the
Hi observations.

In the second step we determine the position angles of the receding, kinematic major
axis of the gas disks. Again, for each galaxy we fit the nested concentric tilted rings
and in this second step we not only keep the dynamical center and the inclination fixed
for all rings, but also the systemic velocity as determined in the first step. For every
ring we fit the kinematic position angle and rotational velocity. In the observed 2-
dimensional velocity fields of several galaxies a twisting of the isovelocity contours in the
outer disks often reveals the presence of a warp and this is generally confirmed by the
radial behaviour of the kinematic position angle of the fitted tilted rings. The radial
trend of the position angle (φ) is presented for every galaxy in the middle ’geometry’-
panel on the Atlas page. For many galaxies a position-angle warp starting outside the
field-of-view of the Integral Field Units (R>35′′) is clearly detected, e.g. for UGC 4036,
UGC 6869 and UGC 9965. The representative kinematic position angle φ0 of the gas disk
is calculated as the weighted-average position angle of the 4 inner rings, covering R<40′′,
and only including rings containing more than 10 non-blank pixels. Subsequently, we
fit a straight line to the measured φ values at R>40′′, forcing φ(R)=φ0 at R=40′′ for
continuity. If the slope k of this fitted line is significantly non-zero (|k|/δk > 3) then we
allow for the presence of a position-angle warp in subsequent fitting steps. Otherwise we
adopt φ0 to be valid for all outer rings as well. Whenever appropriate, we also adjust
the radius at which the position-angle warp starts, or adjust by eye the radial behaviour
of the position-angle warp to better represent the data. For fourteen galaxies in our
sample the shapes of the outer isovelocity contours are best described by introducing
a position-angle warp. The finally adopted radial behaviour of the kinematic position
angle of the gas disk is indicated by the solid line in the middle ’geometry’-panels shown
in the Atlas. The position angles φ0 representative for the inner gas disks are listed in
Table 4.5 as well.

In the lower panel of Figure 4.4 we compare the representative position angles derived
here from the inner Hi velocity fields with those derived from the stellar and [Oiii]
velocity fields obtained with the PPak IFU by plotting the difference ∆φ0=φHI

0 −φPPak
0 .

We calculate an average difference of ∆φ0=−0.76◦±0.43◦ with an rms scatter around
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Figure 4.4: Comparison of results from Hi observations with those from PPak observations.
Upper panel: Differences between the systemic velocities measured from the Hi velocity fields
and those measured with the PPak IFU from the [Oiii] and stellar velocity fields (Chapter 2).
Lower panel: Differences between position angles of the kinematic major axis in the inner regions
of the galaxies measured from the Hi velocity fields and those measured with PPak from the [Oiii]
and stellar velocity fields (Chapter 2). The dashed horizontal lines show the average differences.
Solid points correspond to WSRT data, open circles to VLA data and open triangles to GMRT
data.

this mean of 2.0◦. UGC 6903 with ∆φ0=−8.1◦ was excluded from this calculation as it
has very poor PPak data. The systematic offset with a significance of 1.8σ may indicate
a tiny north-south misalignment of the PPak IFU module.

In the third step, we make a formal attempt to determine the inclination of the gas
disks. While keeping the dynamical center, systemic velocity, and the position angle with
its possible radial dependence fixed, we fit for each ring its inclination and rotational
velocity. Solutions for these two parameters are highly degenerate for nearly face-on
galaxies as demonstrated by Begeman (1989, Appendix A2) and we should not expect
very useful results besides a consistency check against the expected iTF inclinations. For
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every galaxy, the bottom ’geometry’-panel in the Atlas shows the best-fit inclination and
its formal error for every ring. Indeed, except for a few cases the formal uncertainties
in the inclination are very large and prohibitive for deriving a meaningful inclination.
Notable exceptions are UGC 4368 (iTF=45◦), UGC 6869 (iTF=55◦), UGC 6918 (iTF=38◦)
and UGC 9837 (iTF=31◦). The first two galaxies are the two most-inclined galaxies in
the sample, while UGC 6918 is in the top-five of the most-inclined disks and the Hi

velocity field of UGC 9837 is exceptionally regular and axisymmetric. In all these four
cases the average inclinations found from the tilted-ring fits are consistent with the TF-
based inclination. Therefore, instead of the results from the tilted-ring fits, we adopt the
iTF inclinations for the inner parts of the Hi disks.

An inclination-warp with its straight line-of-nodes is much more difficult to detect
than a warp in position angle. We have seen, however, that position-angle warps occur
frequently and, given the random orientation of the galaxies in space, inclinations-warps
should be equally common among our target galaxies. Although we cannot detect incli-
nation warps convincingly, we do allow for them on the basis of the shape of the rotation
curves. Hereby, we assume that the deprojected Hi rotation curves remain more or less
flat beyond R=35′′. Given this notion, we proceed by repeating the tilted-ring fits but
force and fix the inclination of all rings to iTF. Subsequently, we inspect the slopes of the
outer rotation curves and then flatten the outer rotation curves by allowing for a linear
inclination warp for R>40′′. For ten galaxies in our sample, we judged that introducing
an inclination warp is warranted. Six of these ten galaxies also display a position-angle
warp.

In the fourth and final step, we determine the rotational velocities of the gas disks,
sampled every 10′′ in radius. We fix the dynamical centers and systemic velocities, as well
as the radial behaviour of the position angles and inclinations of the rings as determined
in steps 2 and 3. The resulting rotation curves are indicated for each galaxy by the
crosses in the ’Rotation Curve’-panel and projected onto the position-velocity diagrams
presented in the Atlas.

Model and residual velocity fields

Based on the (warped) tilted-ring models derived above, we used the program VELFI

in GIPSY to construct model velocity fields in order to reproduce the observed Hi

velocity fields. These model velocity fields are presented in the Atlas with the same
isovelocity contours as the observed velocity fields. The differences between the observed
and modeled velocity fields are shown in the Atlas as 2-dimensional residual maps.

When inspecting the observed, modeled and residual velocity fields, there are several
things to keep in mind. First of all, the model velocity fields are axisymmetric in nature
while the observed velocity fields can be significantly asymmetric and affected by non-
circular streaming motions. Second, irregular and small-scale structure in the shapes of
the isovelocity contours of the observed velocity fields may be caused by the interpolation
of observed recession velocities across blank pixels for which no measurements could be
made. Third, the model velocity fields are based on inclinations suggested by inverting
the Tully-Fisher relation and these may deviate from the formally best-fitting tilted-
ring inclinations, albeit within their errorbars. Fourth, several observed velocity fields
suffer from significant beam-smearing which tends to remove curvature from the intrinsic
isovelocity contours, making them run more parallel to each other in the inner regions.
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UGC MK iTF Vsys φ0 Rφ0

Ri

(mag) (deg) (km/s) (deg) (arcsec) (R/R25) (arcsec) (R/R25)
(1) (2) (3) (4) (5) (6) (7) (8) (9)
448 −24.01 26.1 ± 1.6 4857.1 ± 0.9 303.7 ± 1.2 - - 50 0.99
463 −24.56 30.1 ± 1.9 4459.5 ± 0.5 68.8 ± 1.5 35 0.70 - -

1087 −23.25 21.6 ± 1.4 4482.5 ± 0.3 80.4 ± 1.2 - - 45 0.97
1635 −22.99 20.3 ± 1.3 3518.1 ± 0.4 141.4 ± 1.3 - - - -
3140 −24.59 14.2 ± 0.8 4621.0 ± 0.4 354.3 ± 1.6 50 0.85 65 1.10
3701 −22.00 26.6 ± 2.0 2918.2 ± 0.7 88.6 ± 1.9 65 1.12 75 1.30
3997 −23.11 25.7 ± 1.9 5943.6 ± 0.5 32.2 ± 1.2 15 0.40 - -
4036 −24.02 16.1 ± 1.0 3467.4 ± 0.5 193.9 ± 1.1 65 1.05 - -
4107 −23.43 23.7 ± 1.5 3506.8 ± 0.3 291.0 ± 1.0 - - - -
4256 −24.90 19.1 ± 1.1 5246.1 ± 0.9 292.1 ± 1.8 - - - -
4368 −23.36 44.6 ± 3.3 3869.0 ± 0.7 127.4 ± 3.1 35 0.50 - -
4380 −24.10 13.8 ± 0.9 7481.1 ± 0.4 32.5 ± 1.4 - - 35 0.97
4458 −25.37 34.2 ± 2.2 4753.7 ± 0.7 286.3 ± 2.2 - - - -
4555 −23.91 38.7 ± 2.6 4240.1 ± 0.5 91.8 ± 1.5 35 0.71 - -
4622 −25.16 21.9 ± 1.4 12827.1 ± 0.4 118.4 ± 1.5 - - 35 0.82
6463 −23.7 27.0 ± 2.0 2505.2 ± 0.8 145.2 ± 1.4 - - - -
6869 −22.7 55.0 ± 4.2 793.6 ± 0.7 298.5 ± 1.3 45 0.52 - -
6903 −22.67 32.1 ± 2.5 1890.2 ± 0.3 134.9 ± 3.4 35 0.44 75 0.94
6918 −22.92 37.7 ± 3.1 1110.0 ± 0.7 192.2 ± 1.8 55 0.78 75 1.06
7244 −22.32 16.5 ± 1.2 4356.5 ± 0.2 148.3 ± 1.3 - - - -
7416 −25.1 18.8 ± 1.3 6902.5 ± 0.9 67.0 ± 1.0 35 0.74 - -
7917 −25.48 30.6 ± 1.9 6988.9 ± 0.5 218.6 ± 1.4 - - - -
8196 −25.50 15.6 ± 0.9 8328.7 ± 0.8 88.5 ± 1.8 45 0.96 65 1.39
8230 −25.0 37.2 ± 2.6 7163.8 ± 2.2 69.6 ± 3.6 - - - -
9177 −24.64 39.0 ± 2.7 8855.3 ± 2.6 243.7 ± 3.0 - - - -
9837 −22.76 31.0 ± 2.2 2655.1 ± 0.2 311.0 ± 1.1 - - - -
9965 −23.69 12.1 ± 0.7 4525.9 ± 0.3 200.2 ± 1.6 35 0.94 35 0.94

11318 −24.77 5.7 ± 0.4 5884.7 ± 0.5 351.4 ± 2.3 35 0.70 - -

Table 4.5: Properties of the observed Hi velocity fields: (1) UGC number; (2) absolute K-band magnitude used to infer the inclination of
the gas disks; (3) adopted inclinations of the inner gas disks based on the MK − Vflat Tully-Fisher relation of Verheĳen (2001); (4) systemic
velocity of the rotating Hi disk; (5) position angle of the receding side of the kinematic major axis of the inner Hi disk; (6) and (7) onset radius
of the position-angle warp in arcseconds and scaled by the optical radius R25; (8) and (9) onset radius of the inclination warp in arcseconds
and scaled by the optical radius R25.
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This results in systematically underestimating the inclination of the tilted-rings while
worsening the degeneracy between inclination and rotation velocity and thus increasing
the formal errors on the inclination. An illustrative example is the case of UGC 4555 with
its kinematic minor axis aligned along the elongated synthesized beam. The characteristic
pattern in its residual velocity field is the tell-tale signature of an inclination mismatch.

4.5.5 Position-velocity diagram and HI surface density profile

From the cleaned data cubes we have extracted 2-dimensional position-velocity (PV)
slices along the inner kinematic major (φ0) and minor axes (φ0+90) of the galaxies,
centered on the adopted dynamical centers. These slices do not follow any position-angle
warp and consequently, the contours of the major-axis PV-diagrams do not necessarily
indicate the projected rotation curves. The PV-diagrams are presented in the Atlas
where the vertical dashed line indicates the position of the dynamical center while the
horizontal dashed line corresponds to the systemic velocity of the gas disk. The small
crosses in the PV-diagams indicate the rotation curve as derived in the previous section,
properly projected onto the PV-diagrams following a possible warp. Occasionally, these
crosses may be located outside the contours but it should be recognized that data points
away from the kinematic major axis may contribute to the tilted-ring solution.

The orientation of the tilted rings was also followed when extracting radial Hi sur-
face density profiles from the Hi column density maps. The Hi surface densities were
azimuthally averaged in the 10′′-wide rings, not only for the entire ring but also for the
receding and approaching sides of the galaxy separately. In the case of a warp, adjacent
tilted rings do overlap and the total signal in the overlapping regions was partly assigned
to both rings to maintain conservation of total mass. Finally, the azimuthally-averaged
Hi column densities were corrected to a fully face-on orientation assuming the Hi gas is
optically thin along each line-of-sight. The face-on Hi column-density profiles are also
presented on the Atlas pages.

4.5.6 Correcting rotation curves for beam smearing

Due to beam smearing, the shape of a velocity profile along the line-of-sight may deviate
strongly from a Gaussian, especially in the central region of a galaxy where the velocity
gradient is large. Consequently, the centroid of a fitted Gaussian may not be represen-
tative of the recession velocity at a particular location in the galaxy disk and our fitted
Gaussian profiles may systematically underestimate the rotational velocity since the pro-
files are skewed with a tail towards the systemic velocity. This effect also compromises
the observed velocity fields in terms of the shapes of the inner isovelocity contours which
become less ’pinched’ towards the dynamical center. The consequence of this effect for
our tilted-ring fitting is that the rotational velocities as derived in step 4 of our proce-
dure may be significantly underestimated. This is also indicated by the crosses in the
PV-diagrams for, e.g., UGC 4256 and UGC 9837.

Several methods have been suggested to correct for the effects of beam smearing
such as the envelope-tracing method which makes use of the terminal velocity in a PV-
diagram along the major axis (Sofue & Rubin 2001) or by correcting the velocity field
itself on the basis of local velocity gradients (Begeman 1989, Appendix B). Here, we adopt
an interactive variant of the envelope-tracing method and follow Verheĳen & Sancisi
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(2001) by correcting the rotation curves manually from inspecting the PV-diagrams along
the inner kinematic major axis. We have considered each cross on the receding and
approaching sides of every galaxy and shifted it to the most extreme velocity while
keeping in mind the contours and the size of the beam. This procedure also introduced
asymmetries in the rotational velocities between the receding and approaching halves of
the galaxy. The corrected but still projected rotational velocities are indicated in the
major-axis PV-diagrams with solid symbols on the receding side and with open symbols
on the approaching side of the galaxies. These points are also indicated with the same
symbols in the ’Rotation Curve’-panels of the Atlas with a solid line connecting the
midpoints.

The errors on the velocities in the beam-corrected rotation curve come from adding
the estimated measurement errors (ranging between 1−4 km/s on the projected veloci-
ties depending on the amplitude on the projected rotation curve, or 4−11 km/s on the
deprojected velocities depending on the inclination of the galaxy) to half the difference
between the measured velocity on the receding and approaching sides. In the few cases
where we only have a measurement on one side of the galaxy, we adopt as the error the
average difference at the other radii for which we have measured rotational velocities on
both sides.

4.6 Physical Properties of the Gas Disks

This section summarizes some of the physical properties of the Hi gas disks in our target
galaxies such as their absolute and relative total Hi masses, diameters and radial column
density profiles, as well as their kinematic properties such as their rotation curves and
warps. When considering the following it should be kept in mind that our reduced Hi

sample is by no means complete in any sense but merely representative of regular, disk-
dominated galaxies. The main purpose of the data collected here, is to support the
analysis of the baryonic and dark-matter mass distributions in the galaxies as presented
in Chapter 5.

4.6.1 HI masses

The total Hi masses of the galaxies were derived according to

MHI [M⊙] = 2.36 × 105 D2[Mpc]

∫

Sv [Jy] dv [km/s], (4.7)

where
∫

Svdv is the integrated Hi line flux as listed in Table 4.4. The Hi masses of
our target galaxies, listed in Table 4.6, range between 1.5×109 M⊙ and 2.5×1010 M⊙

and, hence, some of our galaxies are among the most gas-rich systems known. The
upper panels of Figure 4.5 plot the total Hi masses against absolute K-band magnitude,
morphological type and B−K color. The total Hi mass correlates well with the total
K-band luminosity but trends with morphological type and color are absent. The most
gas-rich galaxies are among the most luminous galaxies that are of type Sb−Scd but
these are not the bluest galaxies in our sample.

When considering the Hi gas content of galaxies per unit luminosity, clear correlations
emerge with all three global properties as shown in the lower panels of Figure 4.5. The
trend with total K-band magnitude is inverted: The most luminous galaxies contain the
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UGC SFR MHI DHI Σmax
HI

(M⊙yr−1) (109 M⊙) (arcsec) (M⊙pc−2)
(1) (2) (3) (4) (5)
448 1.02 ± 0.37 5.45 ± 0.18 137 4.50 ± 0.26
463 9.38 ± 3.04 2.66 ± 0.12 102 5.57 ± 0.16

1087 1.64 ± 0.58 3.33 ± 0.14 121 4.23 ± 0.22
1635 0.36 ± 0.15 1.49 ± 0.06 121 2.73 ± 0.23
3140 4.36 ± 1.63 9.27 ± 0.17 200 5.95 ± 0.09
3701 0.16 ± 0.07 4.03 ± 0.09 175 5.29 ± 0.29
3997 0.35 ± 0.18 5.43 ± 0.17 100 4.80 ± 0.17
4036 1.76 ± 0.58 5.39 ± 0.16 179 5.36 ± 0.45
4107 0.71 ± 0.23 1.96 ± 0.07 99 5.33 ± 0.26
4256 14.58 ± 4.68 15.26 ± 0.36 156 9.35 ± 0.02
4368 2.97 ± 1.13 9.70 ± 0.22 247 4.38 ± 0.33
4380 0.71 ± 0.31 8.70 ± 0.27 105 4.52 ± 0.15
4458 3.35 ± 1.57 12.88 ± 0.38 222 3.74 ± 0.17
4555 0.93 ± 0.32 3.67 ± 0.07 116 4.14 ± 0.09
4622 2.24 ± 0.91 25.31 ± 0.67 114 3.63 ± 0.09
6463 0.28 ± 0.11 3.82 ± 0.08 190 4.31 ± 0.02
6869 2.83 ± 0.91 3.25 ± 0.14 293 16.02 ± 0.30
6903 0.37 ± 0.14 2.23 ± 0.10 198 4.68 ± 0.13
6918 2.00 ± 0.73 1.70 ± 0.04 222 8.26 ± 0.42
7244 0.35 ± 0.16 5.16 ± 0.11 126 5.24 ± 0.07
7416 5.34 ± 1.79 8.50 ± 0.22 109 4.54 ± 0.03
7917 2.17 ± 0.81 9.99 ± 0.32 139 2.59 ± 0.18
8196 14.78 ± 4.76 19.98 ± 0.50 180 3.10 ± 0.35
8230 1.62 ± 0.55 4.84 ± 0.20 99 1.96 ± 0.16
9177 7.77 ± 3.20 10.25 ± 0.64 103 3.29 ± 0.18
9837 0.43 ± 0.15 4.06 ± 0.12 161 7.05 ± 0.06
9965 1.44 ± 0.52 4.42 ± 0.08 102 6.08 ± 0.32

11318 11.46 ± 3.69 8.03 ± 0.16 116 6.59 ± 0.39

Table 4.6: Measured fluxes. Observed Hi and 21-cm continuum fluxes, and calculated Hi

masses, 21-cm luminosities and star-formation rates of the galaxies in the HI Sample.
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Figure 4.5: Total and relative Hi masses as a function of absolute K-band magnitude (left),
morphological type (middle) and B−K color (right). The dashed lines indicate clear correlations.

largest amount of gas but the lowest relative gas content. Correlations with total lumi-
nosity, morphological type and color are consistent with overall trends along the Hubble
sequence and these trends are well-known from previous studies (Roberts & Haynes 1994;
Broeils & Rhee 1997; Verheĳen & Sancisi 2001; Swaters et al. 2002). We make linear fits
to the correlations with luminosity and color and find log(MHI/LK) = 3.70+0.20MK and
log(MHI/LK) = 0.31 − 0.44(B− K). The relative gas-mass fractions will be discussed
further in Chapter 5.

4.6.2 Sizes of HI disks

Next, we investigate the sizes of the Hi disks (DHI) which we define as twice the radius
at which the azimuthally-averaged Hi column density has dropped to 1 M⊙pc−2. In the
total Hi maps in the Atlas, this column density level is indicated with the thicker con-
tour. In the optical images of the galaxies on the Atlas pages, shown on the same scale
as the Hi maps, the inclination and extinction-corrected D25 diameters are indicated by
solid ellipses. With these definitions for the optical and Hi diameters, it is clear that
the Hi disks extend well beyond the optically-recognizable stellar disks. This is a well-
known observational fact and pointed out by earlier studies (e.g. Broeils & Rhee 1997;
Verheĳen & Sancisi 2001; Swaters et al. 2002; Noordermeer et al. 2005). It is notewor-
thy, however, that the samples studied by Swaters et al. (2002) and Noordermeer et al.
(2005) were drawn from the WHISP9 survey which comprised a flux-density limited par-
ent sample, biased towards more gas-rich galaxies which tend to have larger gas disks.

9 http://www.astro.rug.nl/∼whisp
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Figure 4.6: Relative radial extent of the Hi disks, defined by a column density of 1 M⊙pc−2,
as a function of absolute K-band magnitude (left), morphological type (middle) and B−K color
(right). In the upper row, the radius of the Hi disk is scaled with the optical radius defined by
the corrected blue isophote at 25 mag/arcsec2 . In the lower row, the radius of the Hi disk is
scaled with the scale length of the stellar disk as derived from the K-band luminosity profile.
There are no obvious correlations.

Volume-limited samples such as the Ursa Major sample studied by Verheĳen & Sancisi
(2001) have shown that gas disks are relatively less extended than what was concluded
from flux-density limited samples.

We do not measure the Hi radius RHI from the total Hi maps but instead from the
azimuthally-averaged radial Hi column-density profiles as presented in the Atlas (see
Section 4.6.3). The measurement of RHI is affected by beam smearing which results in a
somewhat larger radius. We correct for this beam-smearing effect to obtain the corrected

Hi radius Rcor
HI =

√

(Robs
HI )2 − θ2, where Robs

HI is the observed radius and θ the beamsize.

The correction is only 1−4′′ (or 1 to 6% of Robs
HI ).

Figure 4.6 shows the ratios Rcor
HI /R25 in the upper panels and Rcor

HI /hR in the lower
panels as a function of absolute magnitude, morphological type and B−K color. The
diameters of the gas disks in our target galaxies are 1−2 times the optical diameter D25

or 3−10 times the scale length hR of the stellar disk. The average ratio and scatter are
RHI/R25 = 1.39 ± 0.23, somewhat lower than what has been found in earlier studies
(e.g. Broeils & Rhee 1997, who find the ratio 1.7± 0.5). Any correlation with the global
properties mentioned above is absent as noted earlier by Verheĳen & Sancisi (2001).
Even though in our sample the fainter, bluer galaxies of later morphological type are
relatively more gas-rich, they do not possess relatively larger Hi disks with respect to
their stellar disks as defined by the D25 isophote or representative disk scale length hR.
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Size versus mass and stellar kinematics

Previous studies have revealed a tight correlation between total Hi masses and Hi diame-
ters of the gas disks (Broeils & Rhee 1997; Verheĳen & Sancisi 2001; Swaters et al. 2002;
Noordermeer et al. 2005). This relation implies an average Hi surface density within the
Hi radius that varies only mildly among galaxies. In the upper panel of Figure 4.7 we
plot the total Hi masses versus the Hi diameters of our target galaxies and we recover a
similar tight correlation. The solid line illustrates a linear fit to our data and is described
by

log(MHI) = 1.72 log(DHI) + 6.92, (4.8)

where MHI is the mass in units of solar masses and DHI the Hi diameter measured in
kpc. The dashed line shows the relation found by Verheĳen & Sancisi (2001) for galaxies
in Ursa Major and the relations are identical within the errors.

The lower panel of Figure 4.7 illustrates that the average Hi surface densities within
RHI of our 28 target galaxies varies from 1.5 to 5 M⊙pc−2 with a mean and rms scatter
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with radius than expected on the basis of the photometric scale length of the stellar disk (hσ/2hR

<1), tend to have relatively small Hi disks, and vice versa.

of 3.0±0.8 M⊙pc−2. The fact that the slope is not quite 2 suggests that the larger Hi

disks tend to have slightly lower average Hi surface densities.
Although the relative size of the Hi disk does not correlate with galaxy luminosity,

color or morphological type, there seems to be a correlation with the ratio of kinematic
to photometric scale lengths as illustrated in Figure 4.8. For purely exponential stellar
disks in which the dynamics are dominated by the stars, it is expected that (hσ/2hR)=1
(see Chapter 2). If (hσ/2hR)>1 then the stellar disk is kinematically hotter in the outer
regions than would be expected on the basis of the radial distribution of the stars. This
seems to be the case in galaxies with extended Hi disks suggesting that the gas disk may
influence the dynamics of the stars in the outer regions of galaxies.

4.6.3 Radial ΣHI profiles

To investigate whether the Hi column-density profiles, derived as described in Sec-
tion 4.5.5, correlate with global properties of the galaxies, we divide the sample of 28
galaxies in 4 groups of ∼7 galaxies each along non-uniform intervals of morphological
type, central disk surface brightness, absolute K-band magnitudes and B−K color. The
results are presented in Figure 4.9. The outstanding profile with a peak column density
of 16 M⊙pc−2 comes from UGC 6869, the blue, low-luminosity, high surface brightness
galaxy from the SparsePak pilot study that does not adhere to the DMS Phase-B selec-
tion criteria. Qualitatively, no obvious trends along the four columns of Figure 4.9 can
be discerned. Galaxies with the highest column densities tend to be of low luminosity
and high surface brightness. Galaxies with the lowest column densities tend to be of
earlier morphological type, lower surface brightness, higher luminosity and redder color.

Figure 4.10 shows the observed, azimuthally-averaged, maximum Hi column density
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Figure 4.9: Compilation of all 28 Hi column density profiles, divided in four non-equal bins
for each of four global optical properties; morphological type, central disk surface brightness,
absolute magnitude and color. The profiles are scaled in radius by RHI. The horizontal dashed
lines are drawn at the sample median Σmax

HI of about 5M⊙pc−2 as a reference. The vertical
dashed lines are drawn at the radius where the average profile reaches its peak column density.

of every galaxy against its B−K color and star-formation density as derived from the
radio-continuum flux (see Section 4.7). There are only weak correlations in the sense that
galaxies with higher peak column densities tend to be bluer with higher star-formation
densities.

The shapes of the radial Hi column-density profiles of the galaxies all display the
same general characteristic; rising from a non-zero value in the center of the galaxy to
a maximum value Σmax

HI and then declining following a near-exponential fall-off, crossing
the 1 M⊙pc−2 level at the radius RHI by definition. This similarity of ΣHI profiles of
different galaxies has been noted before (e.g. Cayatte et al. 1994; Broeils & van Woerden
1994). For each galaxy, the values of Σmax

HI and DHI=2RHI are listed in Table 4.6. It
should be noted that the ΣHI profiles considered here have not been corrected for the
effects of smearing by the Gaussian beam. This will slightly lower the peak column
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Figure 4.10: Relations between the maximum, azimuthally-averaged Hi column densities
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density, raise the central column density and broaden the profile somewhat. The overall
shape, however, will not be altered significantly.

In the upper panel of Figure 4.11 all 28 radial ΣHI profiles are collected and drawn
after scaling them in radius with RHI and normalizing their amplitudes by Σmax

HI . The
solid line shows the average profile shape, calculated after clipping the highest and lowest
outlying profiles at every resampled radius. The dashed lines indicate the clipped 1σ rms
scatter at each radius. The thin lines in the upper panel come from galaxies with earlier
morphological types Sa−Sbc and those tend to deviate most from the average profile
shape. The crosses in the lower panel of Figure 4.11 follow the solid line from the
upper panel while the dashed lines are the same and the grey scales indicate intervals of
0.5×rms.

Next, we try to parameterize the generic shape of the ΣHI profiles . Given the
central depression in the Hi column densities, it is clear that the Hi mass surface density
does not follow the typical exponential radial decline of the stars (Freeman 1970). For
late-type dwarf galaxies Swaters et al. (2002) fitted an exponential function to the ΣHI

measurements at the outer radii of the profiles, with fits that follow the observed profile
fairly well in many cases. Attempts to fit an exponential to the outer profiles of the
galaxies in our sample were less successful. Instead, we note that the average profile
resembles an offset Gaussian function. The solid line in the lower panel of Figure 4.11 is
a Gaussian fit to the data (crosses), including only the data points above 0.2Σmax

HI . This
fit is described by

ΣHI(R) = Σmax
HI · e−

(R−RΣ,max)
2

2σ2
Σ , (4.9)

where the peak of the profile occurs at RΣ,max = 0.39RHI and the radial ’dispersion’ of
the profile is σΣ = 0.35RHI. The fitted profile follows the data surprisingly well, at least
out to 1RHI. From Equation 4.9 we derive the radius where the typical Hi mass surface
density drops below 50% of the peak to be RΣ,1/2 = 0.80RHI.

We measured directly from the profiles the radius at which the azimuthally averaged
column density drops below 50% of the peak density. For all 28 galaxies, we found this
radius to span 0.47−1.01 RHI with an average value of RΣ,1/2 = 0.77RHI and a standard
deviation of 0.11RHI.



148 chapter 4: 21-cm Radio Synthesis Imaging of Spiral Galaxies

0

0.2

0.4

0.6

0.8

1
Σ H

I / 
Σ H

I
m

ax

R / R
HI

Σ H
I / 

Σ H
I

m
ax

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0

0.2

0.4

0.6

0.8

1
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We conclude that the ΣHI profiles of our target galaxies are remarkably self-similar.
Possible astrophysical causes for this general shape will be discussed in a forthcoming
paper, taking account of the molecular gas component, disk stabilities and star-formation
rates. It is well-known that the molecular component closely follows the light distribution
with similar scale lengths (Nishiyama et al. 2001; Regan et al. 2001) and the question is
whether the atomic and molecular gas components may conspire to produce an expo-
nential decline of the total gas disk with the molecular component filling the central
depression of the Hi distribution.

4.6.4 Kinematics of the gas disks

In this section we will briefly summarize the kinematics of the gas disks by discussing the
shapes of the derived Hi rotation curves and the properties of the warps. In Chapter 5,
the Hi rotation curves will be combined with Hα rotation curves and their combined
properties discussed in more detail.
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Rotation curve shapes

The shapes of rotation curves are known to follow some systematic behaviour. The
prototypical rotation curve rises monotonically from the center in a linear fashion con-
sistent with solid-body rotation, then turns over and flattens to a more or less constant
rotation speed in the outer regions until the last-measured point on the rotation curve
(van Albada & Sancisi 1986). This is typical for Sc-type disks without a strong bulge
component and with rotation speeds in excess of ∼120 km/s. In such systems, the
baryons and dark matter conspire to produce a flat rotation curve and most galaxies in
our sample fall in this category. In more massive and compact galaxies with a significant
bulge or very small scale length, the inner rotation curve typically rises very rapidly after
which it shows a decline over a certain radial range before it reaches the extended flat part
of the rotation curve at the outer radii where the gravitational potential is dominated
by the dark matter halo. In our sample, UGC 4458 with its dominant bulge component
is a galaxy that displays such a declining rotation curve. Such systems were presented
by Casertano & van Gorkom (1991) as examples where the disk-halo conspiracy is lifted
and the distribution of baryons clearly leaves a kinematic imprint on the overall shape
of the rotation curve. In dwarf galaxies and galaxies of low surface brightness, the ro-
tation curve often continues to rise out to the last-measured point (Swaters et al. 2009).
Only in dwarf galaxies with very extended Hi disks do the rotation curves reach out
far enough into the dark matter halo to display a well-defined flat part, e.g. NGC 3741
(Begum et al. 2005). These dwarf galaxies with rotation speeds below ∼80 km/s are not
represented in our sample. To date, no rotation curve has ever been observed to show a
decline in the outer parts that may signify the boundary of the dark matter halo where
the density drops faster than 1/r2. Another noteworthy fact is that the detailed shape
of the inner rotation curve can typically be explained by the distribution of the baryons
as traced by the light. An observed rotation curve never rises faster than what would
be expected from a maximum-disk situation. Apart from central, super-massive black
holes, there is no compelling evidence for the need for dark matter within the inner 2
disk scale lengths if one allows for unconstrained scaling of the baryonic mass. Hence,
the central distribution of the total dynamical mass that gives rise to the inner rotation
curve seems to follow the distribution of light (Fraternali et al. 2011).

Due to the limited angular resolution of our Hi observations with respect to the sizes
of the galaxies, we can not assess in detail the inner shapes of the rotation curves. Due to
the nearly face-on orientation of the galaxies in our sample, inclination warps are basically
impossible to detect and characterize which hampers the assessment of the amplitude and
slope of the outer Hi rotation curves. Hence, we are not in a good position to investigate
the shapes of the rotation curves in detail. With this notion in mind, we plot all 28
beam-corrected Hi rotation curves together in Figure 4.12. The sample is divided in half
with black lines indicating galaxies of higher surface brightness and grey lines indicating
galaxies of lower surface brightness. The divide is at the K-band, face-on, central disk
surface brightness of µi

0,K = 17.8 mag/arcsec2. The amplitudes of the rotation curves
range from 130 to 270 km/s while the maximum radial extent varies from 10 to 55 kpc.
When scaling the rotation curves in radius with the photometric disk scale length and
in amplitude by the rotational velocity of the flat part, we see that all rotation curves
are fairly self-similar. Notable exceptions are the declining rotation curves of UGC 3140
(black) and UGC 4458 (grey).
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Figure 4.12: Compilation of all 28 derived rotation curves with different scalings for
each panel. The sample of rotation curves is divided in two according to central disk
surface brightness: Grey curves correspond to galaxies of lower surface brightness with
µi

0,K >17.8 mag/arcsec2 and black curves correspond to galaxies of higher surface brightness
with µi

0,K <17.8 mag/arcsec2 . In the upper left panel, no scaling is applied to the rotation
curves. In the bottom right panel, the rotation curves are scaled both in radius and amplitude.

Warps

Compared to the readily observable stellar disk, the extended Hi disks more often show
morphological and kinematic asymmetries. Furthermore, the fact that a warping of the
Hi disk is a common feature was already shown by Sancisi (1976), who found that four
out of five observed edge-on systems were warped. Later observations of less inclined
galaxies showed features in the Hi velocity fields that were interpreted as warps; an
(asymmetric) S-shape of the line-of-nodes or isovelocity contours that open up or close in
on themselves. The method of fitting tilted rings at different radii has been generally used
to quantify warps, revealing that many galaxies are warped (e.g. Bosma 1981b). We now
think that indeed most Hi disks are warped and García-Ruiz et al. (2002) even claim
that all galaxies display warped gas disks provided that they extend well beyond the
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Figure 4.13: Onset radii of the warps detected in the Hi disks, scaled by the radius of the
Hi disk (RHI; left) and by the optical radius (R25; right). Filled symbols indicate the onset
radii of φ-warps and open symbols indicate the onset radii of i-warps. The solid black and grey
lines show the straight average of the i-warps and φ-warps, respectively. The dashed grey line
indicates R=35′′, the edge of the field-of-view of the PPak IFU.

stellar disk. The origin and persistence of warps still presents a puzzle. Many attempts
have been made to quantify how often the disks are warped and to explain why they are
warped (e.g. Briggs 1990; García-Ruiz et al. 2002; Shen & Sellwood 2006; van der Kruit
2007). There are some indications that the environment may play a role in warping,
but the ubiquity of warps suggest that their origin is not simply the result of interaction
with the environment. A constant infall of Hi gas, with an angular momentum vector
misaligned to that of the inner disk, might explain the formation of warps.

When assessing the frequency and properties of the warps detected in our sample of
galaxies, it should be kept in mind that the galaxies for which we obtained observations
of their stellar and Hi kinematics, were selected to display regular and symmetric mor-
phologies and regular kinematics of their Hα velocity fields (DMS-I). Thus, one question
to ask is how regular, symmetric or planar the Hi disk are when the inner Hα disks show
well-behaved kinematics. Indeed, if García-Ruiz et al. (2002) are correct, then all our
galaxies will display warps as their Hi disks extend well beyond the optical disks (see
Figure 4.6). Below, we describe how galaxies in the reduced Hi sample were inspected
for the presence of symmetric warps. We find a direct indication for a position-angle
warp (φ-warp) in 17 of our 28 galaxies, and an indirect indication of an inclination warp
(i-warp) in 10 galaxies of which 4 are without a significant φ-warp.

Visual inspection of warps

A warp in position angle is relatively easy to detected in nearly face-on galaxies. We
have visually inspected three data products presented for each galaxy in the Atlas; 1) the
observed Hi velocity field, 2) the position-velocity diagram along the kinematic minor
axis, and 3) the results from individual tilted-ring fits at different radii. For many of the



152 chapter 4: 21-cm Radio Synthesis Imaging of Spiral Galaxies

galaxies we detect a warp in only one or two of these three data products due to limited
signal-to-noise, the specific geometry of the warp or the effects of streaming motions.
Nevertheless, 17 out of 28 galaxies show any indications of a φ-warp. We deem this
φ-warp to be significant in 14 cases and correct accordingly.

As mentioned before, for most of our galaxies the inclination is too unconstrained to
be able to detect an i-warp, and we have direct indications for an i-warp in only a handful
of galaxies. If a gas disk is warped, it is quite unlikely for this warp to manifest itself only
in position angle or only in inclination. Whenever a φ-warp is detected it can be expected
that an i-warp is present too. Here, we assume that the rotation curves are more or less
flat at the outer radii and we enforce a linear i-warp in 10 of the galaxies. Even though
we do not use the measured inclinations, we note that in several cases there is a trend
in the tilted-ring fits suggesting that there is in fact an i-warp somewhat following the
enforced warp (see Atlas). Table 4.5 lists the radii of the onset of the warps for galaxies
that have an adopted φ and/or i-warp.

van der Kruit (2007) found that when an Hi-warp is present, it starts at around 1.1
times the truncation radius of the optical disk (at about 4−5hR). Figure 4.13 shows
the onset radius of the warp (Rwarp) for the galaxies in our sample, normalized to the
Hi radius (Rwarp/RHI; left image) and the optical radius (Rwarp/R25; right image). We
indicate i- and φ-warps with open and filled symbols respectively. The solid grey and
black lines show the straight average of the i-warps and φ-warps, respectively. The
dashed grey line indicates R=35′′. To be consistent with our measurements of the stellar
and ionized gas kinematic obtained with PPak (Chapter 2), we have initially chosen
not to correct for any warps inside this radius. However, the most extreme cases with
the smallest onset radii are UGC 3997 and UGC 6869 with clear indications of a φ-
warp starting at ∼0.5R25 (see Atlas). It should be noted however that a φ-warp can
be mimicked by streaming motions in a strong two-armed spiral disk. Furthermore,
UGC 6869 is also kinematically lopsided as evidenced by the major-axis position-velocity
diagram.

4.7 Radio Continuum and Star-Formation Rates

The radio-infrared relation (van der Kruit 1971; Harwit & Pacini 1975; Dickey & Salpeter
1984; de Jong et al. 1985; Condon 1992; Yun et al. 2001; Boyle et al. 2007) is one of the
tightest correlations known in astronomy and offers the possibility of deriving star for-
mation rates (SFRs) directly from measured radio luminosities, modulo contamination
from radio emission due to nuclear activity. The correlation relates the infrared emission
from thermal re-radiation of starlight by dust in star-forming regions, to the nonther-
mal synchrotron radiation from relativistic particles accelerated by supernova explosions
(Harwit & Pacini 1975; Condon 1992). In this section we describe how the measured
21-cm continuum flux densities (S21cm) are converted into intrinsic 21-cm luminosities
(L21cm) and how the SFR is calculated from L21cm. We investigate correlations between
SFR, specific SFR and SFR density with other galaxy parameters and find that there
are rather strong correlations with absolute magnitude (MK) and central disk surface
brightness (µi

0,K) while a weaker correlation exists with the relative Hi mass (MHI/LK).
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Figure 4.14: The solid histogram displays the distribution of 21-cm radio continuum lumi-
nosities of the galaxies in the reduced Hi sample. The dashed histogram shows the distribution
for the IRAS galaxies as derived by Yun et al. (2001), normalized to the same peak counts.

4.7.1 21-cm luminosities

Inspecting the radio continuum images of our galaxies in the Atlas shows that all galaxies
with a significant detection display spatially extended emission, except in the case of
UGC 8196 where only a central point source is detected. This gives confidence that in
most galaxies the 21-cm continuum emission is indeed associated with star formation
throughout their disks. The intrinsic 21-cm radio luminosities are calculated using the
relation from Yun et al. (2001)

log L21cm [WHz−1] = 20.08 + 2 log D [Mpc] + log S21cm [Jy], (4.10)

where D is the distance, taken from Table 4.1, and S21cm is the total flux density as listed
in Table 4.4. The histogram in Figure 4.14 shows the distribution of 21-cm luminosities
of the galaxies in our sample, spanning a factor 50 in luminosity and ranging from
5×1020 to 2.5×1022 W Hz−1. The dashed line shows the distribution found by Yun et al.
(2001) for the IRAS 2Jy sample, with counts normalized to our sample. The differences
in the distributions come from selection effects, where the IRAS 2Jy sample is biased
towards galaxies with higher luminosities while our sample is biased towards galaxies
with quiescent disks. This figure illustrates that our galaxies are not among the most
vigorous star forming systems, as expected.

4.7.2 The radio-FIR correlation

As mentioned above, there is a tight correlation between far-infrared (FIR) and radio
luminosities. Here we investigate this correlation for the galaxies in our sample, using
flux densities at 60µm from IRAS observations (Neugebauer et al. 1984; Moshir et al.
1990). This is done for the 16 galaxies in our sample with reported detections at 60µm
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Figure 4.15: The radio-infrared correlation of the 16 galaxies in the reduced Hi sample
detected by IRAS at 60 micron. Left: The correlation between flux densities. The solid line
indicates the simple relation S21cm = 0.01S60µm. The dashed line shows the correlation found
by Yun et al. (2001) for the IRAS 2Jy sample, with the vertical line indicating their lower flux-
density limit of 2 Jy. Right: The correlation between intrinsic radio and infrared luminosities.

in the IRAS Faint Source Catalogue. Figure 4.15 shows the correlation between our
measured continuum fluxes (S21cm) and the IRAS fluxes at 60µm (S60µm), as well as
the correlation when converting fluxes to luminosities (L21cm and L60µm). The galaxies
in our sample follow the relation described by Yun et al. (2001) (dashed grey line), but
have the tendency to lie slightly above that relation, being somewhat overluminous in
the radio continuum flux. The solid black line shows the simple relation

S21cm = 0.01S60µm. (4.11)

For lower intrinsic luminosities of L60µm ≤ 109 L⊙, Yun et al. (2001) and Condon et al.
(1991) found a deviation from this linear behaviour in the sense that fainter galaxies be-
come underluminous in their radio emission compared to their FIR emission. We may
see something similar for our galaxies, with a few galaxies around L60µm = 3 × 109L⊙

having L21cm lower than expected from the linear relation. However, these are only a
handful galaxies, and the two faintest galaxies, with larger errors, are instead above the
relation. Given the small number of galaxies in our sample, this offset is not statistically
significant.

4.7.3 Star formation rates

To convert the radio luminosities to SFRs, we use the calibration defined by Yun et al.
(2001)

SFR(M⊙yr−1) = 5.9 ± 1.8 × 10−22L21cm(WHz−1). (4.12)
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Figure 4.16: Relations between the photometric properties absolute K-band magnitude (top
row), B−K color (middle row) and central disk surface brightness (bottom row) on the one
hand, and star formation rates (SFR), specific star formation rates (SFR/LK) and average star
formation surface densities (ΣSFR) on the other hand.

The calculated SFR of the galaxies can be found in Table 4.6 and range from 0.16 to
15 M⊙/yr. Recall that in principle there might be contamination from active galactic
nuclear (AGN) emission in several galaxies, but we do not try to correct for that here.
Based on the width and intensity of the [Oiii] emission line in the central fiber of the PPak
observations (Chapter 2), UGC 1908, UGC 4036, UGC 6918, UGC 8196 and UGC 11318
may harbour an AGN. Among the 16 galaxies for which we have IRAS measurements,
any strong contribution from AGN-related radio emission would show up as a radio-
excess object in Figure 4.15. There are no galaxies that show an excess of radio emission
with the possible exception of UGC 11318 at S21cm = 22 mJy. The continuum map of
this galaxy, however, does not show a strong central radio point source. Our results are
consistent with the radio-FIR correlation of Yun et al. (2001), who found that only 1.3%
of the galaxies they selected had an excess of radio emission.



156 chapter 4: 21-cm Radio Synthesis Imaging of Spiral Galaxies

0.01

0.1

M
H

I
/
L

K

2

5

10

R
H

I
/
h

R

0.1 1 10

2

5

10

SFR (M⊙yr−1)

Σ
a
v
e

H
I

(M
⊙

/
p
c2

)

0.1 1

SFR/LK (10−10M⊙yr−1L−1
⊙ )

0.001 0.01

ΣSFR (M⊙yr−1kpc−2)

Figure 4.17: Relations between the relative Hi mass (top row), relative size of the Hi disk
(middle row) and average Hi column density (bottom row) on the one hand, and star formation
rates (SFR), specific star formation rates (SFR/LK) and average star formation surface densities
(ΣSFR) on the other hand.

Correlations with other global properties

Apart from the total SFR we also calculated the SFR per unit K-band luminosity, or
specific SFR (sSFR=SFR/LK), and the SFR per unit surface area within R25, or SFR
surface density (ΣSFR).

In Figure 4.16, we plot the star formation properties SFR, sSFR and ΣSFR versus
global photometric properties of the galaxies, namely total K-band magnitude (MK),
B−K color and K-band central disk surface brightness (µi

0,K). We only find significant
correlations between MK and SFR (upper-left panel) and of all SFR measures with
surface brightness (bottom row). The strongest correlation we find is between ΣSFR

and µi
0,K . In Figure 4.17, we plot the star formation properties SFR, sSFR and ΣSFR

versus global properties of the galaxies involving their gas content, namely gas mass
per unit luminosity (MHI/LK), the extent of the gas disk in terms of K-band disk scale
lengths (RHI/hR), and the average Hi column density (Σave

HI ) within RHI. No clear trends
are detected apart from a possible weak correlation between SFR and MHI/LK. In the
bottom-right panel, one would expect a correlation between Σave

HI and ΣSFR according
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to the well-known global Kennicutt-Schmidt law (Kennicutt 1998). However, we do not
include the molecular H2 gas in Σave

HI and the range in both parameters is also rather
limited. Inspecting Figure 4 of Kennicutt (1998) and taking into account the limited
range of our observables, indeed no significant correlation between Σave

HI and ΣSFR could
have been expected in retrospect.

4.8 Summary

We have presented the data reduction and a concise analysis of 21-cm spectral-line
aperture-synthesis observations of 28 spiral galaxies from the DiskMass Survey. The
data have been collected with three different arrays (WSRT, GMRT & VLA), but the
final data products for the various galaxies have similar angular resolutions of ∼15′′,
similar velocity resolutions of 8−13 km/s, and similar rms noise levels in the channel
maps of 0.50−0.75 mJy/beam. We have derived a homogeneous suite of data products
for all galaxies including radio continuum and total Hi maps, global Hi profiles, Hi veloc-
ity fields, rotation curves and warp geometries based on tilted-ring fits, position-velocity
diagrams, and radial Hi density profiles. The data products of prime interest are the
extended Hi rotation curves and the radial Hi column density profiles to be used in
Chapter 5 for the purpose of rotation curve decompositions. The various data products
are presented in the accompanying Atlas.

We find good agreement between, on the one hand, the 21-cm continuum fluxes and
Hi-line widths that we measure and, on the other hand, values reported in the literature,
mainly from single-dish observations. We tend to find somewhat smaller integrated
Hi fluxes compared to literature values and we ascribe this to the single-dish fluxes
being overcorrected for beam attenuation. We also find good correspondence between
the systemic velocities of the Hi disks compared to those from the stellar and [Oiii]
measurements from PPak IFU observations (Chapter 2) with a marginally significant
offset of 2.5 km/s. There is excellent agreement between the position angles of the
kinematic major axes of the Hi disks and the stellar and [Oiii] disks.

We find that all galaxies in our sample have Hi disks more extended than the stellar
disk (D25) with an average ratio RHI/R25 = 1.39 ± 0.23, somewhat lower than found
earlier in the literature. The galaxies follow a well-defined Hi mass-diameter relation,
implying that the average Hi column density within RHI varies only mildly among the
galaxies in our sample, ranging between 1.5 and 5 M⊙pc−2 while larger Hi disks tend to
have slightly lower column densities on average.

The radial Hi mass surface density profiles show very similar behaviour among the
galaxies in our sample. After normalizing the amplitudes of the individual profiles and
scaling them radially with RHI, the average profile is surprisingly well-defined by an offset
Gaussian. The radius where the peak of the profile occurs is RΣ,max = 0.39RHI with a Full
Width Half Maximum of the Gaussian profile of FWHM=0.82RHI. Combining this result
with the tight Hi mass-size relation (Eq. 4.8) makes it possible to estimate the radial
ΣHI-profile from a measurement of the total Hi flux only. This will be used in Chapter 5,
where we derive the radial ΣHI-profiles from single-dish measurements reported in the
literature for those galaxies with stellar kinematic measurements but without reduced Hi

data.
From inspections of the observed Hi velocity fields, the minor-axis position-velocity

diagrams, and the results from tilted-ring fits at different radii, we find that 17 out of 28
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galaxies show an indication for a warp in position angle. Based on the presumed flatness
of the outer rotation curves, we obtain an indirect indication for an inclination warp in
10 galaxies. The warp often starts at a radius smaller than the size of the optical disk,
which is somewhat in disagreement with earlier studies (van der Kruit 2007). It should
be noted, however, that in nearly face-on galaxies, a minor intrinsic warp may manifest
itself by a major twist of the line-of-nodes.

Rotation curves were derived from tilted-ring fits to the Hi velocity fields, following
the geometry of a possible warp, and corrected by eye for beam smearing on the basis
of the major-axis position-velocity diagrams. Rotational velocities range from 130−270
km/s and reach out to 10−55 kpc from the galaxy centers, well into their dark matter
halos. After normalizing the rotation curves in amplitude and scaling them in radius by
the photometric disk scale lengths, all rotation curves have similar shapes. A notable
exception is the rotation curve of UGC 4458 which is declining from the galaxy center
out to 4hR beyond which it remains more or less flat.

The 16 galaxies in our sample with IRAS 60 micron measurements adhere to the
radio-infrared correlation. Star formation rates have been calculated on the basis of the
21-cm continuum fluxes and vary from 0.16 to 15 M⊙/yr. The strongest correlation exists
between the average star formation surface density ΣSFR within D25 and the central, K-
band disk surface brightness. Weaker trends exist between SFR and MK or MHI/LK.
The expected correlation of the Kennicutt-Schmidt law was not recovered due to the
limited range in SFR and Hi column density among our target galaxies.

The derived Hi rotation curves and mass surface densities will be used in Chapter 5,
where we combine these data with near-infrared 2MASS photometry, Spitzer imaging,
and optical integral-field spectroscopy from the PPak and SparsePak Integral Field Units
to construct rotation-curve mass decompositions for a sample of 30 galaxies.
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Appendix 4.A Notes On Individual Galaxies

UGC 448: The projected rotation curve indicates an i-warp. Large beam on minor axis,
also seen in the PV-diagram. This galaxy has a close companion (UGC 449) 3.5 arcmin
directly to the north with a systemic velocity about 400 km/s larger than UGC 448.
UGC 463: Has been studied in more detail in DMS-IV.
UGC 1087: The projected rotation curve indicates an i-warp.
UGC 1635: Has a close companion (UGC 1636) 4 arcmin south-east, with a systemic
velocity similar to UGC 1635. Rather gas poor, also in [Oiii] gas (see Chapter 2).
UGC 3140: The projected rotation curve indicates an i-warp. Close to face on (iTF =
14.2 deg).
UGC 3701: The projected rotation curve indicates an i-warp. The least luminous
galaxy in the reduced Hi sample (MK = −22.0).
UGC 3997: Has a close companion (UGC 3990) 3 arcmin south-west, with a systemic
velocity similar to UGC 3997. It has a φ0-warp starting already at 15′′. Classified as an
Im.
UGC 4036: Has a close companion (LEDA 21981) 4.5 arcmin south-west, with a sys-
temic velocity the same as UGC 4036. Its spiral arms can clearly be seen in the continuum
map.
UGC 4256: This galaxy has two close companions (SDSS J081025.21+340015.8 &
SDSS J081021.17+340158.7) about 4 arcmin to the north of UGC 4256, with a bridge
in the Hi gas between the three galaxies. We exclude the companion galaxies from any
analysis.
UGC 4368: Inclination measurements from our tilted-ring fitting indicates that this
galaxy has an i-warp. However, except for UGC 6869, this is the most inclined galaxy
in the sample (iTF = 45 deg), and a correction for this warp would change the rotation
curve marginally.
UGC 4380: The projected rotation curve indicates an i-warp. Close to face on (iTF =
13.8 deg).
UGC 4458: The earliest morphological type in the sample (Sa). Hi data taken from
the WHISP survey. Large bulge. Rotation curve declining from 350 km/s to 250 km/s
UGC 4555: Large beam aligned with the minor axis, affecting the observed inclination.
This is seen clearly in the residual map between the observed and modeled (using iTF)
velocity fields.
UGC 4622: The projected rotation curve indicates an i-warp. The most distant galaxy
in the sample, with a Vsys = 12830km/s.
UGC 6463: Not included in the PPak Sample.
UGC 6869: This galaxy is more inclined than the rest of the sample, and because of
this not included in the DMS (or PPak) sample. It has the largest ΣHI of all galaxies
and is the closest galaxy in the sample at Vsys = 800km/s.
UGC 6903: Barred galaxy.
UGC 6918: The projected rotation curve indicates an i-warp. High surface brightness
galaxy. Has a reported AGN.
UGC 7244: Barred galaxy. The receding part of the galaxy has a rotation curve rising
much steeper than the approaching side.
UGC 7416: Barred galaxy. Strong spiral-arm pattern seen in the Total Hi map with
higher ΣHI in the arm regions, even though this galaxy has a relatively large beam. Not
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included in the PPak Sample.
UGC 7917: Has a large bar. Gas-poor galaxy, also in [Oiii] (see Chapter 2).
UGC 8196: The projected rotation curve indicates an i-warp. Rather poor data, with
strange things happening with the geometry. Gas-poor galaxy, also in [Oiii] (see Chap-
ter 2).
UGC 8230: The second earliest morphological type in the sample (Sab). Gas-poor
galaxy with the lowest Σmax

HI . Not included in the PPak Sample.
UGC 9177: One of the most inclined galaxies in the sample.
UGC 9837: Very regular kinematics, nicely modeled with low residuals between data
and model.
UGC 9965: The projected rotation curve indicates an i-warp. Close to face on (iTF =
12.1 deg). Shows an extreme φ0-warp.
UGC 11318: Barred galaxy. The most face-on galaxy in the sample (iTF = 5.7 deg).

Appendix 4.B Atlas of 21-cm Radio Synthesis Obser-

vations

The atlas page of every galaxy presents a variety of data products including 2-dimensional
maps of the sky, 2-dimensional position-velocity diagrams, the global Hi line profile, the
Hi column density profile, panels characterizing the Hi kinematics and rotation curve,
and a table containing some results and contour levels for the various maps.

4.B.1 The maps

There are six maps for every galaxy and every map for a particular galaxy is on the same
scale, showing the same area of the sky. The angular dimension of the maps, however,
varies between different galaxies depending on the size of their Hi disk. The upper row
of three maps shows an optical image taken from the blue POSS-II plates (left), the 21-
cm radio continuum map (middle), and a velocity-integrated total Hi map (right). The
lower row of three maps shows the observed Hi velocity field (left), the modeled velocity
field (middle), and the residual map as the difference between the observed and model
velocity fields (right). In all maps, we have marked the adopted morphological center
with a little white cross. The FWHM dimension of the synthesized beam is indicated in
the lower-left corners of the continuum, total Hi, velocity field and residual maps.

In the optical image, we indicate the isophotal radius at a blue surface brightness
level of 25.0 mag/arcsec2 (R25) as reported by NED, projected to an ellipse using our
adopted position angle in the inner part of the galaxy (φ0) and inclination from the
inverse Tully-Fisher relation (iTF). The morphological type is shown in the upper-left
corner. All optical images have the same greyscale stretch to indicate the different surface
brightness levels of the galaxies.

The continuum map shows the distribution of the 21-cm continuum flux with the
same greyscale stretch for all galaxies, but with contour levels dependent on the rms
noise in the image (σcont). The contour levels are drawn at 2, 4, 8, 16, 32, 64, 128×σcont,
where σcont is reported in the Table in the bottom-right corner of every Atlas page.

All Hi column-density maps have been reproduced with the same greyscale stretch
for all galaxies, with contour levels showing 1, 3, 5, 7, 10, 15, 20, 25, 30, 35 M⊙pc−2.
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The thicker outer contour indicates 1M⊙pc−2. The bar in the upper-left corner of the Hi

maps indicates 10 kpc based on the distance tabulated in DMS-I (except for UGC 6869
for which the distance was taken from NED).

The observed and model velocity fields of a galaxy have identical greyscales with a
stretch that depends on the width of the Hi line (W20). White isovelocity contours show
approaching velocities and black isovelocity contours show receding velocities. The thick,
black line corresponds to the systemic velocity of the galaxy (Vsys). The spacing between
the isovelocity contours is reported in the Atlas Table.

The residual map shows the difference between the observed and model velocity fields
(observed − model) with white contours showing negative residuals and black contours
showing positive residuals. The zero-residual contour is omitted. The velocity intervals
between the residual contours are reported in the Table.

4.B.2 Panels describing the HI kinematics

The three panels to the right of the maps show the measured and adopted systemic
velocities and orientation of the Hi gas disks as a function of radius, based on the out-
come from our tilted-ring modeling of the observed Hi velocity fields as described in
Section 4.5.4. The errorbars are the formal uncertainties as reported by the tilted-ring
fitting routine.

The upper panel shows the best-fitting systemic velocity of the gas kinematics in every
ring. The relative velocity range of 30 km/s centered on the average systemic velocity is
the same for every galaxy. The solid, horizontal line indicates the weighted average of
the measured Vsys values, which was adopted as the Vsys of the galaxy and forced to be
constant with radius in subsequent fits. In some galaxies, a significant trend of Vsys with
radius seems to be present but this could be the results of kinematic lopsidedness or an
asymmetric warp and we have ignored such trends.

The middle panel shows the best-fitting position angle of the kinematic major axis
on the receding side of the galaxy. The solid line indicates the adopted position angle
which, after being constant at φ0 in the center, often has a constant slope at larger radii
to account for a φ-warp. In three cases (UGC 3140, UGC 6918 and UGC 8196) we change
the slope at larger radii to follow the trend of measured position angles.

The lower panel shows formal measurements of the best-fitting inclinations (i) of the
rings as a function of radius. The large errorbars reflect the fact that in most cases it
is impossible to obtain reliable measurements. We therefore adopted inclinations based
on the Tully-Fisher relation. For ten of our galaxies we have introduced an i-warp. The
adopted i as a function of radius is indicated by the solid line. The two dashed lines
show the estimated error on the iTF inclination. In the cases of an i-warp, we use the
same absolute error on the inclination at all radii.

The square panel below the ’geometry’ panels shows the derived rotation curve. The
small crosses indicate the best-fitting circular velocity of the Hi gas in every tilted ring as
a function of radius, following the geometry of the observed Hi velocity field as indicated
by the panels described above. The filled and open circles in this panel show the beam-
corrected rotation curve on the receding and approaching sides of the galaxy as motivated
by the position-velocity diagrams. The solid curve going through the midpoints of the
solid and open circles shows the beam-corrected rotation curve (Section 4.5.6) that we
have adopted. The dashed horizontal line indicates the expected Vmax based on the
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corrected width of the global Hi line (W cor
20 /2). The solid horizontal line shows the

expected flat rotation curve based on the absolute K-band magnitudes derived from the
2MASS images and the MK −Vflat TF-relation (see Chapter 2).

4.B.3 Position-velocity diagrams

The two position-velocity (PV) diagrams show slices along the kinematic minor (left)
and major (right) axes of the galaxy, following the constant position angle φ0 as defined
by the weighted average of the inner points inside the radius R = 35′′. The contours
show 2, 4, 6, 9, 12, 15, 20, 25 times the rms noise in the Hi cube (σpvd), where σpvd

can be found in the Atlas Table. The dashed horizontal and vertical lines indicate the
systemic velocity and the adopted dynamical center of the galaxy. The width of the Hi

profile is indicated with the two horizontal arrows at Vsys ± (W20/2). In these diagrams
we plot with small crosses the projected, tilted-ring based rotation curve while the solid
and open circles indicate the projected rotation curves corrected by eye for the effects
of beam smearing. The cross in the lower-right corners indicates the velocity resolution
and beam size at the position angle of the slice.

4.B.4 Radial HI column density profile and global HI profile

The radial Hi mass surface density profile shows the average Hi mass surface density (ΣHI)
in each 10′′-wide tilted ring, following their orientations as described above, corrected to
face-on. The solid line indicates the average surface density in the entire ring while the
filled and open circles show the average density in the receding and approaching halves
of the ring, respectively. The optical and Hi radii of the galaxies (R25 and RHI) are
indicated by vertical arrows for an easy comparison: RHI is always at a larger radius
than R25.

The global Hi profile shows the flux density as a function of heliocentric velocity. Vsys

is indicated with a vertical dashed line, while W20 is indicated with a horizontal dashed
line.

4.B.5 Atlas table

The table in the lower right lists the coordinates of the adopted morphological center
(RA & Dec), systemic velocity (Vsys), position angle in the inner region (φ0), and the
adopted inclination (iTF). It presents the measured total continuum flux density (S21cm),
the Hi peak flux density in the global profile (SHI,max), the integrated Hi flux (

∫

SHIdv),
and the peak of the Hi mass surface density profile (ΣHI,max). It also lists the rms noise
levels in the continuum map and Position-Velocity diagrams (σcont & σpvd), as well as the
isovelocity contour levels in the velocity fields. Finally, it includes the observed width of
the Hi line (W20), the size of the Hi disk (RHI), the beam size and the velocity resolution
of the observation.
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Chapter 5
The Distribution of Luminous and

Dark Matter in Spiral Galaxies

Abstract

We present rotation-curve mass decompositions of 30 spiral galaxies, carried out to verify the
maximum-disk hypothesis and to quantify the dark-matter halo properties. We use measured
vertical velocity dispersions of the disk stars to calculate dynamical mass surface densities assum-
ing a constant disk scale height. Together with our measured atomic gas densities from 21-cm
radio synthesis observations and molecular gas densities calculated from 24-µm Spitzer obser-
vations, we derive the stellar mass surface density (Σ∗), and thus have absolute measurements
of all dominant baryonic components of the galaxy. Using near-infrared 2MASS photometry,
we calculate the K-band mass-to-light ratio of the stellar disk (Υ∗) and assume a constant Υ∗

to obtain extrapolations of Σ∗ beyond the outermost kinematic measurement. Rotation curves
of the baryonic components are calculated from their mass surface densities. These are used
together with circular-speed measurements to derive the structural parameters of the dark-
matter halo, modeled as either a pseudo-isothermal sphere (pISO) or a Navarro-Frenk-White
(NFW) halo. In addition to our uniquely determined mass decompositions we also perform two
alternative rotation-curve decompositions; a traditional maximum-disk situation, ignoring our
measured Υ∗, and a scaled-up Hi-density case without a dark-matter halo. All but one galaxy
in our sample have submaximal disks, such that at 2.2 scale lengths (hR) the ratios between the
baryonic and total rotation curves (F2.2hR

bary ) are less than 0.85 ± 0.10. We find this ratio to be
nearly constant between 1 − 6hR within individual galaxies. On average, F2.2hR

bary = 0.56 ± 0.08,
with weak trends of larger F

2.2hR

bary for more luminous and higher-surface brightness galaxies. To
enforce a maximum disk, we need to scale Υ∗ by a factor 3.6 on average. All but two galaxies
have derived Υ∗ consistent with the sample average < Υ∗ >= 0.32±0.08. The dark-matter-halo
rotation curves are in general somewhat better fitted with a pISO than a NFW-halo; however
due to limitations of our data in both the central and outer regions of the galaxies, this result
has little statistical significance. In the nominal-Υ∗ situation, we find that the fitted NFW-halo
parameters have values consistent with ΛCDM N-body simulations; however, in the maximum-
disk situation, we find the fitted concentration parameters too low compared to the simulated
dark-matter halos.
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5.1 Introduction

To understand how galaxies were formed and how they have evolved, it is important
to understand the physics of the galaxies they became. Thus, it is important to know
how stars, gas and dark matter are distributed within galaxies observed throughout the
universe. For a spiral galaxy, it is in principal possible to derive the mass distribution of
the various components by decomposing its observed rotation curve into contributions
from a stellar bulge, a stellar+gaseous disk and a dark-matter halo.

Bosma (1978, 1981a,b) used observations of the extended neutral hydrogen (Hi) gas
to show that, in general, rotation curves remain flat out to the last measured point, many
optical scale lengths (hR) from the center. This flatness of the outer part of the rotation
curve suggests a halo of isothermal dark matter surrounding the visible exponential
disk, with a dark-matter density distribution declining as ρ ∼ 1/R2. More extended
flat rotation curves were found in several other Hi studies; for example Begeman (1987,
1989), who with better data and an improved algorithm to make tilted-ring model fits,
found that the eight galaxies in his sample all showed flat rotation curves. The rotation
curve of one galaxy (NGC 3198) stayed flat to within 5 km/s out to the last measured
point at 11hR.

Even though it has now been shown that a more or less flat rotation curve seems to
be a general feature of spiral galaxies (e.g. Sofue et al. 1999; Sofue & Rubin 2001), and
the concept of a dark-matter halo is well established and widely accepted, there is still
a huge uncertainty in the distribution of the dark matter. The main issue is that since
the stellar mass is unknown, the technique of decomposing the observed rotation curve
does not put a strong constraint on the shape of the dark-matter halo density profile.
In many cases the observed rotation curve can even be explained by a two-parameter
dark-matter-halo model alone, with the disk containing no stellar mass at all. The most
commonly-used approach to circumvent this problem has been to go to the other extreme,
assuming a maximum contribution from the stars, increasing the mass-to-light ratio of
the stellar component (Υ∗) until the rotation curve of the stellar mass approximates the
amplitude of the observed rotation curve in the inner region (the so-called “maximum-
disk hypothesis”; van Albada & Sancisi 1986).

There are large uncertainties in estimating Υ∗ from stellar-population-synthesis mod-
els, since these require many assumptions regarding the star-formation and chemical-
enrichment history, the initial mass function (IMF), and accurate accounting of late
phases of stellar evolution (Maraston 2005; Conroy et al. 2009). For example, the
choice of IMF alone results in a factor of 2 systematic uncertainty in the stellar mass
(Kauffmann et al. 2003). With these uncertainties there is still a severe disk-halo degen-

eracy, making it impossible to determine the structural properties of the dark-matter
halo without an independent measurement of Υ∗.

One of the main goals of the DiskMass Survey (DMS; Bershady et al. 2010a, hereafter
DMS-I) is to break this degeneracy using stellar and gas kinematics to determine the
dynamical mass-to-light ratio of the galaxy disk (Υdyn). For a locally isothermal disk

Υdyn =
Σdyn

µ
=

σ2
z

πGkhzµ
, (5.1)

where Σdyn is the total dynamical mass surface density of the disk, µ the surface bright-
ness, σz the vertical component of the stellar velocity dispersion, G the gravitational
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constant, k a constant dependent on the vertical mass distribution and hz the disk
scale height (van der Kruit & Searle 1981; Bahcall & Casertano 1984). Since µ is well
known from photometry and the relation between hR and hz has been statistically well
determined from studies of edge-on spiral galaxies (e.g. de Grĳs & van der Kruit 1996;
Kregel et al. 2002, see also the compilation in Figure 1 of Bershady et al. 2010b, here-
after DMS-II), the observations of σz give us a direct estimate of Υdyn. The value of k is
expected to range between 1.5 to 2 (exponential to isothermal distribution; van der Kruit
1988). In this chapter, we will assume an exponential distribution (k=1.5) as a reason-
able approximation for the composite (gas+stars) density distribution (DMS-II). In the
expected range of density distributions discussed by van der Kruit (1988), our adopted
value of k will effectively maximize the measurement of Σdyn and Υdyn.

While the maximum-disk hypothesis has been a commonly-used refuge in the litera-
ture, there is evidence that galaxy disks are in fact submaximal, e.g. based on the lack of a
surface-brightness dependency in the Tully-Fisher relation (TF; Tully & Fisher 1977) for
a wide range of spirals (Zwaan et al. 1995; Courteau & Rix 1999; Courteau et al. 2003).
Recent results from the kinematics of planetary nebulae in several nearby galaxies suggest
disk maximality may depend on Hubble type (Herrmann & Ciardullo 2009). Analyses
of one gravitational-lens system (Dutton et al. 2011) and one barred, resonance-ring sys-
tem (Byrd et al. 2006) indicate that the disks in these two galaxies are submaximal.
Amorisco & Bertin (2010) constructed self-consistent models of nonspherical isothermal
halos that embedded a zero-thickness disk. These models are found to be characterized
by smooth and flat rotation curves for very different disk-to-halo mass ratios, with a re-
moved disk-halo degeneracy when decomposing the rotation curves. They also find that
these rotation curves are fitted by models that are below the maximum-disk prescription,
with stellar disks of intermediate weight which are still important in the central regions,
but significantly lighter than maximum-disk solutions. However, Weiner et al. (2001)
used hydrodynamical modeling of observed non-axisymmetric gas flows to constrain the
dynamical properties of the barred galaxy NGC 4123, which highly favored a maximum
disk. Kranz et al. (2003) studied five high surface brightness late-type spiral galaxies us-
ing hydrodynamic gas simulations and draw the conclusion that high surface brightness
galaxies possess maximal disks if their maximal rotation velocities are larger than 200
km/s. If the maximal rotation velocity is less, the galaxies appear to have submaximal
disks.

The strategy of measuring the stellar velocity dispersion to obtain the dynamical
mass surface density has been attempted before (van der Kruit & Freeman 1984, 1986;
Bottema 1993; Kregel et al. 2005). These studies showed that the ratio of the maximum
amplitude of the disk’s rotation curve (calculated from the observed velocity dispersion)
and the maximum of the observed rotation speed (Vmax) was much lower than expected
for a maximum disk; Bottema (1993) found that disks contribute only 63 ± 10% of
the observed rotation speed, Kregel et al. (2005) an even smaller disk contribution of
on average 58 ± 5% (with a 1σ scatter of 18%; including two outliers1). These results
are significantly lower than the 85±10% defined to be a maximum disk (Sackett 1997).
But since these were long-slit observations on highly-inclined or edge-on galaxies, they
only reached about 1 − 2hR and had large uncertainties in the estimates of σz due to
uncertainties in the corrections for the tangential and radial component in the measured
line-of-sight dispersion. In Chapter 3, we followed the approach of using the relation

1 Excluding the outliers, they find an average disk contribution of 53± 4%, with a 1σ scatter of 15%.
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between the central σz of the disk and Vmax and found that disks contribute only 47±8%
of the observed rotation speed; even lower than what was found by the earlier studies,
but consistent within the errors. We also found trends with Vmax, absolute K-band
magnitude and color, such that redder, more luminous and faster-rotating disks have a
larger relative contribution to the observed rotation speed.

In this chapter, we decompose the rotation curves of 30 nearly face-on spiral galaxies,
using stellar kinematics from PPak (Verheĳen et al. 2004; Kelz et al. 2006) and ionized
gas kinematics from SparsePak (Bershady et al. 2004, 2005), as well as 21-cm radio syn-
thesis data from WSRT, GMRT and VLA, near-infrared (NIR) photometry from the
Two-Micron All-Sky Survey (2MASS; Skrutskie et al. 2006) and MIPS 24-µm imaging
from the Spitzer Space Telescope. The chapter is organized in the following way: Sec-
tion 5.2 describes the sample and summarizes the used data, including some more de-
tailed information on the used NIR and Spitzer photometry and our Hα spectroscopic
observations from SparsePak. In Section 5.3, we derive mass surface densities of the
atomic and molecular gas and show how our stellar kinematic measurements from PPak
(Chapter 2) give us mass surface densities of the stars via a calculation of the stellar
mass-to-light ratio. We further investigate the relative mass fractions of the baryons.
The baryonic mass surface densities are used in Section 5.4 to calculated the baryonic
rotation curves. Together with our observed Hi+Hα rotation curves, we calculate the
baryonic mass fractions as a function of radius and quantify the baryonic maximality.
In Section 5.5, we calculate the measured dark-matter rotation curves, which are fitted
by a pseudo-isothermal sphere (pISO) or a Navarro-Frenk-White (NFW; Navarro et al.
1997) halo. We investigate how well the measured dark-matter rotation curves are fitted
and compare the NFW-parameters with results from numerical N-body simulations. We
perform alternative rotation-curve decompositions in Section 5.6, using maximum-disk
solutions and a case with scaled-up Hi mass. The results from the various rotation-curve
decompositions are compared in Section 5.7. Section 5.8 contains a discussion on what
we have found which is summarized in Section 5.9.

5.2 Sample and Data Summary

The complete DMS Sample is described in DMS-I. Here, we will use a subsample of 30
galaxies observed with the PPak IFU (Chapter 2). We refer to these galaxies as the PPak
sample. The galaxies forming the PPak sample can be found in Table 5.1. The galaxies
cover a range in morphological type from Sa to Im, with 22 of our galaxies being Sc or
later; absolute K-magnitudes (MK) ranging from -25.5 to -21.0; colors B−K = 2.7−4.2
mag; and central K-band surface brightness of the disk µi

0,K = 16.0−19.9 mag arcsec−2.
More observed properties, such as coordinates and disk orientations, can be found in
Table 1 and Table 5 of Chapter 2.

The data used in this chapter will be presented in more detail elsewhere. Chapter 2
presented the reduction and analysis of the stellar and ionized-gas ([Oiii]λ5007Å) kine-
matics from optical spectroscopy taken with PPak. The analysis of these data showed us
that the line-of-sight velocity dispersions of the stars in the disk (σLOS) in general follow
an exponential decline well, with a kinematic scale length (hσ) on average two times
hR, in accordance with what is expected for an exponential disk with constant mass-
to-light ratio and scale height (van der Kruit & Searle 1981, 1982). These data, with
the measured ratio between the central σz and asymptotic rotation speed of the [Oiii]
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gas (V OIII
max ), were used in Chapter 3 to show that the galaxies in the PPak Sample are

submaximal. In Chapter 4, we presented the reduction and results from our 21-cm radio
synthesis observations of 28 galaxies, of which 24 are included in the PPak sample. Here,
we will use the derived Hi mass surface densities to estimate the amount of atomic gas
in the disk, and the measured rotation speed of the Hi gas to obtain extended rotation
curves. The Hi rotation curves are complemented with Hα rotation curves, derived from
data taken with SparsePak. The Hα data are described in more detail in Andersen et
al. (in prep) and Swaters et al. (in prep). We use NIR photometry derived from 2MASS2

to produce surface brightness profiles (Chapter 2). For our estimates of the contribution
by the molecular gas to the disk mass surface density, we use 24-µm photometry obtained
with the Spitzer Space Telescope3. These Spitzer observations, which also include 4.5, 8
and 70 micron imaging, are described in Swaters et al. (in prep).

Below, we briefly describe and summarize some details of the 2MASS and Spitzer

photometry, as well as the Hα integral-field spectroscopy.

5.2.1 Near-infrared photometry

The NIR surface brightness is used to trace the stellar mass of the galaxy (Section 5.3).
The photometry used in this work has been derived from J-, H- and K-band 2MASS
images as described in Chapter 2. We use combined J+H+K images, re-scaled to pseudo-
K-band magnitudes assuming negligible color gradients, to measure the radial surface
brightness profile µK(R). The surface brightness is measured in rings using elliptical
photometry with galaxy coordinates and disk orientations from Chapter 2, as described
there and in Westfall et al. (2011b, hereafter DMS-IV). The surface brightness profiles
can be found in the appended Atlas. Note that in this chapter, whenever we talk about
mass-to-light ratios, they are based on these pseudo-K-band surface brightness profiles.

Disk scale length, scale height and central surface brightness

The disk scale length (hR) is an important measurement since the disk scale height (hz),
which we calculate directly from hR, is used for our conversion from σz to Σdyn (Equa-
tion 5.1). hR is derived in an iterative way (Chapter 2), fitting an exponential function to
the observed profile between 1− 4hR. This range is chosen to avoid the inner part of the
galaxy, which is often dominated by a bulge and/or bar (Kormendy & Kennicutt 2004;
Erwin 2005), and the outer part of the galaxy, which due to the lower surface brightness
has data with much lower signal-to-noise ratio (S/N), and often show a truncation of the
disk at around 4hR (van der Kruit 1979; Kregel & van der Kruit 2004; Pohlen & Trujillo
2006). Using Equation 1 in DMS-II

log (hR/hz) = 0.367 log (hR/kpc) + 0.708± 0.095, (5.2)

we calculate hz from the fitted hR, with a systematic error of 22%. The central face-on-
corrected surface brightness of the disk (µi

0,K) has been derived from an extrapolation

2 This publication makes use of data products from the Two Micron All Sky Survey, which is a
joint project of the University of Massachusetts and the Infrared Processing and Analysis Cen-
ter/California Institute of Technology, funded by the National Aeronautics and Space Administra-
tion and the National Science Foundation.

3 This work is based in part on observations made with the Spitzer Space Telescope, which is operated
by the Jet Propulsion Laboratory, California Institute of Technology under a contract with NASA.
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UGC Type MK µi
0,K hR hR hz B/D

(mag) (mag arcsec−2) (arcsec) (kpc) (kpc)
448 SABc -24.01 ± 0.10 17.83 ± 0.04 12.2 ± 0.3 3.9 ± 0.2 0.46 ± 0.10 0.32
463 SABc -24.56 ± 0.09 16.95 ± 0.05 13.1 ± 0.5 3.8 ± 0.2 0.45 ± 0.10 0.06

1081 SBc -23.10 ± 0.14 17.82 ± 0.09 15.1 ± 0.6 3.1 ± 0.2 0.40 ± 0.09 0.05
1087 Sc -23.25 ± 0.13 18.04 ± 0.06 11.2 ± 0.3 3.2 ± 0.2 0.41 ± 0.09 0.04
1529 Sc -24.04 ± 0.11 17.44 ± 0.03 11.9 ± 0.3 3.6 ± 0.1 0.44 ± 0.10 0.04
1635 Sbc -22.99 ± 0.13 17.92 ± 0.03 12.9 ± 0.3 2.9 ± 0.2 0.39 ± 0.09 0.07
1862 SABcd -20.98 ± 0.27 18.30 ± 0.13 15.7 ± 1.1 1.4 ± 0.2 0.24 ± 0.06 0.00
1908 SBc -25.25 ± 0.09 16.95 ± 0.06 9.1 ± 0.3 4.9 ± 0.2 0.53 ± 0.12 0.09
3091 SABd -23.17 ± 0.18 18.38 ± 0.07 10.1 ± 0.5 3.6 ± 0.2 0.44 ± 0.10 0.00
3140 Sc -24.59 ± 0.09 17.04 ± 0.10 11.7 ± 0.5 3.5 ± 0.2 0.43 ± 0.10 0.11
3701 Scd -22.00 ± 0.22 19.40 ± 0.16 17.0 ± 1.6 3.6 ± 0.4 0.44 ± 0.11 0.05
3997 Im -23.11 ± 0.22 19.28 ± 0.16 13.7 ± 1.2 5.5 ± 0.5 0.58 ± 0.14 0.02
4036 SABbc -24.02 ± 0.10 17.60 ± 0.14 17.5 ± 1.4 4.3 ± 0.4 0.49 ± 0.12 0.04
4107 Sc -23.43 ± 0.12 17.68 ± 0.06 12.9 ± 0.5 3.2 ± 0.2 0.41 ± 0.09 0.04
4256 SABc -24.90 ± 0.08 17.20 ± 0.04 12.9 ± 0.3 4.7 ± 0.2 0.52 ± 0.12 0.08
4368 Scd -23.36 ± 0.12 17.78 ± 0.15 11.7 ± 0.9 3.2 ± 0.3 0.41 ± 0.10 0.07
4380 Scd -24.10 ± 0.13 18.18 ± 0.07 9.8 ± 0.4 5.0 ± 0.2 0.54 ± 0.12 0.03
4458 Sa -25.37 ± 0.08 18.78 ± 0.04 27.1 ± 0.7 9.0 ± 0.4 0.79 ± 0.17 0.72
4555 SABbc -23.91 ± 0.10 17.71 ± 0.07 13.6 ± 0.5 4.1 ± 0.2 0.48 ± 0.11 0.04
4622 Scd -25.16 ± 0.12 18.04 ± 0.12 8.8 ± 0.6 7.6 ± 0.5 0.70 ± 0.16 0.16
6903 SBcd -22.67 ± 0.20 19.10 ± 0.07 27.8 ± 1.4 4.2 ± 0.4 0.49 ± 0.11 0.02
6918 SABb -22.92 ± 0.23 16.02 ± 0.04 11.0 ± 0.2 1.2 ± 0.1 0.21 ± 0.05 0.06
7244 SBcd -22.32 ± 0.20 19.32 ± 0.18 12.2 ± 1.2 3.9 ± 0.4 0.46 ± 0.11 0.00
7917 SBbc -25.48 ± 0.06 17.85 ± 0.09 17.0 ± 0.8 8.5 ± 0.4 0.76 ± 0.17 0.14
8196 Sb -25.50 ± 0.07 16.98 ± 0.04 8.4 ± 0.2 4.9 ± 0.1 0.53 ± 0.12 0.24
9177 Scd -24.64 ± 0.13 18.38 ± 0.08 11.0 ± 0.4 7.0 ± 0.3 0.67 ± 0.15 0.08
9837 SABc -22.76 ± 0.18 19.89 ± 0.08 27.8 ± 1.4 5.8 ± 0.4 0.60 ± 0.14 0.03
9965 Sc -23.69 ± 0.11 17.65 ± 0.05 10.3 ± 0.3 3.5 ± 0.2 0.44 ± 0.10 0.00

11318 SBbc -24.77 ± 0.08 17.22 ± 0.03 11.0 ± 0.2 4.5 ± 0.2 0.51 ± 0.11 0.12
12391 SABc -23.61 ± 0.12 17.85 ± 0.08 11.9 ± 0.5 3.9 ± 0.2 0.46 ± 0.10 0.04

Table 5.1: Photometry. Table of the PPak sample, containing Hubble type, absolute
K-band magnitude (MK), central face-on corrected disk surface brightness (µi

0,K), measured
stellar-disk scale length (hR), calculated stellar-disk scale height (hz), and the fitted bulge/disk
ratio (B/D).

of the fitted exponential function to the observed surface brightness profile between
1− 4hR, and corrected to face-on value using Equation 5.3 below. The absolute K-band
magnitudes (MK ; derived in Chapter 2), hR, hz and µi

0,K are tabulated in Table 5.1.

Bulge/disk decomposition

To fit the surface brightness profile of the bulge, µK,bulge(R), an exponential fit to the
disk is subtracted from µK(R), and a bulge profile fitted to the residuals (Chapter 2).
The bulge is fitted in an iterative process with a general Sersic profile, convolved with
a Gaussian point spread function. Imperfections in the modeling of the brighter bulges
may in some cases leave imprints on the underlying disk profile, µK,disk = µK −µK,bulge.
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This may be due to deviations from the Sersic model or astrophysical structure in the
underlying disk such as a circumnuclear starburst ring or a bright nuclear star cluster.
After subtracting the convolved bulge profile, the noise in the underlying disk may also
become significant due to shot noise from the bright bulge. We therefore smooth µK,disk

with a 7-point boxcar function in the inner region of the disk, within the “bulge radius”
(see below). A bulge-to-disk ratio (B/D) is calculated as the ratio of the luminosity of the
bulge model and the total luminosity of the disk. These ratios can be found in Table 5.1.

Both the disk and the bulge have small k-corrections (0.01− 0.10 mag) and Galactic
extinction correction (AK = 0.01−0.03 mag). For the disk surface brightness, we correct
the line-of-sight measurements to be the surface brightness as seen face on

µi
K,disk = µK,disk − 2.5CK log [cos (iTF)] , (5.3)

where the coefficient CK = 1, assuming a transparent system with no internal dust
extinction. The face-on correction ranges between 0.01 − 0.37 mag, depending on the
inclination (iTF) of the disk, with an average and standard deviation of 0.13± 0.09 mag.
The modeled bulge and resulting disk surface brightness can be seen in the Atlas. For
later analysis, we define the bulge radius, Rbulge, to be the radius where µK,bulge −µK =
2.5 mag, i.e. where the light from the bulge contributes 10% to the total light.

5.2.2 24-µm Spitzer photometry

For the characterization of the molecular content we use our 24-µm Spitzer imaging to
produce a rough approximation of the CO surface-brightness distribution, motivated by
the well-correlated relations between CO and infrared emission (e.g. Young & Scoville
1991; Paladino et al. 2006; Regan et al. 2006; Bendo et al. 2010, see DMS-IV for a more
detailed motivation).

The survey strategy for the Spitzer observations is provided in DMS-I. Imaging at
4.5, 8, 24, and 70 µm with IRAC and MIPS were obtained for all galaxies in the PPak
Sample. Here, we will only use the 24-µm MIPS observations. We aimed to get reliable
surface photometry and reach a S/N=3 per spatial resolution element at 3hR, matching
the extent of the kinematic IFU measurements. Images of the galaxies at 24 µm can be
found in Figure 9 of DMS-I. More details on the reduction will be provided by Swaters
et al. (in prep).

5.2.3 Hα integral-field spectroscopy

In Section 5.4.1, we will combine our Hi rotation curves (from Chapter 4) with Hα
rotation curves derived from SparsePak IFU spectroscopy. Here, we briefly describe how
the Hα kinematics have been measured.

The SparsePak integral-field spectroscopy was obtained in the Hα region for all galax-
ies in the PPak Sample using the setup as described in Table 1 of DMS-I. Typically, a
three-pointing dither pattern was followed, designed to fully sample the 72′′×71′′ field-of-
view of SparsePak. Details of the reduction of these data, such as basic image reduction,
spectral extraction and wavelength calibration, are provided by Swaters et al. (in prep),
following methods described in Andersen et al. (2006).

The Hα kinematics are measured in a similar way as the [Oiii] kinematics (see Chap-
ter 2), following Andersen et al. (2008, see also Andersen et al. 2006), with both single
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and double Gaussian line profiles fitted in a 20-Å window centered around each line. All
fits have been visually inspected to ensure each emission line was fitted properly. Ve-
locities are calculated using the wavelengths of the Gaussian centroids. Of all fitted line
profiles, 27% are better fit by a double Gaussian profile (Andersen et al. 2008, Andersen
et al., in prep); in these cases, a single component is used to measure the line-of-sight
velocity. The measured velocities are used in Section 5.4.1 to create Hα rotation curves
by azimuthally averaging the data in rings.

5.3 Baryonic Mass Distributions

This section describes how the mass surface densities of the various baryonic components
are derived. These will be used in Section 5.4.2 to calculate the baryonic rotation curves.
While the atomic gas mass surface density (Σatom) is observed more or less directly from
our Hi observations, the molecular gas mass surface density (Σmol) is derived indirectly
from 24-µm Spitzer observations. The stellar-kinematic observations of σz are used to
calculate dynamical mass surface densities (Σdyn), from which we obtain the stellar disk
mass surface densities (Σ∗) by subtracting Σatom and Σmol from Σdyn. From the derived
Σ∗ and µi

K,disk, we calculate the stellar mass-to-light ratios, and use these to derive the
stellar bulge and disk mass surface densities from their surface brightness profiles. At the
end of this section, we include an investigation of the masses of the various dynamical
components in relation to each other and global photometric and kinematic properties
of the galaxies. The total masses of the various baryonic components are tabulated in
Table 5.3.

5.3.1 Atomic gas mass surface density

From our 21-cm radio synthesis observations (Chapter 4), we have measured the Hi mass
surface densities (ΣHi) in 24 of the 30 galaxies in the PPak Sample. For the 6 galaxies
lacking ΣHi measurements, we use our results in Chapter 4 to model the ΣHi profiles
based on Hi fluxes from single-dish observations. In Chapter 4, we found that the radial
ΣHi profiles are surprisingly well fitted with a Gaussian function,

ΣHI(R) = Σmax
HI · e−

(R−RΣ,max)2

2σ2
Σ , (5.4)

with RΣ,max being the radius at which the profile peaks, σΣ the width of the profile and
Σmax

HI the peak density. The tightest fit is found when normalizing the radius with the Hi

radius, RHI, defined as the radius where ΣHi = 1M⊙pc−2 (see Chapter 4). We use the
values found from averaging all 28 galaxies (RΣ,max = 0.39RHI, σΣ = 0.35RHI), where
RHI is calculated from the total Hi mass (MHI) using another relation from Chapter 4,

log(MHI) = 1.72 log(DHI) + 6.92. (5.5)

Here, MHI is the mass in units of solar masses, calculated from literature values of the
flux from single dish Hi observation taken from the NASA/IPAC Extragalactic Database4

(NED), and DHI = 2RHI the Hi diameter measured in kpc. The normalization constant
4 Operated by the Jet Propulsion Laboratory, California Institute of Technology, under contract with

the National Aeronautics and Space Administration.
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UGC Distance
∫

SHIdV MHI DHI Σmax
HI

(Mpc) (Jy km/s) (109M⊙) (kpc) (M⊙pc−2)
10811 41.8 6.7 2.8 29.5 5.9
15291 61.6 4.4 3.9 36.1 5.6
18622 18.4 3.4 0.3 7.8 8.2
19081 110.0 5.6 16.0 80.4 4.6
30913 73.8 4.2 5.4 43.2 5.3

123911 66.8 16.4 17.3 82.0 4.5

Table 5.2: Modeled ΣHI. The distances are taken from DMS-I. Integrated Hi

fluxes (
R

SHIdV ) are from tabulated values in NED, with three different sources; 1(RC3;
de Vaucouleurs et al. 1991), 2(HIPASS; Doyle et al. 2005), 3(Andersen et al. 2006). The total
Hi mass (MHI), Hi diameter (DHI) and maximum Hi mass surface density (Σmax

HI ) are calculated
using relations derived in Chapter 4.

Σmax
HI is found from calibrating the ΣHI profile to our estimated MHI. The calculated

Σmax
HI (Table 5.2) are all typical values found for the other galaxies in the sample.

To calculate the atomic-gas mass surface density we multiply ΣHi with a factor 1.4
to account for the helium and metal fraction, Σatom = 1.4ΣHi.

5.3.2 Molecular gas mass surface density

The mass surface density of the molecular gas (Σmol) is estimated from our 24-µm Spitzer

imaging (Section 5.2.2), as described in DMS-IV. This is done in three steps: First, we
derive the 12CO(J = 1 → 0) column density (ICO∆V ) from the 24-µm surface brightness
(I24µm) using the equation

log

[

ICO∆V

K km s−1

]

=

(

1.08 log

[

I24µm

MJy sr−1

]

+ 0.15

)

(5.6)

derived in DMS-IV, converting the sky-subtracted 24-µm image to a CO column density
map. This conversion is expected to estimate ICO∆V to within ∼ 30% (DMS-IV).
Subsequently, we calculate the molecular hydrogen (H2) mass surface density (ΣH2) using
the traditional conversion factor XCO,

[

ΣH2

M⊙ pc−2

]

= 1.6

[

ICO∆V

K km s−1

]

×
[

XCO

1020 cm−2 (K km s−1)−1

]

cos(iTF), (5.7)

where iTF is the galaxy inclination and XCO the ratio of the H2 column density to
the CO-line strength. The use of XCO to calculate ΣH2 is a common procedure for
calculating the molecular-gas content of external galaxies; however, it may suffer from
substantial systematic errors as discussed in DMS-IV. We use XCO = (2.7 ± 0.9) ×
1020 cm−2 (K km s−1)−1, calculated from combining the Galactic measurement of XCO

from Dame et al. (2001) with the measurements for M31 and M33 from Bolatto et al.
(2008). Finally, we multiply with a factor 1.4 to add helium and metals to the molecular
gas density, Σmol = 1.4ΣH2 .

The limitations in estimating the molecular gas content from the observed 24-µm
emission is discussed in more detail in DMS-IV. Here we note that the estimated system-
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atic errors are fairly large (δΣH2/ΣH2 = 42%) and often an important error contributor
to the stellar mass-to-light ratios calculated below.

5.3.3 Dynamical and stellar disk mass surface densities

As mentioned in Section 5.1, the stellar velocity dispersion is a direct indicator of the
local mass surface density. In particular, Equation 5.1 directly relates σz and Σdyn.
The observed σLOS were presented in Chapter 2. These were deprojected into the three
components (σR, σθ, σz) of the stellar velocity ellipsoid (SVE), using the derived disk
orientations from Chapter 2 and a SVE shape adopted from DMS-II with constant α ≡
σz/σR = 0.6 ± 0.15 and β ≡ σθ/σR = 0.7 ± 0.04 at all radii for all galaxies. The
actual shapes of the SVE in our galaxies are still unknown, and the values of α and β
might change a substantial amount in forthcoming publications, introducing errors on
our simple approach here of setting the ratios to constant values. The shape of the SVE
has been derived directly from the data for one of our galaxies (DMS-IV), where we
found that UGC 463 has α = 0.48± 0.09 and β = 1.04± 0.22. Even though these values
differ from what we have adopted for this chapter, α is still well within the errors while
the measured β differs less than 2σ. The shape of the SVE will be re-visited in a later
paper of the DMS series (Westfall et al., in prep), where a re-calculation of σz will be
performed and the effect on earlier results will be examined.

From Equation 5.1, we directly calculate the total dynamical mass surface density of
the disk. In this chapter, we assume a locally isothermal disk with a constant scale height
and an exponential vertical density distribution. These assumptions have their limita-
tions, especially in the very center of the galaxy which might harbour a non-negligible
bulge or a bar, and in the outer part of the disk which could be affected by the dark-
matter halo or have a flared stellar disk (e.g. de Grĳs & Peletier 1997). However, in
our analysis we exclude any measurements inside the bulge region, and measurements in
the outer disk will be heavily down-weighted due to larger measurement errors. More
discussion on the effects of possible systematic errors can be found in Section 5.8.

The measured stellar disk mass surface density (Σ∗) is derived by subtracting the
atomic and molecular gas mass surface densities from Σdyn,

Σ∗ = Σdyn − Σatom − Σmol. (5.8)

Note that we here ignore any dark matter in the disk, which is effectively incorporated
into Σ∗. In the following section, we calculate the stellar mass-to-light ratios and use
these together with µK(R) to calculate Σ∗ assuming a constant mass-to-light ratio. We do
this to be able to separate the bulge and disk, which have different density distributions
and therefore need to be treated differently when modeling their rotation curves, and
to calculate Σ∗ profiles that reach further out in radius, beyond our stellar-kinematic
measurements. The measured and calculated Σ∗ profiles are provided in the Atlas.

5.3.4 Mass-to-light ratios

We calculate dynamical (Υdyn) and stellar (Υ∗) mass-to-light ratios using our measure-
ments of Σdyn and Σ∗, respectively; both are calculated in the K-band using µi

K,disk.
Error-weighted averages (Υdyn and Υ∗) are calculated after excluding radial regions that
are dominated by either a bulge or a bar. Regardless of the presence of a bulge, data
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Figure 5.1: Histograms showing the distribution of measured Υdyn (left) and Υ∗ (right).

are always excluded within R = 2.5′′; and, for the majority of galaxies, we exclude data
within R ≤ Rbulge. For UGC 7917, we extend the excluded region to 1hR due to the
influence of the bar. For UGC 4458, which has a bulge larger than the field-of-view of the
PPak IFU, we shorten the radius to be able to include the outermost measurement. The
excluded region is indicated by the grey-shaded area in the Atlas. Figure 5.1 shows the
distributions of Υdyn and Υ∗. With a similar scatter of 0.08 around the mean, we find
the weighted averages to be < Υdyn >= 0.39M⊙/L⊙,K and < Υ∗ >= 0.32M⊙/L⊙,K .

The average mass-to-light ratios are weighted more towards measurements in the
inner region of the galaxy due to increasing errors with radius. For a galaxy with a
difference between the radial distribution of the gas and the stars, Υdyn will vary with
radius. If there is relatively more gas further out in the disk than in the inner region (as
seen in Figure 5.4), the error-weighted mean Υdyn will be lower than the total baryonic
mass-to-light ratio Υbary = Mbary/LK integrated over the whole galaxy. Figure 5.2 shows
the total baryonic and stellar mass as a function of K-band luminosity and demonstrates
that the baryonic mass tends to be larger than what is expected from < Υdyn >. In
detail, we find < Υbary >= 0.45M⊙/L⊙,K (1.15× < Υdyn >) as expected given the
generally larger radial extent of the Hi disks (Chapter 4).

In many galaxies, we find that Υ∗ increases toward larger radii (see e.g. UGC 4107,
UGC 4368 & UGC 9965 in the Atlas). Three possible explanations for this are:

1. The mass-to-light ratio of the stellar population could in fact be rising at larger
radii. Even though color gradients are often seen in spiral galaxies (e.g. de Jong
1996), these are usually small and do not sufficiently explain the increase in Υ∗

within the context of stellar-population variations (see discussion of UGC 463 in
Westfall et al. 2011b).

2. There could be unknown systematic instrumental errors, such that the measure-
ment of the observed velocity dispersion “hit the floor”, giving systematically larger
measurements of σLOS. Indeed, the skewed (non-Gaussian) shape of the velocity-
dispersion error distribution for our data may indicate the presence of such an
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Figure 5.2: Mass versus luminosity. Total baryonic mass (stars, molecular gas and atomic
gas; open circles) and stellar mass (disk+bulge; filled stars) as a function of luminosity. The
lines indicate the average measured < Υdyn > (black dashed) and < Υ∗ > (solid). Note that
the baryonic mass tend to be larger than what is expected from the calculated < Υdyn > (see
text). A direct calculation of the baryonic mass-to-light ratio from the total baryonic mass and
luminosity of the galaxy (Υbary = Mbary/LK) results in the average < Υbary = 0.45 >, indicated
in the figure with a grey dashed line.

effect. However, with our relatively high velocity resolution (σinst ≈ 16.6 ± 1.4
km/s; Chapter 2) and a rather conservative rejection cut (δσLOS ≥ 5 km/s), we do
not expect this to happen at the level where we see the increasing Υ∗ (σLOS > 20
km/s). Moreover, σz often follows an exponential decline well, such that changes
in the light profile are the primary reason for the increased Υ∗ (e.g. UGC 1862).

3. Our assumptions for calculating Σdyn using Equation 5.1 may not be valid at larger
radii. There are several reasons why we could get larger σz values than what would
be expected from the local mass surface density of the disk. If the stellar disk is
flaring at larger radii, our assumption of a constant scale height no longer holds,
resulting in an overestimate of Σdyn. The dark matter could also have an effect
on the stellar velocity dispersions, which might become more important at larger
radii.

In this chapter, we have simply assumed a constant Υ∗ using all measurements outside
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the bulge region. However, because the errors increase with radius, our error-weighted
mean Υ∗ hinges on measurements in the inner, high S/N region of each galaxy.

The variation of Υ∗ (within each galaxy and among different galaxies) are interesting
in the context of star formation and the stellar initial mass function. Here, measurements
of Υ∗ often have large systematic errors, partly due to the uncertain subtraction of the
molecular gas from Σdyn. However, even though we see some scatter in Figure 5.2, all
but two galaxies (UGC 3701 and UGC 8196 which both have larger Υ∗)5 have measured
Υ∗ consistent with the sample average < Υ∗ >= 0.32± 0.08 within their own systematic
errors. A detailed discussion of mass-to-light ratios in the context of stellar populations
and star formation, including an investigation of trends with other global properties of
the disk such as luminosity, surface brightness, color, or scale length, will be presented
in Bershady et al. (in prep).

For all subsequent analysis, we calculate the radial mass surface density profiles of
the stellar disk (Σdisk

∗ ) and bulge (Σbul
∗ ) based on the disk and bulge surface brightness

profiles (Section 5.2.1) and the constant Υ∗ calculated for each galaxy.

5.3.5 Relative contributions of the baryonic mass surface density
profiles

The mass surface densities of the baryonic components (Σatom, Σmol, Σdisk
∗ , Σbul

∗ ) are
plotted out to 50 arcsec for every galaxy in the Atlas. About 2/3 of the galaxies in
our sample have a dynamical mass surface density dominated by the stellar mass over
most of this radial range, while about 10 galaxies have a relatively large molecular gas
content, of which two galaxies (UGC 4256 & UGC 6918) have larger molecular-gas mass
than stellar mass. Recent studies have found a molecular gas mass content of typically
3− 10% of the stellar mass (Leroy et al. 2009; Saintonge et al. 2011). This is lower than
what we find, with one third of the sample having a molecular gas mass of more than
10% of the stellar mass (see Section 5.3.6 and Table 5.3). However, while we measure
the stellar masses directly, Leroy et al. (2009) and Saintonge et al. (2011) calculate their
stellar masses from spectral energy distribution (SED) fitting techniques. These have
typically a factor of 2-3 systematic errors (e.g. Chapter 3; Kauffmann et al. 2003).

Figure 5.3 demonstrates that the molecular gas mass fraction is rather well correlated
with the central surface brightness of the disk; galaxy disks with higher surface brightness
have a higher molecular gas mass fraction. More luminous galaxies also tend to have
larger molecular gas mass fraction, but with large scatter especially for high-luminosity
galaxies. We see no correlation with the specific star-formation rate (sSFR; calculated
from the 21-cm continuum flux in Chapter 4), but note that the two galaxies with the
largest molecular-gas fraction (UGC 4256 and UGC 6918) are among the galaxies with the
largest sSFR. There is also a weak trend of increased SFR density (ΣSFR; see Chapter 4)
for galaxies with larger molecular-gas fractions. However, it should be noted again that
the molecular-gas content is an indirect estimate from the 24-µm emission.

In the outer parts of the disk, the atomic gas starts to dominate the mass surface
density of the baryonic matter. Figure 5.4 shows the average relative fraction in mass
surface density of the stars and the gas (atomic+molecular). In the center, typically

5 Note that the two galaxies with very low Υ∗ (UGC 4256 & UGC 6918), both have huge systematic
errors, due to an uncertain subtraction of the molecular gas. Within these errors they are only ∼ 1σ
away from the sample average.
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Figure 5.3: The molecular-gas fraction as a function of µi
0,K , MK , sSFR and ΣSFR.

> 90% of the baryonic matter is in stars, while the relative amount of gas is steadily
increasing with radius. On average, at about 4hR, the relative amount of gas and stars
are comparable. The atomic gas then typically dominates the baryonic mass surface
density at R & 4hR.

5.3.6 Gas-mass fractions

Recent studies of the gas content of galaxies using CO and Hi observations (Leroy et al.
2009; Saintonge et al. 2011) have measured the gas-mass fractions of a large sample of
spiral galaxies. Here we will compare their results with our measurements.

Figure 5.5 shows the distributions of Rmol = Mmol/Matom, fmol = Mmol/M∗ and
fatom = Matom/M∗. We calculate the geometric means to be Rmol = 0.25+0.44

−0.16, fmol =

0.09+0.17
−0.06, and fatom = 0.37+0.36

−0.18. The values for individual galaxies cover two orders of
magnitudes for ratios including the molecular gas (0.03 < Rmol < 2.98, 0.01 < fmol <
1.93) and one order of magnitude for the atomic gas mass fraction (0.10 < fatom < 1.30).
These averages and scatter are similar to what was found by Leroy et al. (2009) and
Saintonge et al. (2011), except that we have somewhat lower stellar masses (i.e. higher
fmol and fatom), and the equivalents to our two extreme cases UGC 4256 and UGC 6918
(with fmol equal to 1.1 and 1.9, both with low Υ∗) cannot be found in these two studies;
Leroy et al. (2009) and Saintonge et al. (2011) find a highest measurement of 0.25 and
0.20, respectively. However, our extreme outlier UGC 463 with a Rmol = 2.98, can be
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Figure 5.4: The relative fraction of stellar and gas mass surface density as a function of
radius. The solid line shows the average Σ∗/Σbary, with the dark-grey shaded area indicating
a σ/2 scatter. The dashed line shows the average Σgas/Σbary, with the light-grey shaded area
indicating a σ/2 scatter. The thin dotted lines show individual measurements of Σ∗/Σbary.

compared to the extreme cases of 1.13 in Leroy et al. (2009) and 4.09 in Saintonge et al.
(2011).

Figure 5.6 shows relations between the mass fractions and color, surface brightness,
absolute magnitude and morphological type. For Rmol we see trends with all four prop-
erties; redder, more luminous, higher surface brightness, and earlier-type galaxies have a
larger fraction of molecular gas compared to the amount of atomic gas. Saintonge et al.
(2011) find similar, though weaker, trends with Rmol, but the correlations with fmol are
somewhat different, especially compared to the surface brightness. While they find a
weak negative trend with stellar surface density, we find a rather strong positive trend
with surface brightness. However, note that the stellar surface density in Saintonge et al.
(2011) and our µi

0,K are defined and measured in very different ways. In accordance with
Catinella et al. (2010), fatom is correlated with color, surface brightness and luminosity.
We also find that the late-type galaxies in our sample tend to have larger fatom.

Assuming that molecular gas forms out of clouds of atomic gas, one might expect
a tight correlation between Matom and Mmol. However, as shown by Saintonge et al.
(2011) and from our own measured Rmol, there is a large scatter in this relation. Fig-
ure 5.7 shows Mmol versus Matom. We see that our galaxies follow the relation in
Saintonge et al. (2011) rather well with a similar scatter, but with somewhat lower Rmol

on average.
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UGC M∗,disk M∗,bulge Matom Mmol Mbary

(109M⊙) (109M⊙) (109M⊙) (109M⊙) (109M⊙)
448 19 ± 13 6.3 ± 4.3 7.6 ± 0.8 2.4 ± 1.0 36 ± 18
463 37 ± 22 2.4 ± 1.4 3.7 ± 0.4 11 ± 5 55 ± 24

1081 14 ± 6 0.68 ± 0.29 3.9 ± 0.4 0.77 ± 0.32 19 ± 6
1087 13 ± 6 0.46 ± 0.20 4.7 ± 0.5 0.69 ± 0.28 19 ± 6
1529 24 ± 14 1.0 ± 0.6 5.5 ± 0.6 1.3 ± 0.5 32 ± 14
1635 8.1 ± 4 0.58 ± 0.28 2.1 ± 0.2 0.37 ± 0.15 11 ± 4
1862 2.9 ± 2 - 0.38 ± 0.04 0.07 ± 0.03 3.3 ± 1.7
1908 63 ± 45 5.4 ± 3.8 22 ± 2 14 ± 6 105 ± 48
3091 8.6 ± 4 - 7.6 ± 0.8 0.70 ± 0.29 17 ± 4
3140 42 ± 18 4.8 ± 2.0 13 ± 1 6.6 ± 2.7 67 ± 20
3701 10 ± 5 0.52 ± 0.27 5.6 ± 0.6 0.19 ± 0.08 17 ± 6
3997 16 ± 7 0.37 ± 0.17 7.5 ± 0.8 0.55 ± 0.22 25 ± 8
4036 24 ± 10 0.88 ± 0.35 7.5 ± 0.8 2.6 ± 1.1 35 ± 10
4107 13 ± 7 0.47 ± 0.24 2.7 ± 0.3 2.1 ± 0.9 19 ± 7
4256 26 ± 34 2.1 ± 2.7 21 ± 2 30 ± 12 80 ± 37
4368 25 ± 15 1.7 ± 1.0 14 ± 1 1.5 ± 0.6 41 ± 16
4380 24 ± 9 0.80 ± 0.29 12 ± 1 1.9 ± 0.8 39 ± 9
4458 70 ± 41 50 ± 30 18 ± 2 2.8 ± 1.2 143 ± 71
4555 26 ± 15 0.97 ± 0.57 5.1 ± 0.5 2.4 ± 1.0 34 ± 16
4622 59 ± 36 9.4 ± 5.6 35 ± 4 4.5 ± 1.8 107 ± 41
6903 5.6 ± 4.2 0.11 ± 0.08 3.1 ± 0.3 0.30 ± 0.12 9.2 ± 4.4
6918 1.8 ± 7.0 0.11 ± 0.45 2.4 ± 0.2 3.5 ± 1.5 7.8 ± 7.5
7244 7.3 ± 3.5 - 7.2 ± 0.7 0.48 ± 0.19 15 ± 4
7917 84 ± 96 11 ± 13 14 ± 1 5.3 ± 2.2 114 ± 108
8196 254 ± 113 60 ± 27 28 ± 3 3.7 ± 1.5 344 ± 138
9177 50 ± 36 4.1 ± 2.9 14 ± 1 2.9 ± 1.2 71 ± 39
9837 7.8 ± 3.7 0.23 ± 0.11 5.7 ± 0.6 0.45 ± 0.19 15 ± 4
9965 16 ± 8 - 6.1 ± 0.6 2.8 ± 1.1 24 ± 8

11318 44 ± 30 5.4 ± 3.7 11 ± 1 9.4 ± 3.9 69 ± 33
12391 23 ± 11 1.0 ± 0.5 24 ± 2 4.4 ± 1.8 53 ± 11

Table 5.3: Masses: Total masses of the baryonic components.
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Figure 5.7: Mmol versus Matom. The solid and two dashed lines show the fit from
Saintonge et al. (2011); logMmol = 0.99(logMatom) − 0.42 ± 1.5σ, where Mmol has been cor-
rected for a 35% difference in the adopted XCO value, and with σ = 0.41 dex.

5.4 Observed and Baryonic Rotation Curves

From our observed Hα+Hi rotation curves (Section 5.4.1), we derive the circular speed
of the galaxy (Vc) as a function of radius. The mass surface densities calculated in the
previous section will be used in Section 5.4.2 to calculate the rotation curves of the four
main baryonic components in the disk; the stellar, molecular and atomic disks, as well
as the stellar bulge if present, each contributing to the total baryonic rotation speed
Vbary. The various rotation curves are calculated using the task ROTMOD in GIPSY6

(van der Hulst et al. 1992; Vogelaar & Terlouw 2001). With our measured Vbary and
Vc, we quantify the baryonic maximality as a function of radius in Section 5.4.3. The
observed and calculated baryonic rotation curves will be used in Section 5.5 to derive the
distribution of the dark matter.

6 Groningen Image Processing SYstem
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5.4.1 Combined Hα and HI rotation curves

The rotational velocities of the disks were measured in Chapter 2 (stellar and [Oiii] gas)
and in Chapter 4 (Hi gas). Here, we exclude the stellar rotation curves, which are affected
by asymmetric drift, as well as the [Oiii] rotation curves, which have a large scatter due
to astrophysical properties of the gas such as the patchiness in the distribution of the
gas clouds emitting the [Oiii] line and the motions of these clouds within the disk. In-
stead, we combine our Hi rotation curves with Hα rotation curves, measured from data
taken with the SparsePak IFU (Section 5.2.3). We use the available Hα kinematics to
create Hα rotation curves by azimuthally averaging velocity measurements in 5 arcsec
broad concentric tilted rings, sampled at radii Rj = 2.5 + j × 5′′ (where j =0,1,2,...),
complementing the Hi velocities sampled at radii Rj = 5 + j × 10′′. The Hα rotation
curves are derived in the same way as the stellar and [Oiii] rotation curves, as described
in Chapter 2. Due to uncertainties in the on-the-sky position and orientation of the
SparsePak instrument, we let the position angle be a free parameter while fitting the
Hα rotation curve. The difference in position angle between the Hα and Hi velocity
fields are however small as shown in Figure 5.8, with an average absolute difference of
(1.8± 1.6) degrees, and a maximum difference smaller than 5 degrees. Also, the adopted
center of the galaxy might be slightly different between the two data sets. While the
Hi rotation velocities are measured using the morphological center obtained from fit-
ting reconstructed continuum images of the PPak data to optical DSS and SDSS images
(Chapter 2), the Hα velocities are measured using the fitted kinematic center. From the
result in Chapter 2 for the PPak data, we expect the differences between the morpho-
logical and best-fitted kinematic centers to be small (< 2′′), and mostly dependent on
the quality of the Hα kinematic data. The inclinations of the disks have been fixed to
the inverse Tully-Fisher inclinations (iTF; Rix & Zaritsky 1995; Verheĳen 2001) derived
in Chapter 2. The combined Hi+Hα rotation curves are shown for each galaxy in the
Atlas.

For some galaxies, we note that the Hα and Hi rotation curves have a somewhat
different shape and/or amplitude (e.g. UGC 4256), which can be seen as “wiggles” in
the combined rotation curve. The velocities of the Hα and Hi gas are expected to be
nearly identical with only minimal variations due to small differences in asymmetric
drift. We do not believe these wiggles to be physically real; they are likely the result of
systematic errors from deriving the two rotation curves independently, e.g. due to the
small differences in center and position angle mentioned above, and possible errors in the
beam correction of the Hi rotation curves. In one extreme case, UGC 7244, the difference
arise due to a large kinematic asymmetry between the receding and approach side of the
galaxy, with the rotation curve rising much steeper on the receding side than on the
approaching side. This is reflected in the large errorbars on the Hi velocities, where the
errors are dominated by the difference between the receding and approaching side of the
rotation curve (see Chapter 4). Curiously, we do not find the same asymmetry in the
Hα kinematics, which follow a more shallow shape on both the receding and approaching
side. We should also keep in mind that due to the nearly face-on nature of the galaxies
in the PPak Sample, a small difference in the line-of-sight velocity can give a relatively
large difference in the deprojected velocities. In general, however, the Hα and Hi rotation
curves agree well and within their errors.
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Figure 5.8: Differences in measured position angle from fits to velocity fields of different
tracers; Hα (φHα), Hi (φHI; Chapter 4), [Oiii] (φOIII; Chapter 2), and stars (φSTAR; Chapter 2).
Note that six galaxies lack measured φHI.

Shapes of the observed rotation curves

The circular motion of the interstellar gas in spiral galaxies is directly related to the
gravitational potential in the plane of the disk. This potential arises from a combined
distribution of the luminous and dark matter. The radial distribution of the light is often
close to an exponential (Freeman 1970), and for an exponential disk the rotation velocity
reaches a maximum at a radius of about twice the scale radius, then falls off towards a
Keplerian decline. In general, as mentioned in Section 5.1, the observed rotation curves
lack this decline and stay more or less flat after reaching the maximum. Also, the
inner part of the rotation curve often shows a much steeper rise than expected from an
exponential disk. While the steep rise can be explained by a central concentration of the
light (e.g. a bulge; Kent 1986), the outer flat part can only be explained by introducing
an additional “dark” mass component (the dark-matter halo)7.

7 We are here and throughout this work assuming that the Newtonian gravitational theory holds over
cosmological distances. However, proof of this assumption is lacking, and suggestions have been
made that the Newtonian dynamics need modification for use at low accelerations (e.g. Milgrom
1983; Begeman et al. 1991; Sanders 1996; Sanders & Verheĳen 1998).
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Figure 5.9: Observed rotation curves, with the radius in kpc (left) or scaled with hR (right),
and with the amplitude in km/s (top) or scaled with Vflat (bottom). Black and grey lines
indicate high and low surface brightness (half the sample divided at µi

0,K = 17.84), respectively.
R = 2.2hR is indicated with a vertical dashed line.

The combined Hi+Hα rotation curves are shown together in Figure 5.9, with radius
in kpc or scaled with hR and the amplitude in km/s or scaled by the rotational velocity of
the flat part (Vflat). When scaling the rotation curves in radius with hR and in amplitude
by Vflat, we see that all rotation curves are fairly self-similar, and that they have reached
the flat part at around 2.2hR. No difference can be seen in the shape of the scaled
rotation curves between low and high surface brightness galaxies (coded in all figures
with grey and black lines, respectively).

In Figure 5.10, we divide the rotation curves into bins of high and low disper-
sion/velocity ratio (σz,0/Vmax), bulge/disk ratio (B/D), absolute magnitude (MK) and
early or late-type spiral galaxy (Sa-Sbc or Sc-Im, respectively). The σz,0/Vmax ratio is
an indicator of the disk maximality (Chapter 3). In the upper row of Figure 5.10 we
see that the galaxies with the steepest inner rise of the rotation curve (often with a first
measurement close to or larger than Vflat) tend to have a higher σz,0/Vmax ratio and also
that galaxies with larger σz,0 on average have larger Vmax (expected from the relations
found in Chapter 3). The separation in bulge-to-disk ratio (second row from the top)
shows the same, but even clearer, and in the third row we see it again (low-luminosity
galaxies have often smaller bulges and tend to have a smaller σz,0/Vmax ratio). No differ-
ence can be seen in rotation-curve shape between the early and late-type spirals, except
that galaxies with a steep inner rise more often are of early type.
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Figure 5.10: The observed rotation curves, divided into bins of high and low σz,0/V OIII
max ,

B/D, MK and late and early-type galaxy, respectively. Lines color-coded as in Figure 5.9.

5.4.2 Rotation curves of the baryonic components

The rotation curves of the various baryonic components are calculated from their radial
mass surface density profiles and an assigned three-dimensional axisymmetric density
distribution, using the task ROTMOD in GIPSY. We adopt an exponential vertical distri-
bution for the stellar disk with a constant scale height hz, as calculated in Section 5.2.1
and presented in Table 5.1. For the stellar bulge, we assume a spherical density distri-
bution, while the atomic and molecular gas are assumed to be distributed in razor-thin
disks. The rotation curves of the stellar disk and bulge are calculated using a constant Υ∗

and the observed radial surface brightness profile. Therefore, non-exponential features
in the disk light profile result in “bumps” in the rotation curve and a peak that does not
necessarily occur at 2.2hR. Due to the ring-like distribution of the Hi gas, a “negative”
rotation speed of the atomic-gas rotation curve is often found in the inner part of the
galaxy. This arises due to the outward force from the atomic gas; the Hi disk is not
counter-rotating in the center. The calculated rotation curves are shown for individual
galaxies in the Atlas.

With the assumption that the total gravitational potential is composed from indepen-
dent and separable density distributions, we add the calculated velocities of the stellar
disk (Vdisk,∗), stellar bulge (Vbulge,∗), atomic gas (Vatom) and molecular gas (Vmol) in
quadrature to obtain the total baryonic rotation curve

Vbary =
[

V 2
disk,∗ + V 2

bulge,∗ + V 2
atom + V 2

mol

]1/2
. (5.9)
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Figure 5.11: The baryonic maximality of individual galaxies as a function of radius. The
shaded area shows 0.75 ≤ Fbary ≤ 0.95, the defined fraction a maximum disk should have at a
radius of about 2.2hR (vertical dashed line), where the stellar-disk rotation curve peaks (Sackett
1997).

5.4.3 The dynamical importance of the baryons

We calculate the ratio Fbary = Vbary/Vc, or “baryon maximality”, as a function of radius
for all galaxies. These are plotted separately in Figure 5.11 and together in Figure 5.12.
If we ignore the inner one scale length, we find that the galaxies have a rather constant
Fbary with radius, ranging in amplitude between ∼ 0.4 − 0.7 for the individual galaxies.
The constancy of Fbary arises due to an increasing contribution from the atomic gas at
larger radii where the stellar disk contribution is declining (Figure 5.4). This result has
a consequence for the measurement of the disk maximality; with the assessment of the
maximality of a galaxy using Fbary, it is of less importance to measure at the exact radius
Rmax,disk ∼ 2.2hR.

In Figure 5.13, we plot the measured Fbary at R = 2.2hR (F2.2hR

bary ; tabulated in
Table 5.4) versus absolute K-band magnitude and central disk surface brightness. We
confirm the result in Chapter 3 that all our galaxies except UGC 8196 have submaximal
disks, with a broad range in F2.2hR

bary of 0.34 − 0.72 (equivalent to ∼10–50% of the total
mass within 2.2hR are in baryons). On average, after rejecting UGC 1862 (which has no
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UGC F2.2hR

bary F2.2hR

bary,II UGC F2.2hR

bary F2.2hR

bary,II

448 0.56 ± 0.09 0.94 4368 0.71 ± 0.06 0.98
463 0.71 ± 0.11 0.96 4380 0.45 ± 0.08 0.87
1081 0.62 ± 0.06 0.90 4458 0.67 ± 0.21 0.91
1087 0.48 ± 0.08 0.85 4555 0.58 ± 0.07 0.97
1529 0.54 ± 0.06 0.98 4622 0.50 ± 0.12 0.99
1635 0.44 ± 0.07 0.87 6903 0.34 ± 0.17 0.81
1862 0.60 ± 0.06 0.91 6918 0.64 ± 0.17 0.97
1908 0.66 ± 0.10 0.88 7244 0.55 ± 0.14 0.72
3091 0.40 ± 0.10 0.93 7917 0.55 ± 0.07 0.97
3140 0.67 ± 0.09 0.93 8196 1.06 ± 0.05 1.06
3701 0.55 ± 0.14 0.76 9177 0.50 ± 0.09 1.00
3997 0.47 ± 0.12 1.00 9837 0.44 ± 0.08 0.90
4036 0.57 ± 0.08 0.96 9965 0.52 ± 0.09 0.94
4107 0.55 ± 0.09 1.01 11318 0.64 ± 0.10 1.02
4256 0.72 ± 0.16 0.93 12391 0.69 ± 0.09 0.93

Table 5.4: F
2.2hR

bary : Baryonic mass fraction at R = 2.2hR for the nominal (F2.2hR

bary ) and
maximum-disk situation (F2.2hR

bary,II).

measure of Vc at 2.2hR) and UGC 81968 (which is an odd outlier with a supermaximal
disk, Vbary > Vc; see discussion in Section 5.8), F2.2hR

bary = 0.56 ± 0.08(std); somewhat
lower than found by Bottema (1993), F2.2hR

disk = 0.63 ± 0.10, and Kregel et al. (2005),
F2.2hR

disk = 0.58 ± 0.05. Based on the correlations with MK and µi
0,K , we conclude that

these small differences in the mean can be due to the different used galaxy samples.
The average F2.2hR

bary is larger than what we found for the same sample using a different
approach in Chapter 3, < F2.2hR

disk >= 0.47 ± 0.08. In Chapter 3 we found that more
luminous and redder galaxies are more maximal, but with little dependence on both
central surface brightness and morphology. Here, we again find a weak trend of larger
F2.2hR

bary for more luminous galaxies, but also for galaxies with higher central disk surface
brightness. Weighted linear fits give F2.2hR

bary = (0.57 ± 0.09) − (0.03 ± 0.02)(MK + 24)

and F2.2hR

bary = (0.55± 0.09)− (0.08± 0.02)(µi
0,K − 18). Unlike the result in Chapter 3 we

find no correlation with color, and in contrast to Herrmann & Ciardullo (2009) we find
little dependence on morphological type.

In Chapter 3, we calculated the mass fraction of the disk only, while in this chapter
we also include the bulge. However, at 2.2hR, the contribution from the bulge is almost
negligible for most of the galaxies in our sample, and removing the bulge would only
change the average by ∼ 2%. In Section 5.8 we will continue the discussion on the
deviations between these results.

We note that while the “maximality” of a galaxy is often assessed via the stellar-

disk mass fraction, Fdisk
∗ = V disk

∗ /Vc (usually including the molecular gas component),
traditionally measured at 2.2hR,9 we are here considering the total baryonic mass fraction.
We define a disk to be maximal if Fbary ∼ 1 at small radii. It has been shown that using

8 When including these two galaxies we find F
2.2hR

bary = 0.61 ± 0.11.
9 The radius at which the circular speed peaks for razor-thin, radially exponential disks.
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this definition of a maximum disk, Fdisk
∗ (2.2hR) = 0.85 ± 0.10 (sackett1997; including

the molecular gas), smaller than one due to the additional Hi contribution and the
astrophysical need to avoid a hollow dark-matter halo. F2.2hR

bary , including all baryonic
components, should however be closer to one. Indeed, with the definition of a maximum
disk above, we find in Section 5.6.1 that for a maximum disk F2.2hR

bary,II = 0.93 ± 0.08.

5.5 Unique Rotation-Curve Mass Decompositions

Using the baryonic rotation curves derived in the previous section, we determine the
dark-matter distribution in our galaxy sample using an approach similar to traditional
rotation-curve mass decompositions (e.g. van Albada et al. 1985; Carignan & Freeman
1985; Begeman et al. 1991). Assuming the Hα+Hi rotation curves trace the circular
speed of the composite potential (Vc), the circular speed of the dark-matter component
(VDM) is calculated from

V 2
DM = V 2

c − V 2
bary. (5.10)

Therefore, our data provide VDM directly such that we calculate a unique dark-matter
rotation curve for each galaxy in our sample (Section 5.5.1). In Section 5.5.2, we use the
GIPSY task ROTMAS to model the dark-matter rotation curves via a pseudo-isothermal
sphere (pISO; e.g. Ostriker & Caldwell 1979; Schmidt 1985; Kent 1986) and a Navarro-
Frenk-White (NFW; Navarro et al. 1997) halo, and we discuss the resulting parameters
in relation to one another and with respect to results from ΛCDM simulations. In
Section 5.5.3, we combine the results from all galaxies to investigate any significant
deviations from either halo parameterization in an effort to provide direct empirical
measurements of the shape of dark-matter halos.

5.5.1 Measured dark-matter rotation curve

The measured VDM, calculated from Equation 5.10, are plotted in the Atlas figures. In
Figure 5.14 we plot the baryonic (Vbary), dark matter (VDM) and observed total rotation
curves (Vc) in the same figure. What can already be noted from this figure is that the
contribution from the dark-matter rotation curve to the observed total rotation curve is in
general dominating at most radii. This is not unexpected given the result in Section 5.4.3,
where we found that all but one of our galaxies are submaximal.

5.5.2 Parametrized models of the dark-matter rotation curve

The dark-matter rotation curves are found using the GIPSY task ROTMAS, assuming
a spherical pISO or NFW-halo model. The pISO-halo is parameterized by its central
density, ρ0, and its core radius, RC , with a rotation curve following from

V pISO
DM (R) =

√

4πGρ0R2
C

[

1 − RC

R
arctan

(

R

RC

)]

. (5.11)

The NFW-halo is parameterized by its mass (Mhalo
200 ) within the virial radius (R200;

defined as the radius of a sphere of mean interior density 200 times the critical density
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Figure 5.14: Rotation curves: Observed (solid), baryonic (dashed) and dark matter (dotted).

ρcrit = 3H2/8πG) and its concentration (C) as defined in Navarro et al. (1997). The
rotation curve is given by

[

V NFW
DM (R)

V200

]2

=
1

X

ln(1 + CX) − (CX)/(1 + CX)

ln(1 + C) − C/(1 + C)
, (5.12)

where V200 is the circular velocity at R200 and X = R/R200. For the calculation of
V NFW

DM , we adopt H0 = 73 km s−1 Mpc−1 and set the redshift z = 0. In ROTMAS, the
baryonic and dark-matter rotation curves are added together in quadrature into a total
rotation curve, matching the observed rotation curve using a minimum χ2-fitting routine.
Since all baryonic components are fixed, this is basically only fitting the two-parameter
dark-matter-halo models to the measured dark-matter rotation curve. Each fitted halo
is plotted in the Atlas and the fitted parameters are provided in Table 5.5.

Due to the submaximality of most galaxies, the dark-matter rotation curves rise
quickly at small radii, with parameter values that differ significantly from what will
be found for the maximum-disk cases (Section 5.6). This behaviour, and the inferred
dark-matter distribution, can be compared to what has been found from numerical sim-
ulations. In Figure 5.15, we plot the two halo parameters from the dark-matter halo
fitting against each other, for both the pISO and the NFW-halo parameterization. For
the pISO fits, we find a strong correlation between ρ0 and RC . This is expected given
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Figure 5.15: Left: ρ0 versus RC . The two grey lines indicate V pISO
∞ = 100 km/s and 250

km/s; the range of V pISO
∞ for the nominal-Υ∗ case. Right: Relation between the concentration

(C) and mass (M200) of the NFW-halo profile. Filled and open circles indicate nominal-Υ∗

(Section 5.5) and maximum-disk fits (Section 5.6), respectively.

the dynamical masses of our galaxy sample, as indicated with the two lines in the figure
which show constant V pISO

∞ =
√

4πGρ0R2
C . For the NFW-halo, we also find a correla-

tion between the two parameters, with more massive halos having a lower concentration.
Bullock et al. (2001), who studied dark-matter-halo density profiles in a high-resolution
N-body simulation of a ΛCDM cosmology, found similar values and scatter compared
to what we find here, with C ≈ 10 − 20 in our mass range. The negative slope in the
M200-C relation can also be seen clearly in their Figure 4 (distinct halos) and, even
stronger, in their Figure 5 (subhalos). Since the shapes of our observed dark-matter
rotation curves are well fitted with parameters in agreement with what has been found
from dark-matter-only simulations, this result suggests that the baryonic matter in our
sample of galaxies has had only a minor effect on the dark-matter distribution.

5.5.3 The shape of the dark-matter rotation curve

For individual galaxies, we find in general no significant difference between the quality of
the pISO and NFW fits to our measurements of VDM; however, for our entire sample, the
pISO model tends to result in a lower χ2 (Section 5.7). To further investigate any general
differences between the shape of the pISO and NFW parameterization with respect to
our data, we consider the VDM measurements of all galaxies simultaneously in order to
investigate if the pISO or NFW model fits the data better on average, and if there are
regions in the rotation curves where the difference between the two is larger. In Fig-
ures 5.16-5.19, we plot all the measured dark-matter rotation curves in the same figures
with the radius normalized to either RC or Rs = R200/C and the velocity normalized to
either V pISO

∞ or V NFW
max (the velocity of the NFW rotation curve at ∼ 2.2Rs) for compar-

ison with the fitted pISO and NFW profile, respectively. On top of the measured points,
we plot the fitted rotation curves (VDM), fitted to each individual galaxy separately.

Figure 5.16 shows all measured points compared to the pISO case. In general, the data
follow the fits well, with an average scatter of 0.03 for all data points. In Figure 5.17 we
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Figure 5.16: All measured dark-matter rotation velocities plotted together and compared to
the fitted pISO model. R and VDM have been normalized with RC and V pISO

∞ , respectively. The
black filled circles in the top panel are averages in radial bins containing 25 measurements each.
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Figure 5.17: As in Figure 5.16, but here with galaxies divided into high and low baryonic
mass fraction (top) and high and low central surface brightness (bottom). Here, the black filled
circles are averages in radial bins containing 15 measurements each.
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black filled circles in the top panel are averages in radial bins containing 25 measurements each.
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mass fraction (top) and high and low central surface brightness (bottom). Here, the black filled
circles are averages in radial bins containing 15 measurements each.
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Figure 5.20: Differences between measurements and models for the pISO (left) and NFW
(right) fits of all galaxies. In the upper row, the radius is normalized by RC and Rs for the
pISO and NFW-models, respectively. In the lower row, the radius is normalized by hR.

divide the galaxies into groups of low and high central surface brightness (µi
0,K) galaxies,

or low and high Vbary/Vc-ratio (F2.2hR

bary ) galaxies. We find no major differences in how
well the dark-matter rotation curves are fitted to the different subsets.

Figures 5.18 and 5.19 are the same as Figures 5.16 and 5.17, except they adopt the
NFW-halo parameterization. As with the pISO case, we find no major differences in how
well the rotation curves are fitted for galaxies with low or high µi

0,K and F2.2hR

bary . The
average scatter of all data points compared to the NFW model is 0.04, only slightly larger
than for the pISO case. In a few galaxies with a steep rise in the center of the dark-matter
rotation curve (e.g. UGC 448, UGC 3140; see Atlas), the NFW-halo model fails to follow
the inner steep rise. Here, the pISO model is better fitted. Moreover, the NFW rotation
curve begins to decline at R/RS ≥ 2, which is reached at smaller R in galaxies with steep
inner rise in the dark-matter rotation curve, whereas the observed dark-matter rotation
curve stays flat. However, note that at both small and large R our measured dark-matter
rotation curves are rather uncertain; beam-smearing and uncertainties in the dynamical
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mass of the bulge effect the inner measurements of VDM and the outer measurements may
be systematically in error because we intentionally keep the observed rotation curves flat
by introducing a linear inclination warp of the Hi disk (Chapter 4).

Figure 5.20 shows the difference between measurements and models for both the pISO
and NFW fits of all galaxies. This figure accentuates the difference between the model
and data at small radii; the inner regions exhibit the largest residuals with a scatter of
0.10 and 0.14 within R = 1.7RC and R = 0.2Rs for the pISO and NFW fits, respectively.

5.6 Alternative Rotation-Curve Decompositions

For comparison, it is useful to consider three “maximum-disk” solutions in addition to
our direct measurements of the baryonic and dark-matter rotation curves in Section 5.5.
We define three cases to distinguish between the calculation of Vbary; Case I assumes
our nominal Υ∗ measurements, Case II scales up Υ∗ by a factor of f∗ to satisfy the
maximum-disk hypothesis, and Case III scales up both Υ∗ by a factor fHI

∗ and ΣHI by a
factor fHI. Case I and II include either a pISO (Cases Ia and IIa) or a NFW (Cases Ib
and IIb) dark-matter halo, whereas Case III fits the total, observed rotation curve using
only baryonic components. In all cases, we will use a constant Υ∗ over all radii in each
galaxy. However, this constant Υ∗ varies among different cases; in particular, Case III
will often require a larger scaling factor due to the ring-like distribution of the Hi gas. In
Section 5.7 we will compare how well the different cases fit the observed rotation curves,
with the results discussed further in Section 5.8.

5.6.1 Maximum disk

Traditionally, without an independent measurement of Υ∗, rotation-curve mass decom-
positions have often been performed with the assumption of a maximum contribution
from the stellar disk to the total potential. This approach sets a lower limit to the con-
tribution of the dark matter, often with the result that no dark matter is needed in the
inner part of the galaxy. For comparison, we consider the maximum-disk case here as
well. The fitting is performed using a pISO or NFW halo with Υ∗ scaled up by a factor
f∗ (listed in Table 5.5). This factor, which is usually (but not always exactly) the same
for the NFW and pISO halo models, is forced to be as high as allowed by the observed
rotation curve.

To enforce a maximum-disk situation, we need a Υ∗ on average 3.6 times what was
measured in Section 5.3.4, with a range in f∗ from 1.0 (UGC 8196) to 8.1 (UGC 6903),
and with 20 of the 30 galaxies between 2.1 and 4.6. On average, we find a ratio for
the maximum-disk case F2.2hR

bary,II = 0.93 ± 0.08 (std), as expected (see Section 5.8) some-
what higher than the 0.85 ± 0.10 found by Sackett (1997), with a range between 0.72
(UGC 7244) and 1.06 (UGC 8196; identical to the nominal-Υ∗ case, since we chose not
to scale it down). Table 5.4 includes F2.2hR

bary,II for the individual galaxies. A detailed
discussion of Υ∗ and the effects of our results on stellar population models will be the
subject of a forthcoming paper (Bershady et al., in prep.).

While fitting the dark-matter-halo parameters, we enforce Υ∗ of the stellar bulge and
disk to be equal. In several cases, we would obtain a better fit if allowing for different Υ∗

in these two components. For example, UGC 9837 would be better fitted if we completely
excluded the bulge components (see Atlas).
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Figure 5.21: fHI versus central surface brightness of the disk (µi
0,K). The solid and dashed

grey lines show < fHI >= 6.5 ± 3.9.

5.6.2 Scaled-up ΣHI

It has been repeatedly reported (e.g. Hoekstra et al. 2001; Swaters 1999; Noordermeer
2006; Struve et al. 2010) that scaling the calculated Hi rotation curve, inferred from
ΣHI(R), instead of introducing a dark-matter halo, results in rotation-curve decomposi-
tions well-fitted to the observed rotation curve. Here we will also consider rotation-curve
mass decompositions with scaled-up Hi densities, effectively assuming that the dark
matter either is the atomic gas (entertaining an erroneous conversion from flux to mass
surface density) or it is directly tied to it, e.g. as a hidden H2 component. We model
this alternative dark matter by scaling ΣHI by a factor fHI. We also enforce a maximum
contribution from the stellar component. Due to the ring-like distribution of the Hi gas,
which often induces a “negative” rotation speed of the atomic-gas rotation curve in the
inner part of the galaxy, we often require a larger scaling factor (f∗) than in the nominal
maximum-disk case (Case II). Even though a scaled-up ΣHI results in the worst fit for
most galaxies, it is still remarkable that it gives such a reasonable fit to our data.

These results show that the “dark matter” (whatever it is) might be closely coupled
to the Hi gas. However, remember that we also needed to scale up the stellar mass with
a factor of typically 2-5. We find fHI to range between 0.7 and 18.4, with an average
< fHI >= 6.5 ± 3.9 (std) in exact agreement with what was found by Hoekstra et al.
(2001). For about half the sample, the optimal f∗ values are the same as those found for
Case II. The remaining galaxies have 3 − 33% larger f∗ than found for Case II.

In Figure 5.21, we plot fHI against the central surface brightness of the disk. Swaters
(1999) found a clear trend between the Hi scaling factor and surface brightness, and we
observe a similar trend here. Swaters (1999) argued that this relation may be expected,
since galaxies of lower surface brightness are relatively richer in Hi, which gives an Hi
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the nominal-Υ∗ and maximum-disk case, respectively.

rotation curve that explains a larger fraction of the total rotation curve, and therefore
requires a smaller scaling factor.

In this section, we have followed earlier studies and scaled up only the atomic gas
using a maximum stellar disk. It would also be interesting to scale the molecular gas by
the same amount, keeping Υ∗ at its the nominal, submaximal value. Here, we note that
with a similar radial distribution of the molecular gas and the stars, the scaling of the
molecular gas might, to first order, be incorporated in the scaling of the stellar disk.

5.7 Comparison Between Different Dark-Matter-Halo

Models

Here we compare the quality of the fits in Section 5.5 & 5.6 of the modeled dark-
matter+baryonic rotation curves to the observed rotation curves using different mod-
els for the dark and luminous matter. We find that the nominal-Υ∗ case with a pISO
dark-matter halo (case Ia) usually gives the best fit with the lowest χ2. On average, we
find a relative difference in χ2 between case Ia (χ2

pISO) and case Ib (χ2
NFW), normalized

to χ2
pISO, to be (χ2

NFW − χ2
pISO)/χ2

pISO = 0.46. For the nominal maximum-disk cases
(Case IIa,b) we find the relative differences in the χ2-values compared to case Ia to be
(χ2

pISO,II − χ2
pISO)/χ2

pISO = 1.42 and (χ2
NFW,II − χ2

pISO)/χ2
pISO = 2.36. For Case III we

find (χ2
HI − χ2

pISO)/χ2
pISO = 2.81. Figure 5.22 shows the comparison between the pISO

and NFW-halo models (nominal-Υ∗ and maximum-disk case separately) as a function of
different global galaxy parameters. Even though Case Ia on average results in a slightly
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Nominal-Υ∗ (Case Ia & Ib) Maximum-disk (Case IIa & IIb) Scaled-Hi (Case III)

pISO NFW pISO NFW

UGC Υ∗ RC log(ρ0) C log(M200) f iso
∗ RC log(ρ0) fnfw

∗ C log(M200) fHI
∗ fHI

(M⊙/LK,⊙) (kpc) (M⊙ kpc−3) (M⊙) (kpc) (M⊙ kpc−3) (M⊙)
448 0.31 ± 0.21 0.35 ± 0.08 9.62 ± 0.20 18.5 ± 2.0 10.86 ± 0.05 3.1 10.5 6.78 3.1 1.1 11.63 3.1 9.8 ± 0.7
463 0.29 ± 0.17 1.00 ± 0.21 8.70 ± 0.16 14.1 ± 1.9 10.87 ± 0.07 2.2 1.8 7.47 2.1 0.4 11.60 2.2 4.1 ± 1.1

1081 0.40 ± 0.16 1.75 ± 0.67 8.08 ± 0.25 6.7 ± 3.0 10.97 ± 0.40 2.2 1.9 7.48 2.2 1.5 11.09 2.2 7.5 ± 2.4
1087 0.32 ± 0.13 1.12 ± 0.14 8.58 ± 0.09 12.7 ± 1.4 10.86 ± 0.07 3.4 2.9 7.48 3.4 2.9 11.07 3.4 8.9 ± 4.3
1529 0.29 ± 0.16 0.37 ± 0.12 9.59 ± 0.27 22.1 ± 2.5 10.79 ± 0.05 3.7 5.0 6.76 3.7 10.0 9.64 3.7 4.3 ± 1.5
1635 0.26 ± 0.12 0.89 ± 0.08 8.72 ± 0.07 14.8 ± 0.7 10.72 ± 0.03 4.2 1.0 8.15 4.8 3.0 10.43 5.6 3.9 ± 2.3
1862 0.56 ± 0.29 0.80 ± 0.14 8.46 ± 0.10 8.4 ± 3.2 10.59 ± 0.46 2.6 0.3 8.53 2.6 16.0 9.04 3.0 2.1 ± 1.6
1908 0.26 ± 0.18 4.56 ± 1.35 7.72 ± 0.19 4.3 ± 2.3 11.82 ± 0.46 2.0 16.5 6.79 2.0 1.0 12.25 2.5 13.9 ± 5.0
3091 0.23 ± 0.10 1.12 ± 0.13 8.59 ± 0.09 13.4 ± 1.2 10.84 ± 0.06 6.2 5.6 6.88 5.9 0.9 11.56 6.9 5.3 ± 1.0
3140 0.33 ± 0.14 0.39 ± 0.17 9.50 ± 0.36 15.3 ± 1.7 10.90 ± 0.05 2.1 18.2 6.43 2.1 0.3 12.06 2.1 7.5 ± 0.6
3701 0.85 ± 0.40 2.62 ± 0.24 7.67 ± 0.06 4.6 ± 0.7 10.89 ± 0.11 2.2 6.4 6.91 2.2 1.3 11.22 2.6 6.6 ± 0.8
3997 0.45 ± 0.19 1.01 ± 0.14 8.60 ± 0.11 11.8 ± 1.0 10.82 ± 0.05 5.0 - 6.00 5.0 - - 5.0 1.2 ± 0.5
4036 0.29 ± 0.11 1.50 ± 0.25 8.42 ± 0.12 9.8 ± 1.0 11.13 ± 0.07 3.2 15.0 6.61 3.2 0.5 12.00 3.3 7.6 ± 1.4
4107 0.28 ± 0.14 0.97 ± 0.12 8.69 ± 0.09 14.6 ± 1.7 10.77 ± 0.07 4.1 - 6.00 4.1 - - 4.1 0.7 ± 0.9
4256 0.15 ± 0.19 5.43 ± 0.49 7.58 ± 0.06 3.7 ± 0.4 11.86 ± 0.10 3.0 18.0 6.75 3.0 0.9 12.30 3.0 7.6 ± 0.6
4368 0.57 ± 0.34 2.24 ± 0.25 7.94 ± 0.08 6.6 ± 0.8 11.00 ± 0.07 2.1 14.7 6.52 2.1 0.7 11.65 2.3 8.8 ± 1.1
4380 0.27 ± 0.09 1.78 ± 0.22 8.36 ± 0.09 9.4 ± 1.0 11.26 ± 0.07 4.3 17.2 6.67 4.3 0.6 12.19 5.2 9.0 ± 1.1
4458 0.42 ± 0.24 0.30 ± 0.10 9.69 ± 0.02 22.0 ± 3.7 10.85 ± 0.04 1.9 10.0 6.45 1.9 0.1 11.43 2.0 5.4 ± 0.6
4555 0.35 ± 0.20 0.84 ± 0.13 8.83 ± 0.12 15.1 ± 1.4 10.83 ± 0.05 3.1 10.0 6.45 3.1 0.3 11.50 3.2 3.0 ± 1.8
4622 0.28 ± 0.17 1.40 ± 0.14 8.67 ± 0.08 10.7 ± 0.7 11.40 ± 0.03 4.6 38.7 6.08 4.6 0.1 12.19 4.6 8.2 ± 0.6
6903 0.24 ± 0.17 3.19 ± 0.34 7.83 ± 0.06 4.1 ± 1.4 11.64 ± 0.38 8.1 6.1 7.05 8.1 1.0 11.65 9.9 5.1 ± 2.4
6918 0.06 ± 0.24 0.46 ± 0.05 9.26 ± 0.08 20.3 ± 1.2 10.59 ± 0.04 6.2 4.3 7.51 5.5 4.4 11.22 6.6 12.3 ± 0.7
7244 0.41 ± 0.18 6.60 ± 1.09 7.10 ± 0.08 2.5 ± 0.5 11.25 ± 0.08 1.6 10.8 6.80 1.6 1.0 11.72 1.7 8.9 ± 0.7
7917 0.29 ± 0.33 2.59 ± 0.55 8.18 ± 0.16 9.6 ± 1.0 11.43 ± 0.05 3.4 18.7 6.04 3.4 0.1 11.39 3.6 3.5 ± 1.4
8196 0.94 ± 0.41 15.50 ± 1.50 6.64 ± 0.05 1.0 ± 1.0 11.98 ± 0.13 1.0 15.5 6.64 1.0 1.0 11.97 1.0 18.4 ± 1.3
9177 0.36 ± 0.26 1.30 ± 0.14 8.64 ± 0.09 12.1 ± 0.8 11.19 ± 0.03 4.6 - 6.00 4.6 - - 4.6 3.7 ± 1.1
9837 0.32 ± 0.14 1.68 ± 0.11 8.25 ± 0.05 8.2 ± 0.7 11.07 ± 0.07 8.0 8.9 6.69 8.0 0.5 11.49 8.0 5.0 ± 1.0
9965 0.25 ± 0.12 1.36 ± 0.11 8.45 ± 0.06 10.9 ± 0.7 10.99 ± 0.04 4.0 20.0 6.48 4.0 0.3 11.81 4.3 3.4 ± 0.9

11318 0.29 ± 0.20 0.97 ± 0.58 8.83 ± 0.47 13.5 ± 4.0 11.07 ± 0.16 3.0 - 6.00 3.0 - - 3.0 2.6 ± 1.7
12391 0.41 ± 0.19 2.03 ± 0.31 8.03 ± 0.10 5.9 ± 0.8 11.14 ± 0.11 2.0 11.7 6.79 2.0 1.0 11.72 2.3 7.2 ± 3.1

Table 5.5: Parameterized dark-matter-halo parameters: See the text for an explanation of the parameters.
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better fit than Case Ib, and Case IIa is better fitted than Case IIb, the differences
are not significant as indicated by the relative χ2-values. We do however find that the
nominal-Υ∗ fits (Case I) produces significantly better χ2 results than the maximum-disk
fits (Case II). No strong correlations are found between how well the different models fit
the data and global properties of the galaxies.

In Figure 5.15, the dark-matter-halo parameters from the nominal-Υ∗ case were plot-
ted against each other. We have included the results form the maximum-disk case for
comparison (open symbols). We find that the maximum-disk fits have larger RC and
smaller ρ0 (as expected, since the nominal-Υ∗ results in a much steeper rise in the dark-
matter rotation curve). For the NFW-halo, we also found a correlation between the two
parameters; a lower concentration for larger halo masses, with the maximum-disk case
having much lower concentration than the nominal-Υ∗ case, as expected. As mentioned
in Section 5.5.2, for the nominal-Υ∗ case the fitted NFW-halo parameters agree well
with dark-matter halo density profiles extracted from high-resolution N-body simula-
tions (Bullock et al. 2001), with similar concentrations and a clear C −M200 correlation.
However, the concentrations found for our maximum-disk fits are much lower, with typi-
cal values around C = 1, inconsistent with what was found in the simulations. Also note
the lack of correlation seen between M200 and C for the maximum-disk solutions.

5.8 Discussion

In the previous sections, we presented results on the distribution of the baryonic matter
and quantified the baryonic maximality. We derived the dark-matter rotation curves
and compared results from the unique rotation-curve mass decompositions with the
maximum-disk scenario. In this section, we further discuss the galaxy-disk and total-
baryonic maximality (Section 5.8.1) and the arguments for and against maximal and
submaximal disks (Section 5.8.2). We briefly discuss the difficulties in distinguishing
between the pISO and NFW parameterizations of the dark-matter rotation curves (Sec-
tion 5.8.3). Finally, we include a discussion of our adopted assumptions and the intro-
duced uncertainties in our analysis (Section 5.8.4).

5.8.1 Disk and baryonic maximality

The most commonly adopted definition of a maximum disk was provided by Sackett
(1997), who proposed F2.2hR

disk,∗ = 0.85 ± 0.10 to be an appropriate definition for maximal
disks in galaxies of similar Hubble type to the Milky Way (Sb and Sc). The Sackett
definition allows for small contributions from a bulge and a dark-matter halo with non-
hollow core, as well as a contribution from the Hi gas, but the literature studies on which
this number was based include the molecular gas component in the stellar-disk mass
distribution.

Although we compare our measured F2.2hR

bary values with the definition in Sackett
(1997) in this chapter, we note that in general F2.2hR

bary ≥ F2.2hR

disk,∗ . This is certainly true
for all galaxies in our sample. Thus, for the definition of the “baryonic maximality”,
the fraction should be larger than the Sackett definition. Indeed, in Section 5.6.1 we
found that for the maximum disks, calculated by scaling the stellar bulges and disks
as much as possibly allowed by the observed rotation curves, we measure on average
F2.2hR

bary,II = 0.93 ± 0.08. Though we compare F2.2hR

bary to F2.2hR

disk,∗ = 0.85± 0.10, we still find
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that all galaxies in our sample have submaximal disks, and that we must scale up the
stellar mass by an average factor of 3.6 to satisfy the maximum-disk hypothesis. The only
exception to this is UGC 8196 for which our nominal approach fails, producing a non-
physical, supermaximal disk. On average, F2.2hR

bary = 0.56 ± 0.08, with a trend of higher
F2.2hR

bary for more luminous galaxies, in agreement with our result in Chapter 3, but also
with a weak trend of higher F2.2hR

bary for galaxies with higher central surface brightness,
something not revealed by the analysis in Chapter 3.

Even though we are using the same sample of galaxies here and in Chapter 3, the
maximality measurements presented are different in several ways. Measurements of F disk

max

presented in Chapter 3 were calculated based on an interpolation of the vertical velocity
dispersion of the disk stars, with F disk

max being the disk maximality, but with the bulge
excluded. However, here F2.2hR

bary is a measure of the baryonic maximality, with the stellar
bulge included. We therefore expect F2.2hR

bary > F disk
max . The difference between the two

is dependent on the bulge/disk ratio; however, the generally small bulges in our galaxy
sample, with the average bulge contributing ∼ 2% to the total rotation curve at 2.2hR,
leads to an, on average, ∼ 4% difference between F2.2hR

bary and F disk
max .

A fundamental procedural difference in the calculation of F2.2hR

bary and F disk
max is that

the former is directly tied to the observed surface brightness profile of each galaxy. In
Chapter 3, we instead used only one extrapolated value of the central stellar velocity
dispersion and assumed a smooth, exponential decline of the disk mass surface density
with a kinematic scale length hσ = 2hR. In Chapter 2, we found that many galaxies have
velocity dispersions in the outer disk which are larger than what is found from fitting an
exponential to the data over all radii (outside the bulge region). It is possible that there
is a systematic error introduced, such that the measurements at larger radii lower the
amplitude of the fit, resulting in too low central velocity dispersions. However, the inner
points are in general well fitted by an exponential decline, with little influence from the
outer measurements, and any systematic error should be small.

Here, we are also adopting a different vertical distributions for the gas compared to
the stellar disk, while in Chapter 3 we adopt k = 1.5 for the whole disk. Although we
are using the same k for the stellar component in this chapter, we calculate the atomic
and molecular-gas rotation curves assuming razor-thin gas disks, lowering the combined
effective value of k. This results in a slightly larger amplitude of the total baryonic
rotation curve.

To conclude, both random and systematic differences are expected between F disk
max and

F2.2hR

bary due to differences in the approach, but also since we measure different quantities.

5.8.2 Nominal versus maximum disk

Related to the maximality discussed above, we will here discuss arguments for both
the nominal, submaximal rotation-curve mass decompositions and the maximum-disk
solutions.

It has been pointed out (e.g. by van Albada & Sancisi 1986) that there are several
arguments to support the idea that disks in spiral galaxies are maximal. For example, the
simplest way to explain why fitting a maximum disk works is that the disks actually are
close to maximum. It has frequently been shown that the dynamical mass distribution
follows the light distribution in the inner regions of galaxies (e.g. Kent 1986; Sancisi 2004;
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Noordermeer et al. 2007; Swaters et al. 2011; Fraternali et al. 2011), with a contribution
of the stellar mass that can be scaled to fully explain the inner part of the rotation curve
within the radius typically reached by optical rotation curves. It has also been found
that features in the rotation curve can be seen in the light profile as well. However, these
arguments in favour of a maximal-disk scenario can be disputed.

Even though the rotation curves of the galaxies in our sample can be decomposed
rather convincingly using a maximum disk, our nominal-Υ∗ cases result in significantly
better fits. Furthermore, in the context of Newtonian gravity, the extended, flat Hi

rotation curves require dark matter to explain the non-declining outer part generally
observed in spiral galaxies. If we believe that these observations indeed show us that we
need dark matter, why should this dark matter be distributed in such a way that it is only
required to explain the outer part of the rotation curves? With an all-over dominating
dark-matter halo, the “conspiracy” (Bahcall & Casertano 1985) between the stellar disk
and dark-matter halo will weaken. And even though features in the observed rotation
curve are often seen in the light profile, this only suggests that the potential of the stars or
gas emitting the light is none-negligible; e.g. a bump in a non-dominant baryonic rotation
curve that is added together with a smooth dominant dark-matter rotation curve may
still be seen. We have two examples of this in our sample, UGC 4256 and UGC 6918
(see Atlas). Even though the rotation curves of these galaxies are dominated by VDM,
features in Vmol are still clearly seen in the observed rotation curves.

A theoretical argument in favor of submaximal disks is presented in Amorisco & Bertin
(2010). From constructed self-consistent models of nonspherical isothermal halos embed-
ding a zero-thickness disk, they find a best-fit model that is significantly submaximal.
Observationally, one can infer that disks are submaximal given the lack of a surface-
brightness dependence in the Tully-Fisher relation for a wide range of spiral galaxies
(Zwaan et al. 1995; Courteau & Rix 1999; Courteau et al. 2003). However, studies from
kinematic observations have so far not reached a consensus. For example, Weiner et al.
(2001) used fluid-dynamical models of gas flow in a barred galaxy to constrain the dy-
namical properties of the galaxy. They found that maximum-disk values are highly
favored for this galaxy, and argued that the luminous matter dominates inside the op-
tical radius of high surface brightness disk galaxies in general. Other studies of single
galaxies, one barred resonance-ring system (Byrd et al. 2006) and one gravitational-lens
system (Dutton et al. 2011), have found the disks to be submaximal. In addition to our
own studies, analysis from kinematic observations of normal spiral galaxies (e.g. Bottema
1993; Kregel et al. 2005; Herrmann & Ciardullo 2009) generally show that spiral galaxies
are submaximal with disks that contribute ∼ 60 ± 10% to the observed rotation speed,
with possible dependences on morphological type, surface brightness, luminosity and
color.

In this chapter, we compared our modeled NFW-halo parameters from both the
nominal and maximum-disk situations, with what has been found from numerical N-body
simulations (Bullock et al. 2001). We find that the fitted parameters from the nominal-
Υ∗ case show a similar C − M200 relation as what was found in the simulations, with a
concentration parameter typically between C ∼ 10− 20 as expected from the simulation
in our mass range. However, the fitted concentration parameter in the maximum-disk
case is much lower, around C ∼ 1, and show no correlation with M200. These result
suggest that the dark matter should be distributed in a way comparable to what we
find for the nominal-Υ∗ case. The dark-matter halos derived from the maximum-disk
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situation are not represented in these simulations.

5.8.3 The distribution of the dark matter

The NFW and similar shapes of the dark-matter halo which have cuspy density profiles
with a central slope of ρ ∼ r−1 to ρ ∼ r−1.5, have repeatedly been found in dark-
matter-only numerical simulations (e.g. Navarro et al. 1996, 1997; Moore et al. 1999;
Klypin et al. 2001; Diemand et al. 2005). Observationally, however, a core-like density
distribution is often preferred (de Blok et al. 2001; Kuzio de Naray et al. 2008, 2009;
de Blok 2010; Oh et al. 2011).

In this chapter, we have fitted both pISO and NFW models to our data. In general,
the differences between the fitted pISO and NFW rotation curves are tiny, with similar
χ2 values for both fits. In Section 5.5.3, we made an attempt to stack the data from all
galaxies in order to investigate whether the pISO or NFW model fits the data better on
average. Although we find slightly less scatter for the pISO-model fits, these results have
little statistical significance, mainly due to limitations in our data close to the center and
outside the optical disk.

To be able to distinguish between a pISO and a NFW-halo distribution, we would need
deeper and more robust measurements of the observed and baryonic rotation curves over
the entire radial range. Special care should be taken to obtain sufficiently good data at the
most inner and outer radii, since these are the regions where the pISO and NFW models
tend to differ most. In the inner regions, which often display large gradients in both
velocity and surface brightness, corrections for beam smearing are of great importance.
The influence of the baryonic matter is also high and it is important to obtain calculated
baryonic rotation curves with small errors, with direct assessments of the dynamical
masses of the bulges. In the outer region, robust rotation speed measurements require a
detailed assessment of inclination and position-angle warps. Correcting for an inclination
warp is very hard for nearly face-on galaxies, which forced us to adopt a linear warp in
several galaxies to enforce a flat outer rotation curve (Chapter 4). However, to be able
to distinguish between the pISO rotation curve (which have an asymptotically constant
rotation speed) and the NFW rotation curve (which starts to decline at a radius for
which velocity measurements are often present) we would need observed rotation curves
from which we can measure any deviations from an asymptotically flat rotation curve.

5.8.4 Uncertainties and assumptions

The steps in this chapter, which have taken us from our observational data (stellar and
gas line-of-sight kinematics, NIR, 24-µm and 21-cm imaging) to rotation-curve mass
decompositions, include many systematic uncertainties as discussed in great detail in
DMS-II. Here we revisit the most significant systematic uncertainties.

Throughout our analysis, we have adopted a constant shape of the stellar velocity
ellipsoid (SVE) for all galaxies. Fortunately, as part of our survey strategy (DMS-I),
the resulting uncertainties in the conversion from σLOS to σz are limited by the nearly
face-on orientation of our galaxy sample. As discussed by Herrmann & Ciardullo (2009),
from observations (Bienaymé 1999; Gerssen et al. 1997, 2000) and theoretical works on
the physics of disk scattering (Villumsen 1985; Jenkins & Binney 1990), we do not expect
α, which is the dominant contributor to the uncertainties in our deprojection of σLOS to
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σz, to be larger than one. If we assume α = 1 then the calculated Fbary will certainly
be larger; however, we would still find that a majority of the galaxies in our sample are
submaximal, with an average F2.2hR

bary = 0.65 and with only 6 galaxies higher than 0.75.
Another major contribution to the systematic errors comes from uncertainties in

the vertical density distribution. It is possible that the distribution constant (k) differs
among and within galaxies. If k is systematically higher than the adopted value, e.g. with
a vertical sech2 distribution instead of the adopted exponential distribution, our nominal
calculations produce an overestimate of Σdyn. This would imply that we overestimate
Fbary. If k is systematically lower than the adopted value, we would instead underestimate

Fbary. However, we do not expect a k for the stellar disk to be lower than 1.5, hence our
calculations of Σdyn are probably upper limits. Since we observe nearly face-on galaxies,
it is impossible to measure the vertical scale height hz. Instead, we calculate hz from hR,
using the relation found from edge-on galaxies as described in DMS-II. This introduces
a significant systematic error within a galaxy; however, these errors are expected to be
random when considering the sample as a whole.

Since direct kinematical measurements of the disk inclination has been proven hard
for our nearly-face-on galaxies (Chapter 2, Chapter 4), we adopted inclinations from
the inverse Tully-Fisher relation (Chapter 2; Rix & Zaritsky 1995; Verheĳen 2001). The
uncertainties from these estimated inclinations, mainly introduced as systematic errors
in the observed circular speed measurements, are again expected to be random when
considering the sample as a whole.

Additional uncertainties are also introduced by our limited accounting of all the bary-
onic components. We have only considered the four (presumably) dominant contributors
to the total potential of the galaxy; the stellar bulge, stellar disk, atomic-gas disk and
molecular-gas disk. We have assumed that the stellar halo contains so little mass as to
be dynamically negligible. This is also a valid argument for neglecting the contribution
of the mass surface density of the dust in the disk, Σdust, which has been observed to
have typical ratios Σdust/ΣHI = 0.01 − 0.1 (Magrini et al. 2011). We further assume
that there is no hidden H2 gas, but that it is traced by the 24-µm emission. Finally, we
do not include a thick disk component because, as mentioned in DMS-II, the resulting
differences in k and hz tend to cancel when calculating Σdyn.

When calculating Σdyn using Equation 5.1, we assume a self-gravitating disk. For
a disk embedded in a dark-matter halo, we expect σz will increase for a given Σdyn

(Bottema 1993). This, again, results in nominal estimates that are upper limits. The
shape of the halo is unknown, but is here assumed to be spherical. There have been
studies showing that the dark-matter halo might be highly oblate in the central regions
(e.g. Amorisco & Bertin 2010). This would likely increase σz further.

5.9 Summary and Conclusions

We have presented rotation-curve mass decompositions of 30 intermediate-to-late-type
spiral galaxies. From our stellar-kinematic observations we measured vertical velocity
dispersions of the stars in the galaxy disk (σz). These have been used to calculate the
disk’s dynamical mass surface density (Σdyn) from the relation Σdyn = σ2

z/(πGkhz),
where we assume a constant disk scale height (hz), calculated from the disk scale lengths
(hR), and an exponential vertical distribution of the disk mass (k = 1.5). Together with
measured atomic-gas mass surface densities from 21-cm radio synthesis observations,
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and molecular-gas mass surface densities estimated from 24-µm Spitzer observations,
we derive the stellar mass surface density. Using near-infrared 2MASS photometry, we
calculate the mass-to-light ratio of the stellar disk (Υ∗), and with the assumption of a
constant Υ∗, we derive the stellar-bulge and stellar-disk mass surface densities from the
observed surface brightness profile. The rotation curves of the baryonic components are
calculated from their radial mass surface density profiles. These are used together with
Hi and Hα circular-speed measurements to derive the structural parameters of the dark-
matter halo, modeled as either a pISO or NFW halo. We consider three different models
for the mass content of the baryonic components: (I.) the mass surface densities derived
directly from our observations, (II.) a scaled stellar bulge and disk mass distribution
designed to contribute maximally to the total mass (a maximum-disk situation) and,
(III.) a scaled Hi gas-mass and stellar-mass density distribution excluding any dark-
matter halo.

We find the ratio Fbary to be nearly constant between 1−6hR, ranging from ∼ 0.4−0.7
among individual galaxies. This rather constant Fbary arises due to the atomic gas
taking over at larger radii where the stellar disk contribution is declining. The result has
a consequence for measuring the disk maximality; for a comparison of the maximality
between different galaxies, it is not critical to measure it at exactly Rmax,disk ∼ 2.2hR,
and averaging over a band in radius, e.g. around R = (2.2 ± 0.5)hR, could be a way
to obtain measurements with smaller errors. All but one galaxy in the sample have
submaximal disks. On average, F2.2hR

bary = 0.56± 0.08, with a weak trend of larger F2.2hR

bary

for more luminous galaxies, in agreement with our result in Chapter 3, but also with a
trend of larger F2.2hR

bary for galaxies with higher central surface brightness, something not
seen in Chapter 3.

Our K-band stellar mass-to-light ratios of the individual galaxies (Υ∗) suffer from
large systematic errors. However, within these errors, all but two galaxies have average
Υ∗ consistent to within 1σ with the error-weighted average and scatter of the sample
< Υ∗ >= 0.32 ± 0.08. On average, we find a Υ∗ that is a factor of 3.6 lower than
required by the maximum-disk hypothesis. This factor ranges between 1.0 to 8.1, with
20 of the 30 galaxies in our sample between 2.1-4.6. In general, for the galaxies in our
sample, the dark-matter halo dominates the potential at almost all radii.

The dark-matter rotation curves tend to be somewhat better fitted with a pISO than a
NFW-halo; however, due to limitations in our data both in the central and outer regions
of the galaxies, this result has little statistical significance. For the nominal-Υ∗ case,
the fitted NFW-halo parameters have values consistent with ΛCDM N-body simulations
(Bullock et al. 2001), but with a concentration parameter that is too low compared to
the simulations when fitting a NFW halo in the maximum-disk situation.

A number of improvements may be made to the analysis presented in this chapter.
With SparsePak, we have observed the stellar kinematics of 12 additional galaxies that,
when combined with the PPak data, will increase our sample by more than a third
and broaden our parameter space further. Inclusion of our deep optical (UBVRI) and
near-infrared (JHK) data from the KPNO 2.1-m telescope will dramatically improve our
surface photometry. Work is ongoing to determine the SVE shape in individual galaxies,
with one of the goals being to reduce the systematic errors introduced from deprojecting
σLOS to σz . Future analysis will benefit from an improved understanding of the relation
between hR and hz, given ongoing surveys of edge-on galaxy samples. In future papers,
we will extend the analysis of the measured dark-matter distribution, e.g. to establish
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any correlation with the Hi distribution.
In this chapter, we have assumed Newtonian gravity. However, it would be interesting

to investigate if the theory of modified Newtonian dynamics (MOND; Milgrom 1983) can
produce convincing results using submaximal disks. Until then, we conclude that with
our assumed Newtonian gravity, the results presented in this chapter indicate that the
dark matter in spiral galaxies is not only needed to explain the non-declining Hi rotation
curves in the outer regions, but is also required to explain the rotation curves overall.

Appendix 5.A Individual Galaxies

5.A.1 The content of the Atlas

In this appendix, we present the data and results of individual galaxies. An Atlas page
is provided for each galaxy in our sample. Each page is divided into two columns, each
with four panels. The left column demonstrates the progression from the observed surface
brightness (µK) and vertical velocity dispersions of the disk stars (σz) to mass surface
densities (Σ) and mass-to-light ratios (Υ). The right column provides four rotation-
curve mass decompositions. Further details for each panel is given below, and next
section provide comments on individual galaxies.

The top panel in the left column shows the surface brightness profile. Grey dots
represent the observed K-band surface brightness derived in Chapter 2. The dashed line
shows the fitted bulge. This bulge has been subtracted from the total surface brightness
to obtain the light profile of the disk (black errorbars). The second panel shows the
measured σz (errorbars), azimuthally averaged in 5-arcsec wide rings. The dashed line
indicates the exponential fit to the individual-fiber data (Chapter 2). The third panel
shows the measured and calculated mass surface density of the disk (Σdyn) and its three
component; stars (Σ∗), atomic gas (Σatom) and molecular gas (Σmol). The open circles
indicate Σdyn, calculated directly from the measured σz. The filled dots with errorbars
show the calculated Σ∗ (where the gas has been subtracted from Σdyn). The dotted and
dash-dotted lines show measured Σatom and Σmol, respectively. The black dashed line
shows Σdisk

∗ , calculated from µK above and the weighted average stellar mass-to-light
ratio below. The dark-grey dashed line, falling of most rapidly with radius, indicates
Σbulge

∗ , calculated with the same mass-to-light ratio as the disk. The bottom panel
shows the calculated dynamical (Υdyn; open circles) and stellar (Υ∗; filled circles with
errorbars) mass-to-light ratios. The solid and dashed lines show the weighted average
of Υ∗ and Υdyn, respectively. The arrow on the x-axis indicates one photometric scale
length (hR). In all figures, the light-grey shaded region indicates the region excluded
from any analysis, typically the “bulge”-region, delimited by the radius Rbulge at which
the light from the bulge contributes 10% of the total light. We have excluded any points
within this region when calculating the average Υ. In all panels, the darker-grey areas
around the measured points indicate systematic errors.

The right column shows four different rotation-curve decompositions. The observed
Hα and Hi rotation curves are indicated with filled and open dots, respectively. The
rotation curves of the stellar bulge (dark-grey dashed line), stellar disk (black dashed
line), molecular gas (dash-dotted line) and atomic gas (dotted line) have been calculated
from the mass surface densities showed in the left column, as described in Section 5.4.2.
The solid grey line indicates the fitted dark-matter rotation curve. The solid black line
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is the quadrature sum of the various components. From top to bottom, the four panels
in the right column show the rotation-curve mass decomposition results when using
the nominal Υ∗ and a fitted pISO dark-matter halo (Case Ia); the nominal Υ∗ and a
fitted NFW dark-matter halo (Case Ib); a maximum disk (scaled-up Υ∗) and a fitted
pISO dark-matter halo (Case IIa); and a maximum disk (scaled-up Υ∗) with a scaled-up
atomic gas contribution and no dark-matter halo (Case III). The arrow in the bottom
image indicates 2.2hR, the theoretical radius of maximum rotation speed of an infinitely
thin exponential disk.

5.A.2 Notes on individual galaxies

UGC 448: Good PPak data, with regular kinematics (Chapter 2).
UGC 463: This galaxy, which demonstrates an interesting three-arm spiral structure,
has been studied in detail in DMS-IV.
UGC 1081: The mass surface density profile of the atomic gas is estimated using the
result in Chapter 4.
UGC 1529: A rather typical case in our sample, except that it is more inclined than
most other galaxies in the sample (iTF = 39 deg). The mass surface density profile of the
atomic gas is estimated using the result in Chapter 4.
UGC 1862: No sign of a bulge in the light profile, all light fitted as coming from a
disk. The mass surface density profile of the atomic gas is estimated using the result in
Chapter 4. This galaxy is rather different from the rest of the galaxies in the sample. It
is the least luminous galaxy with an absolute K-band magnitude of -21.0, one magnitude
fainter than the second less luminous galaxy UGC 3701. It is also the only galaxy for
which we lack observed rotation speed at 2.2hR. Classified as “peculiar” (DMS-I).
UGC 1908: Classified as a star-burst galaxy (DMS-I). The mass surface density profile
of the atomic gas is estimated using the result in Chapter 4.
UGC 3091: No sign of a bulge in the light profile, all light fitted as coming from a
disk. The mass surface density profile of the atomic gas is estimated using the result in
Chapter 4.
UGC 3701: Low surface brightness. Only UGC 1862 is less luminous.
UGC 3997: Low surface brightness. Classified as an Im.
UGC 4256: Has two close companions (SDSS J081025.21+340015.8,
SDSS J081021.17+340158.7) about 4 arcmin to the north of UGC 4256, with a bridge
in the Hi gas between the three galaxies (Chapter 4). One of two galaxies in the sample
with a molecular gas mass which is larger than the stellar mass. Note that the bump
feature in the modeled molecular gas rotation curve can also be seen in the observed ro-
tation curve. Also note that the submaximal cases (i.e. when we are using the measured
mass surface densities) fit this feature better than the maximum-disk cases.
UGC 4368: The most inclined galaxy in the sample (iTF = 45 deg).
UGC 4380: Small apparent size, with an optical scale length hR = 10′′.
UGC 4458: Earliest-type (Sa) galaxy in the sample, with a large bulge. Rotation curve
declining from 350 km/s to 250 km/s. Average Υ comes from last measured point.
UGC 4622: The most distant galaxy in the sample, with a Vsys = 12830 km/s.
UGC 6903: Poor kinematic data from PPak, with only one hour exposure.
UGC 6918: High surface brightness galaxy. The galaxy with the highest molecular
gas-to-stellar mass ratio in the sample, together with UGC 4256 the only galaxy with
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more molecular gas than stars. Like UGC 4256, this galaxy also show a bump feature in
the calculated molecular gas rotation curve which can be seen in the observed rotation
curve. Has a reported AGN (DMS-I).
UGC 7244: This barred galaxy has been modeled assuming no bulge. The excess light
in the central region is interpreted as an inner disk. The receding part of the Hi rotation
curve is rising much steeper than the approaching side (Chapter 4).
UGC 7917: Due to its large bar, we have extended the “bulge radius” to 1hR. Gas-poor
in the center, resulting in no measured Hα and Hi kinematics in the center.
UGC 8196: Problem child! Only galaxy with a maximum disk (in fact even supermax-
imal). Have very uncertain Υ. Possibly a larger bulge and a much larger hR. Gas-poor
(Chapter 2, Chapter 4).
UGC 9837: This galaxy has good-quality data. We would obtain a significantly better
fit to the maximum-disk solutions if we adopt a much lower Υ∗ on the bulge.
UGC 9965: Close to face on (iTF = 12.1 deg). No sign of a bulge in the light profile,
all light fitted as coming from a disk.
UGC11318: The most face-on galaxy in the sample (iTF = 5.7 deg).
UGC12391: The mass surface density profile of the atomic gas is estimated using the
result in Chapter 4.
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Chapter 6
Summary and Future Prospects

I love deadlines. I like the whooshing sound they make as they fly by.

–Douglas Adams

The main goal of this thesis has been to investigate the mass distributions of baryonic
and dark matter in spiral galaxies, providing unique rotation-curve mass decompositions
and quantifications of the disk and baryonic maximality, thereby breaking the so-called
disk-halo degeneracy that has long hampered the analysis of rotation-curve mass decom-
positions. This has been accomplished using gas and stellar-kinematic data of 30 nearly
face-on spiral galaxies from the DiskMass Survey (DMS; Bershady et al. 2010a). In par-
ticular, we have used the observed vertical velocity dispersion of the disk stars (σz) to
measure the disk dynamical mass surface density (Σdyn), which is used to calculate the
baryonic contribution to the total mass of the galaxy.

The strategy adopted by the DMS, measuring σz to obtain Σdyn, has been attempted
before in a series of long-slit spectroscopic studies (van der Kruit & Freeman 1984, 1986;
Bottema 1993; Kregel et al. 2005). These studies showed that the ratio of the maximum
amplitude of the disk’s rotation curve and the maximum of the observed rotation speed
(Fdisk

max) was much lower than expected for a maximum disk, with a disk that contributes
only ∼60±10% to the observed rotation speed. These results are significantly lower
than the 85±10% defined to signify a maximum-disk situation (Sackett 1997). However,
since these studies relied on long-slit observations on highly-inclined or edge-on galaxies,
they only reached about 1–2 optical scale lengths (hR) and had large uncertainties in
the estimates of σz due to uncertainties in the corrections for the tangential and radial
component in the measured line-of-sight velocity dispersions (σLOS).

With the advent of Integral-Field-Unit (IFU) spectroscopy, the study of galaxy kine-
matics has taken a big leap forward. Instead of only observing along one-dimensional
long-slits, it has now become possible to obtain spectra with two-dimensional coverage
on the sky, allowing to construct three-dimensional data cubes with a spectrum at every
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position on the sky. IFU spectroscopy not only enables spatially resolved mapping of the
kinematics of galaxy disks, it also gives the possibility to obtain higher signal-to-noise
ratio (S/N) of the data by averaging spectra from adjacent positions in the galaxy disks.

The DMS approach has been to employ the two custom-built IFUs PPak
(Verheĳen et al. 2004; Kelz et al. 2006) and SparsePak (Bershady et al. 2004, 2005) to
observe the stellar and gas kinematics of nearly face-on spiral galaxies. Uncertainties in
σz due to corrections for the tangential and radial component in σLOS are minimized
by taking the face-on approach, while the use of IFU spectroscopy has enabled us to
azimuthally average the data, obtaining higher S/N and reaching further out in the disk
than previous long-slit observations.

This thesis, being a part of the DMS, is summarized in the following section, with a
discussion on future prospects rounding it off in Section 6.2.

6.1 Thesis Summary

The 30 predominately late-type spiral galaxies for which we have obtained optical PPak
IFU spectroscopy form a subsample (the PPak Sample) of the full DMS sample. These
galaxies have been carefully selected to be kinematically regular, nearly face-on, and
with apparent sizes to fit our custom-built IFUs (Bershady et al. 2010a). The galaxies
in the PPak Sample cover a range in morphological type from Sa to Im, with 22 of our
galaxies being Sc or later; absolute K-magnitudes range from -25.5 to -21.0; integrated
colors (B−K) range from 2.7-4.2 mag; and central K-band surface brightness of the disk
(µi

0,K) range from 16.0-19.9 mag arcsec−2.
In Chapter 2, we described in detail the observations and reduction of the PPak

spectroscopy. These observations demonstrate that the galaxies in our sample have stellar
disk velocity dispersions which decline exponentially with radius. We confirmed the
results of Bottema (1993) and Kregel et al. (2005) that there is a tight relation between
the central vertical velocity dispersion of the stars in the disk and the maximum rotational
velocity of the galaxy. In Chapter 3, we used these data to show that galaxies are
generally submaximal, in agreement with the results of Bottema (1993) and Kregel et al.
(2005). In Chapter 4, we described the observations and reduction of our 21-cm radio
synthesis imaging data of 28 galaxies, of which 24 galaxies are included in the PPak
Sample. From these data, we found that the atomic hydrogen (Hi) gas is distributed
in a similar way in all galaxies; the radial profiles of the mass surface density of the Hi

gas (ΣHI) follow an offset Gaussian profile surprisingly well, with a similar peak-radius
and width of the profile when normalizing the radius with the Hi radius (RHI; defined
to be the radius at which the azimuthally-averaged Hi column density has dropped to
1 M⊙pc−2). In Chapter 5, we decomposed our observed Hα and Hi rotation curves into
their various mass components and confirmed the result in Chapter 3 that these galaxies
are submaximal. A more complete summary of each chapter follows below.

Stellar and Gas Kinematics From PPak IFU Spectroscopy (Chapter 2)

Chapter 2 presented gas and stellar kinematic data for the 30 spiral galaxies forming the
PPak Sample. Observations with multiple hour-long exposures per galaxy were carried
out with the PPak IFU at the highest spectral resolution (R≈8000) achievable, covering
a wavelength range of 4980−5369Å.
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A detailed description of the various calibration and data reduction steps was pro-
vided, including spectral calibration of the external flood-lamps; correction for shifts and
a changing plate scale on the detector due to flexure; pixel-to-pixel and fiber-to-fiber
flat-fielding; sky subtraction by interpolation along the slit to account for optical aberra-
tions in the spectrograph; and mapping the spectral resolution that changes significantly
across the detector. After extraction and wavelength calibration, spectra from the same
fiber but from different exposures were combined, weighted by S/N and effective spectral
resolution.

The kinematics of the ionized gas were obtained by fitting Gaussian profiles to the
emission line of [Oiii]λ5007Å following Andersen et al. (2008), yielding recession veloci-
ties and velocity dispersions of the [Oiii] gas at each fiber position. The stellar kinemat-
ics were measured with an enhanced cross-correlation technique (DC3; Westfall et al.
2011a) using the same K1-III template star as a reference for all galaxies, yielding reces-
sion velocities and velocity dispersions of the stars at each fiber position. Reconstructed
continuum images were used to register a coordinate system to the PPak fiber positions.

The measured recession velocities of the gas and stars in combination with the fiber
positions were used to derive the orientation of the galaxy disks. Dynamical centers
were assumed to coincide with the morphological centers and an axisymmetric kinematic
model with a hyperbolic-tangent prescription for the shape of the rotation curve was
fitted to the velocity fields. The Tully-Fisher relation (Verheĳen 2001) was invoked to
determine the inclination of the galaxy disks. Given the dynamical centers, systemic
velocities and orientations of the galaxy disks, the radial dependence of the rotational
velocity and velocity dispersion of the gas and stars was determined.

The asymptotic maximum velocities of the fitted parameterized rotations curves of
the gas and stars clearly indicate the presence of asymmetric drift in the stellar disks for
nearly all galaxies in the sense that V OIII

max > V stars
max . The observed σLOS of the stars were

corrected for the adopted shape of the stellar velocity ellipsoid (SVE; α=0.6, β=0.7),
assumed to be the same within and among galaxies, yielding measurements of σz out to
R = 2− 3hR. The radial decline of the stellar velocity dispersion has been fitted with an
exponential decrease, yielding central velocity dispersions and dispersion scale lengths
(hσ) for both σLOS and σz . For several galaxies, the stellar velocity dispersion declines
more slowly than exponential beyond 1.5hR.

For the ensemble of 30 galaxies, we found that the weighted-average ratio hσ,z/2hR

is consistent with the theoretically expected value of unity, but with a variance of 0.09
dex; larger than can be explained on the basis of the measurement errors. More massive
disks with a higher central surface brightness show less scatter in this ratio and adhere
closer to the theoretical expectation. A weak trend with hR seems to suggest that
hσ,z > 2hR in galaxies with hR < 4 kpc and hσ,z < 2hR in galaxies with hR > 4 kpc.
The relation between the central stellar velocity dispersion of the disk and the maximum
rotational velocity becomes tighter when using σz instead of σLOS, indicating the merit
of considering the shape of the SVE. The ratio between the observed central vertical
velocity dispersion of the disk stars (σz,0) and the asymptotic maximum velocities of the
fitted parameterized rotations curves of the gas (V OIII

max ) seem to show trends with the disk
central surface brightness, absolute K-band magnitude, B − K color and morphological
types, that are weak but consistent with the global properties along the Hubble sequence;
when compared to their rotational velocities, later-type spiral galaxies have stellar disks
that are kinematically colder than earlier-type galaxies.



268 chapter 6: Summary and Future Prospects

The Submaximality of Galaxy Disks (Chapter 3)

In Chapter 3, we followed the approach of Bottema (1993) and Kregel et al. (2005) using
σz,0 and V OIII

max from Chapter 2 to measure the contribution of galaxy disks to the overall
gravitational potential of the galaxies in the PPak Sample. We found that σz,0 is related
to V OIII

max as σz,0 ∼ 0.26V OIII
max , consistent with previous measurements for edge-on disk

galaxies and a mean SVE axial ratio α ≡ σz/σR = 0.6. For reasonable values of disk
oblateness, this relation implies that these galaxy disks are submaximal. We found that
disks in our sample contribute only 15% to 30% to the total dynamical mass within
2.2hR, with percentages increasing systematically with luminosity, rotation speed and
redder color. These trends indicate that the mass ratio of disk-to-total matter remains
at or below 50% at R = 2.2hR even for the most extreme, fast-rotating disks (Vmax ≥ 300
km s−1), of the reddest rest-frame, face-on color (B−K ∼ 4 mag), and highest luminosity
(MK < −26.5 mag). Therefore, our analysis in this chapter suggests that spiral disks in
general should be submaximal. The results further imply that the stellar mass-to-light
ratio and hence the accounting of baryons in stars should be lowered by at least a factor
of 3 compared to a maximum-disk situation.

21-cm Radio Synthesis Imaging (Chapter 4)

Chapter 4 presented the data reduction and analysis of 21-cm spectral-line aperture-
synthesis observations of 28 spiral galaxies, of which 24 galaxies are part of the PPak
Sample. The data were collected with three different arrays (WSRT, GMRT & VLA), but
the final data products for the various galaxies have similar angular resolutions, velocity
resolutions, and rms noise levels. We derived a homogeneous suite of data products for
all galaxies including radio continuum and total Hi maps, global Hi profiles, Hi velocity
fields, rotation curves and warp geometries based on tilted-ring fits, position-velocity
diagrams, and radial Hi density profiles. The data products of prime interest were the
extended Hi rotation curves and the radial Hi column density profiles, which have been
used in Chapter 5 for the purpose of rotation-curve decompositions.

We found that all galaxies in our sample have Hi disks more extended than the stellar
disk (RHI > D25) with an average ratio RHI/R25 = 1.39 ± 0.23, somewhat lower than
found in earlier literature studies. The galaxies follow a well-defined Hi mass-diameter
relation, implying that the average Hi column density within RHI varies only mildly
among the galaxies in our sample, ranging between 1.5 and 5 M⊙pc−2 while larger Hi

disks tend to have slightly lower column densities on average.
The radial Hi mass surface density profiles (ΣHI) show very similar behaviour among

the galaxies in our sample. After normalizing the amplitudes of the individual profiles
and scaling them radially with RHI, the average profile is surprisingly well-defined by an
offset Gaussian. The radius where the peak of the profile occurs is RΣ,max = 0.39RHI with
a Full Width Half Maximum of the Gaussian profile of FWHM=0.82RHI. Combining this
result with the tight Hi mass-size relation makes it possible to estimate the radial ΣHI-
profile from a measurement of the total Hi flux only. This was used in Chapter 5, where
we derived the ΣHI-profiles from single-dish measurements reported in the literature for
the 6 galaxies in the PPak Sample lacking reduced Hi data.

From inspections of the observed Hi velocity fields, the minor-axis position-velocity
diagrams, and the results from tilted-ring fits at different radii, we find that 17 out of
28 galaxies show an indication for a warp in position angle. Based on the presumed
flatness of the outer rotation curves, we obtain an indirect indication for an inclination
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warp in 10 galaxies. The warp often starts at a radius smaller than the size of the optical
disk, which is somewhat in disagreement with earlier studies (e.g. van der Kruit 2007).
It should be noted, however, that in nearly face-on galaxies, a minor intrinsic warp in
position angle may manifest itself by a major twist of the line-of-nodes.

Rotation curves were derived from tilted-ring fits to the Hi velocity fields, following
the geometry of a possible warp, and corrected by eye for beam smearing on the basis
of the major-axis position-velocity diagrams. Rotational velocities range from 130−270
km/s and reach out to 4 − 10hR (10−55 kpc) from the galaxy centers, well into their
dark-matter halos. After normalizing the rotation curves in amplitude and scaling them
in radius by hR, all rotation curves have similar shapes. A notable exception is the
rotation curve of UGC 4458 which is declining from the galaxy center out to 4hR beyond
which it remains more or less flat.

The 16 galaxies in our sample with IRAS 60 micron measurements adhere to the
radio-infrared correlation. Star-formation rates (SFR) have been calculated on the basis
of the 21-cm continuum fluxes and vary from 0.16 to 15 M⊙/yr. The strongest correla-
tion exists between the average star formation surface density ΣSFR within D25 and the
central, K-band disk surface brightness. Weaker trends exist between SFR and MK or
MHI/LK.

Mass Distributions and Rotation-Curve Mass Decompositions (Chapter 5)

In Chapter 5, we presented rotation-curve decompositions of the 30 galaxies in the PPak
Sample. The vertical velocity dispersions of the stars in the galaxy disk (σz), obtained
from the stellar-kinematic observations described in Chapter 2, were used to calculate
the disk’s dynamical mass surface density Σdyn = σ2

z/(πGkhz), where we have assumed
a constant disk scale height (hz) calculated from hR using Equation 1 in Bershady et al.
(2010b), and an exponential vertical distribution of the disk mass (k = 1.5). Atomic
and molecular-gas mass surface densities (Σatom and Σmol) were measured from 21-cm
radio synthesis observations and 24-µm Spitzer observations, respectively, with stellar
mass surface densities derived by subtracting Σatom and Σmol from Σdyn. K-band stellar
mass-to-light ratios (Υ∗) where calculated from the near-infrared surface brightness and
stellar mass surface densities.

The rotation curves of the baryonic components were calculated from their radial
mass surface density profiles and added in quadrature into a total baryonic rotation
curve (Vbary). These were used together with Hi and Hα circular-speed measurements
(Vc) to derive the structural parameters of the dark-matter halo, modeled as either a
pseudo-isothermal sphere (pISO) or a Navarro-Frenk-White (NFW) halo. We considered
three different models for the mass content of the baryonic components: (I) the mass
surface densities derived directly from our observations, (II) a scaled stellar bulge and disk
mass distribution designed to contribute maximally to the total mass (a maximum-disk
situation) and, (III) a scaled Hi gas-mass and stellar-mass density distribution excluding
any dark-matter halo.

We found the ratio Fbary = Vbary/Vc to be nearly constant between 1− 6hR, ranging
from ∼ 0.4 − 0.7 among individual galaxies. This rather constant Fbary arises due to
the atomic gas taking over at larger radii where the stellar-disk contribution is declining.
The result has a consequence for measuring the disk maximality; for a comparison of
the maximality between different galaxies, it is not critical to measure it at exactly
Rmax,disk ∼ 2.2hR, and averaging over a band in radius, e.g. around R = (2.2 ± 0.5)hR,



270 chapter 6: Summary and Future Prospects

could be a way to obtain measurements with smaller random errors. All but one galaxy
in our sample have submaximal disks. On average, we find the ratio Fbary at 2.2hR to be
F2.2hR

bary = 0.56 ± 0.08, with a weak trend of larger F2.2hR

bary for more luminous galaxies, in
agreement with our result in Chapter 3, but also with a trend of larger F2.2hR

bary for galaxies
with higher central surface brightness, something not demonstrated in Chapter 3.

Our stellar mass-to-light ratios of the individual galaxies suffer from large systematic
errors. However, within these errors, all but two galaxies have an average Υ∗ consistent to
within 1σ with the error-weighted average and scatter of the sample < Υ∗ >= 0.32±0.08.
On average, we find that Υ∗ is a factor of 3.6 lower than required by the maximum-disk
hypothesis. This factor ranges between 1.0 to 8.1, with 20 of the 30 galaxies in our
sample between 2.1-4.6. In general, for the galaxies in our sample, the dark-matter halo
dominates the gravitational potential at almost all radii.

The dark-matter rotation curves tend to be somewhat better fitted with a pISO than
a NFW-halo; however, due to limitations in our data both in the central and outer re-
gions of the galaxies, this result has little statistical significance. For the nominal-Υ∗

case, the fitted NFW-halo parameters have values consistent with ΛCDM N-body simu-
lations (Bullock et al. 2001). However, in the maximum-disk situation the concentration
parameter is too low compared to the simulations when fitting a NFW halo.

We concluded that, under Newtonian gravity, the results presented indicate that the
dark matter in spiral galaxies is not only needed to explain the non-declining Hi rotation
curves in the outer regions, but is also required to explain the rotation curves overall.

6.2 Future Prospects

Although this thesis is quite comprehensive and detailed, much work remains in order
to improve and extend the analysis. Here, we discuss improvements in the analysis of
the current DMS-data suite that will be performed (Section 6.2.1), proposed additional
observations for the DMS galaxies leading to a more complete picture of the relations
between the galaxy dynamics, the interstellar medium (ISM) and star formation (Sec-
tion 6.2.2), and suggestions of how the results from this project can be applied to galaxies
at higher redshifts (Section 6.2.3).

6.2.1 Improved analysis

A number of improvements may be made to the analysis presented in this thesis. With
SparsePak, we have observed the stellar kinematics of 12 additional galaxies that, when
combined with the PPak data, will increase our sample by more than a third and broaden
our parameter space further. Inclusion of our deep optical (UBVRI) and near-infrared
(JHK) data from the KPNO 2.1-m telescope will dramatically improve our surface pho-
tometry, required for the detailed discussion of mass-to-light ratios in the context of
stellar populations and star formation that will be presented in Bershady et al. (in prep).
Work is ongoing to determine the true shape of the SVE in individual galaxies (Westfall
et al., in prep.), with one of the goals being to reduce the systematic errors introduced
from deprojecting σLOS into σz. This study will also include an investigation of the AD-
σ relation, with derived stellar velocity dispersions from the measured asymmetric drift
(AD). This can be applied to galaxies at larger redshifts where the mass surface density
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of the disk can be derived directly from the observed AD (see discussion in Section 6.2.3).
Future analysis will benefit from an improved understanding of the relation between hR

and hz, given ongoing surveys of edge-on galaxy samples.

6.2.2 Proposed additional observations for the DMS galaxies

The current DMS-data suite includes optical integral-field spectroscopic observations
of the stellar and gas kinematics, 2.1-meter optical and near-infrared imaging, Spitzer

infrared imaging at 4.5, 8, 24 & 70-µm, and 21-cm radio synthesis observations. These
data allow us to measure the shape of the SVE (Westfall 2009; Westfall et al. 2011b),
break the disk-halo degeneracy, provide non-parametric dark-matter-halo density profiles
and calibrate stellar mass-to-light ratios (Bershady et al., in prep.) determined via stellar-
population-synthesis (SPS) models (e.g. Zibetti et al. 2009).

However, several ideas exist for follow-up observations which will broaden and deepen
the current capabilities of the DMS, making it more complete and holistic. In particular,
our current data set does not provide a robust and complete ISM inventory. This can be
achieved from molecular-CO observations, Herschel mid- and far-infrared observations,
and low-resolution optical integral-field spectroscopy, as described below.

• CO-line measurements: The DMS is lacking direct measurements of the molec-
ular content and the physical state of the ISM. A proposed molecular emission-line
survey (The STIMULUS1 project; P.I. Kyle Westfall) of 44 DMS galaxies, including
all 30 galaxies in the PPak Sample, would combine the results from the DMS, in-
cluding accurate calculations of disk stability and the local gravitational potential,
with information provided from molecular-CO measurements. This combination of
data is crucial for a detailed understanding of star-formation laws and thresholds
in spiral galaxies. The survey would establish empirical correlations between mea-
sured SFRs and mass surface densities measured for separable mass components
(stars, atomic gas, molecular gas, dust) and the total dynamical mass. The pri-
mary goals of the STIMULUS survey include calculations of the H2 mass surface
densities for the dynamical influence of the gas disk and calculations on the total
disk stability, estimates of the molecular gas temperatures, inferred relative den-
sity variations between the various mass components in the galaxies, and relations
between ISM properties and star formation, with the goal of finding the initial
conditions for star formation.

• Mid- and far-infrared observations: Proposed observations in the mid- and
far-infrared with the Herschel Space Observatory would allow us to obtain spatially
resolved dust-mass and dust-temperature maps. These could be used to make a
comparison of spatially resolved dust properties with atomic and molecular-gas
mass densities, as well as stellar and dark-matter mass densities. Bolometric cor-
rections could be performed to our dynamically measured mass-to-light ratios made
in the UV and optical, which will provide an unprecedented calibration of SPS mod-
els, especially important at these wavelengths for observations of galaxies at higher
redshifts. These observations would provide empirical links between the pressure
balance of the ISM and measured dust properties with star formation and disk sta-
bility, core issues for understanding evolution and self-regulation of galaxy disks.

1
Star-formation Threshold Indicators Measured Using Local Universe Spirals
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The PACS+SPIRE data, in combination with the existing Spitzer observations,
would further provide a broad spectral energy distribution and spatially resolved
emission line data, giving us fundamental constraints on the physical conditions
and the chemistry of the ISM. With the broad wavelength coverage, many emission
lines would be observed to estimate the temperature and density of the gas, which
are quantities that must be known for any successful modeling.

• Low-resolution integral-field spectroscopy: For a detailed diagnostic of the
physical state of the ISM on a local scale, integral-field spectroscopic observations at
low spectral resolution, including many emission lines from the ionized gas, could
also be used. Such data, which will provide extinction maps, abundance maps,
and general physical conditions of the ISM (density, gas pressure, temperature
and chemical composition) on a local scale, are important for the study of the
relation between the ISM physics and star-formation activity in spiral galaxies.
Furthermore, the studies of the ISM physics from emission-line ratios and stellar-
population studies would help us to find the correct template spectrum for analyzing
our stellar spectroscopy data. In this thesis, we have relied on a template spectrum
from one single K1-III star (Chapter 2). However, 69 bright spectral template stars
were observed with the same spectrograph setting as was used for the galaxies,
building an extensive catalog that should be used in future analysis to minimize
any mismatch between the template and galaxy spectra.

With these additional observations, we would also be in a better position to investigate
the physical mechanisms that establish the distribution of the atomic gas. In particular,
the distributions of the atomic and molecular gas will allow us to address the impor-
tance of the conversion from atomic to molecular gas in producing the observed radial
ΣHI profiles in our sample (Chapter 4). A smooth and exponential distribution of the
atomic+molecular gas density would indicate that the conversion from atomic to molec-
ular gas is indeed the most important mechanism for obtaining the observed distribution
of the HI gas. Using the proposed observations and the existing mid-infrared observa-
tions, we would investigate how this conversion relates to other ISM properties and the
star-formation activity. High spatial resolution of the IFU spectrometry would allow us
to investigate the properties of the ISM locally in different regions of the galaxy (e.g. in
spiral arms, inter-arm regions and bars). The proposed spectroscopic observations would
also make it possible to synthesize detailed stellar population models, where the results
from the analysis of mass-to-light ratios would be used for an absolute calibration of
these models.

Much work remains to be done to investigate links between the dark and luminous
matter (e.g. asymmetries, SFR, concentration of mass and relation between the dark
matter and the ISM). The distribution of the dark matter affects the kinematics of
the galaxy. An investigation of how the dark-matter halo affects the disk kinematics,
the ISM, and its effect on the star formation would be possible with the full data set.
A significant effect on the disk stability and an added source of pressure will have an
impact on the star formation. From the results in the DMS we will have an absolute
calibration of the stellar mass with good estimates of the mass contribution from all its
luminous components and a resulting derived distribution of the dark matter. Spatially
resolved stellar population properties could be correlated with all components of the
galaxy. For a complete investigation, both modeling and high-quality observations are
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needed. Kinematic observations from velocity fields, investigations on spatial variations
in the chemical abundances and the ages of the stellar populations from maps of line
ratios, and broad-band imaging of galaxies can give input to the models in the form of
e.g. masses and constraints on the angular momenta. Comparisons to predictions from N-
body and semi-analytical cosmological simulations, and to chemo-dynamical simulations
of the evolution of galaxies, could give us an insight into relations between the star-
formation activities and the kinematics and dynamics of disk galaxies.

6.2.3 Disk dynamics at higher redshift

The detailed results from the DMS are providing key characteristics such as stellar mass-
to-light ratios, non-degenerate mass decompositions, gas-mass fractions and dust content.
These details will be extremely useful for calibrating and quantifying assumptions made
for galaxies observed at intermediate and high redshift with IFUs such as e.g. SINFONI
(Eisenhauer et al. 2003) and MUSE (Bacon et al. 2010). Several questions are still to be
answered: Is the remarkable similarity in stellar kinematics among different galaxies, e.g.
the well defined exponential decline of σz and its scaling with the surface brightness of
the disk, observable in galaxies at higher redshift? How do the dynamics and kinematics
of galaxies change over cosmic time, and what is the dynamical evolution and stability
of young galaxies?

Our knowledge of the dynamics, kinematics and distribution of stars and gas in
galaxies in the local universe should be considered when investigating galaxies at larger
redshifts. Given the limited spatial and spectral resolution of present-day IFU spectro-
graphs and possible differences in the dynamics between younger and older more relaxed
galaxies, a somewhat different approach has to be taken for measuring the kinematics
and dynamics of galaxies at higher redshift, compared to e.g. our PPak observations
of spiral galaxies in the local universe. The determination of the SVE shape and the
AD-σ relation at low redshift, might be a key to success in obtaining stellar velocity
distributions at high-z.

From the PPak data presented in Chapter 2, we will derive the stellar velocity disper-
sions from the measured AD (Westfall et al., in prep.). This can be applied to disks at
larger redshifts, where the mass surface density of the disk can be found directly from the
observed AD. By measuring ionized gas kinematics from e.g. the Hα and [Oiii] emission
lines, and stellar kinematics from MgI and FeI or CaII absorption lines, we can make AD
measurements from the observed gas and stellar rotation speeds. For example, with the
MUSE instrument, these measurements can be done out to a redshift z = 0.8. Work is
already ongoing within the SINS survey to obtain kinematics of high-z galaxies using the
SINFONI IFU (e.g. Genzel et al. 2006; Förster Schreiber et al. 2009). SINFONI could
also be used to bridge the low/intermediate redshift galaxies from MUSE and observe
galaxies above z = 0.7 with SINFONI, where Hα and the CaII would be targeted in
galaxies at redshift z = 0.7 − 1.1.

The AD-σ relation could be used to estimate the mass surface densities of stellar
disks, from which we derive a non-degenerate mass decomposition of the disk and the
dark-matter halo. The absolute calibration of the stellar mass provided by the DMS,
can be used to separate the stellar disk mass from the total disk mass, also giving us an
indirect estimate on the total gas mass surface density. Additionally, ALMA could be
used to observe the CO lines for a better estimation on the molecular gas content. From
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the result in Chapter 4, we can estimate the distribution of the atomic gas, thus being
able to separate all important mass components in these galaxies at higher redshifts.

A combined low and high redshift survey of the kinematical properties in spiral galax-
ies would be an important step towards the understanding of the evolution of galaxy
dynamics and distributions of the mass components in galaxies.
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Er bestaat een theorie die stelt dat als iemand op wat voor een manier dan

ook ontdekt wat het universum inhoudt en waarom het is zoals het is, het

ogenblikkelĳk vervangen wordt door iets dat nog bizarder en onbegrĳpelĳker

is. Er bestaat ook een theorie die stelt dat dit al gebeurd is.

–Douglas Adams

N
OOIT eerder hebben we zoveel van de wereld om ons heen begrepen als we tegenwoor-
dig doen, en toch willen we steeds maar meer weten. Het werk in dit proefschrift

is bedoeld om een beter idee te geven van hoe ons universum werkt. Specifiek gaat
dit proefschrift over de natuurkunde van lichtgevende en donkere materie in spiraalstel-

sels, met als ultiem doel de vorming en evolutie van sterrenstelsels in het algemeen te
begrĳpen.

Wetenschappelĳke achtergrond

Eén van de grote missies van de mensheid is om de wereld om haar heen, en daarmee
ook het universum, te begrĳpen. We willen alles weten: wat zĳn de natuurlĳke wetten
die ons universum volgt? Hoe is het ontstaan? Waar begint het en waar eindigt het?
Hoe is het geëvolueerd? Wat is onze rol in dit alles?

Eén manier om antwoorden proberen te vinden is de huidige zoektocht naar de zoge-
noemde Universele Theorie van Alles, waarin voornamelĳk fysici een verzameling wiskun-
dige formules hopen te vinden die alle fysische fenomenen weet te beschrĳven. Sommige
fysici denken dat we dicht bĳ zo’n theorie zĳn, met kandidaten als bĳvoorbeeld de snaar-

theorie en quantumgravitatie. Het kan echter ook zo zĳn dat zo’n theorie niet bestaat,
of dat als we zo’n theorie vinden, we er toch niet alles mee zullen kunnen beschrĳven,
verklaren of voorspellen.

De traditionele manier om meer te weten te komen over de wereld om ons heen, is
om kleinere specifieke details te bestuderen, en op deze manier onze totale kennis beetje
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bĳ beetje te vergroten. Deze methode heeft zĳn sporen vooral de laatste 400 jaar, sinds
de renaissance, goed verdiend.

Door onze toegenomen kennis, en daarmee de grotere complexiteit die nodig is om
de wereld om ons heen te beschrĳven, moeten wetenschappers zich steeds meer speciali-
seren in een bepaalde discipline. Terwĳl een geleerde in de 17e eeuw zich nog expert kon
noemen in alle wetenschappen, moet een moderne wetenschapper zich in hoge mate spe-
cialiseren in vaak een sub-categorie van een sub-wetenschap. Zo iemand noemt zichzelf
niet eens meer ’scheikundige’ of ’natuurkundige’, maar ’hydrometeoroloog’, ’kernfysicus’,
’zonnefysicus’ of ’kwantumscheikundige’. Zo ook in het vakgebied van de sterrenkunde,
waar het soms zelfs moeilĳk kan zĳn voor een astronoom die gespecialiseerd is in el-
liptische sterrenstelsels een discussie te volgen tussen experts in spiraalstelsels, en vice
versa.

In dit proefschrift hebben we midden- tot laat-typespiraalstelsels onderzocht. Som-
mige van deze stelsels lĳken waarschĳnlĳk veel op onze eigen Melkwegstelsel. Specifiek
hebben we de bewegingen van het gas en de sterren in deze sterrenstelsels bestudeerd om
de dynamische invloeden te vinden van de sterrenstelselschĳf en de donkere halo. Van de
laatste wordt gedacht dat ze voornamelĳk uit donkere materie bestaat en zich rondom
de schĳf bevindt, al is ze nooit direct waargenomen. Eén van onze belangrĳkste doelen
met dit onderzoek is een nauwkeuriger beeld te krĳgen van de verdeling van de donkere
materie in spiraalstelsels. Dit vertelt ons niet alleen iets over de aard van spiraalstelsels,
maar misschien ook iets over de aard van donkere materie. In het ultieme geval helpt
het daarmee ook ons universum beter te begrĳpen.

Observationele Sterrenkunde

Observationele sterrenkunde is vaak onderverdeeld in de verschillende delen van het elek-
tromagnetische spectrum dat waargenomen wordt, zoals te zien in Figuur 1. Dit is een
natuurlĳke verdeling omdat de verschillende golflengtegebieden ook met verschillende
methoden worden waargenomen. In dit proefschrift hebben we te maken met optische-,
infrarood- en radiosterrenkunde.

In de optische sterrenkunde bestudeert men van de kosmos komend licht dat voor
mensen ook waarneembaar is. Dit visuele deel van het spectrum, waarin licht een golf-
lengte tussen de 400 en 700 nanometer heeft, wordt door sterrenkundigen bestudeerd
door gebruik te maken van een telescoop die voornamelĳk bestaat uit spiegels en len-
zen. Om in het optisch goed te kunnen waarnemen, moet het zo donker mogelĳk zĳn,
moet het onbewolkt zĳn, en moet de atmosfeer ’rustig’ zĳn. In een rustige atmosfeer
’twinkelen’ de sterren minder, en varieert dus het binnenkomende licht van de ster min-
der, wat een beter beeld oplevert. Vooral op grote hoogte, in een droog klimaat en ver
van de bewoonde (fel verlichte) wereld worden de meest ideale condities voor optische
waarnemingen gevonden. Vandaar dat de beste optische telescopen vaak op exotische
locaties gebouwd worden, en niet bĳvoorbeeld hier in Nederland in de Flevopolder. In
Hoofdstuk 5 maakten we gebruik van optische-/bĳna-infrarooddata van 2MASS om de
massa/lichtkracht-verhouding van de spiraalstelsels in onze dataset te bepalen, om zo de
lichtgevende massa te kunnen traceren.

De infraroodsterrenkunde bestudeert het sterrenlicht met iets langere golflengten dan
visueel licht, namelĳk tussen 1 micrometer en 1 milimeter. Dit deel van het spectrum
bevindt zich tussen het optisch en het radiogedeelte van het spectrum in. Ook dit licht
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Figuur 1: Het elektromagnetische spectrum waarin de golflengtegebieden te zien zĳn waar
elektromagnetische straling onze aardatmosfeer goed kan penetreren, namelĳk in het visuele
gedeelte en in het radio gedeelte.

wordt waargenomen met telescopen, die echter speciaal worden ontworpen voor het waar-
nemen van infrarood licht. Omdat dit licht sterk wordt geabsorbeerd door waterdamp
worden infraroodwaarnemingen meestal ook uitgevoerd op hoge locaties, bĳvoorbeeld op
een berg. Vroeger werden ook vaak instrumenten aan ballonnen gebruikt die op grote
hoogte waarnemingen deden. Een ruimtetelescoop heeft daarbĳ nog grotere voordelen,
omdat daarmee nog meer ruis vanuit de atmosfeer kan worden geëlimineerd. In het in-
frarood zĳn pas-geboren sterren, stervormingsgebieden en moleculaire gaswolken waaruit
nieuwe sterren geboren worden goed te zien. Wĳ hebben gebruik gemaakt van data af-
komstig van de infrarood-ruimtetelescoop Spitzer om de massa/oppervlaktedichtheid van
het moleculaire gas te bepalen in de in Hoofdstuk 5 beschouwde spiraalstelsels.

In de radiosterrenkunde worden heel andere typen telescopen gebruikt, bestaande uit
grote radio ontvangers die veel lĳken op ontvangers voor normale radio-ontvangst. Het
hoeft niet donker te zĳn voor radiowaarnemingen, en radiogolven penetreren de aardse
atmosfeer goed. Er dient wel rekening gehouden te worden met interferentie van allerlei
aardse, door mensen geproduceerde radiosignalen. Des te meer sinds de toegenomen po-
pulariteit van mobiele telefoons e.d. Radiotelescopen worden vaak groepsgewĳs geplaatst,
zodat de metingen van alle verschillende telescopen gecombineerd kunnen worden. De in
Hoofdstuk 4 gebruikte radiotelescopen WSRT, GMRT en VLA zĳn allemaal voorbeelden
van gecombineerde radiotelescopen, zogenoemde synthese-radiotelescopen.

Spectroscopie

Bĳ spectroscopie wordt licht door een prisma of ander refracterend (brekend) medium
ontleedt in verschillende kleurcomponenten. Er ontstaat een spectrum, een weergave van
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de intensiteitsverdeling over de golflengte. Men onderscheidt continue spectra1, waarin
over een groot gebied nagenoeg alle golflengten voorkomen, en discontinue spectra, waarin
slechts (enkele) scherp bepaalde golflengten aanwezig zĳn. De laatste noemt men ook
wel een lĳnenspectrum, of als de lĳnen zeer dicht op elkaar liggen, een bandenspectrum.

Elk gas, of eigenlĳk elk atoom, laat zĳn eigen lĳnen- of bandenspectrum zien. De-
ze lĳnen kunnen zowel in emissie (verheldering) als in absorptie (verduistering) te zien
zĳn, afhankelĳk van of het object zelf straalt of een medium om het object heen. Het
waargenomen spectrum kan gebruikt worden om te zien welke elementen er in het he-
melfenomeen aanwezig zĳn, maar er kunnen ook andere fysische grootheden uit afgeleid
worden, zoals de radiale snelheid (snelheid langs de kĳkrichting) met behulp van de
Doppler-verschuiving van het spectrum. Het Doppler-effect heeft tot gevolg dat alle golf-
lengten van het licht dat door een voorwerp wordt uitgezonden naar de kortere golflengten
van het spectrum (blauw) verschuiven wanneer het licht op de aarde afkomt, en naar de
langere golflengten (rood) als het licht zich van de aarde verwĳdert.

De spectra van sterrenstelsels lĳken veel op die van sterren, omdat ze in wezen be-
staan uit de combinatie van alle aanwezige (miljarden) sterspectra. Een spectrum van
een sterrenstelsel zal echter veel meer spectraallĳnen bevatten, omdat een sterrenstelsel
uit veel verschillende soorten sterren bestaat. Omdat alle aanwezige sterren ten opzichte
van elkaar in willekeurige, verschillende richtingen bewegen, zullen de aanwezige spec-
traallĳnen ook breder zĳn, door de verschillen in Doppler-verschuiving. Daarbĳ zĳn
er in een sterrenstelsel ook allerlei andere lichtbronnen aanwezig, die zowel emissie- als
absorptielĳnen kunnen toevoegen.

Doppler-verschuivingen worden ook van gehele sterrenstelsels gemeten. Deze metin-
gen hebben gezorgd voor verschillende belangrĳke ontdekkingen in de sterrenkunde. Zo
stelde de Amerikaanse astronoom Edwin Hubble in 1929 vast dat verder weg gelegen
sterrenstelsels sneller van ons af bewegen dan dichtbĳ gelegen sterrenstelsels. Van ons af
bewegende stelsels laten een naar het rood verschoven spectrum zien, dus deze Doppler-
verschuiving wordt binnen de sterrenkunde ook wel roodverschuiving genoemd. De door
Hubble gemeten lineaire relatie tussen de afstand en de roodverschuiving gaf een eer-
ste indicatie voor de Oerknaltheorie, de theorie die stelt dat het universum in een punt
(singulariteit) begonnen is en sindsdien uitdĳt.

Een andere belangrĳke ontdekking, in het bĳzonder voor dit proefschrift, die werd
gedaan door het meten van Doppler-verschuivingen, kwam van Fritz Zwicky in 1933.
Hĳ vond dat de meeste sterrenstelsels veel sneller bewogen dan je eigenlĳk zou verwach-
ten aan de hand van het zwaartekrachtveld van de omliggende zichtbare materie. Hĳ
concludeerde dat er meer materie in een sterrenstelselcluster moest zĳn dan er waarge-
nomen werd. Deze materie zou bekend worden als donkere materie, één van de grootste
onopgeloste natuurkundige mysteries van dit moment.

Integraal-veldspectroscopie

In klassieke spectroscopie valt het licht door een één-dimensionale spleet, en wordt het
door een refracterend medium gebroken. Als het waargenomen object uitgebreider is dan
een puntbron, zoals een dichtbĳ gelegen sterrenstelsel bĳvoorbeeld, of een nevel, kan het
nodig zĳn om de spleet over verschillende delen van het uitbreide object te bewegen, om

1 Het bekendste voorbeeld van een continu lichtspectrum is een regenboog, die ontstaat door de
breking van zonlicht door waterdruppels.
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zo het gehele object te meten. Dit wordt gedaan, maar kost erg veel tĳd.
Met integraal-veldspectroscopie kan in een twee-dimensionaal vlak het licht in ver-

schillende kleurcomponenten ontleed worden, zodat er drie-dimensionale spectra ont-
staan (x, y, λ) i.p.v. de gebruikelĳke twee-dimensionale (x, λ). Sinds de ontwikkeling
van integraal-veldspectroscopie is het veel makkelĳker geworden het volledige spectrum
van een uitgebreid object te bestuderen, zodat het onderzoek naar sterrenstelselspectra
een enorme vooruitgang heeft geboekt. In dit proefschrift worden de twee integraal-
veldspectroscopen (hier IFU’s genoemd, naar ’Integral Field Unit’) PPak en SparsePak

op een optische telescoop gebruikt om de bewegingen van de sterren en het gas in de
spiraalstelsels uit onze set te bestuderen.

Radioastronomie

De eerste waarneming van radiogolven afkomstig van een astronomisch object werd in
1930 door Karl Jansky gedaan, toen hĳ radiostraling waarnam afkomstig van de Melkweg.
Sindsdien zĳn er met radiowaarnemingen verschillende radiobronnen in het heelal gevon-
den, zoals sterren en sterrenstelsels, maar ook niet eerder geïdentificeerde objecten als
radiosterrenstelsels (sterrenstelsels die voornamelĳk erg heldere radiostraling uitzenden),
quasars (sterachtige hemellichaamen op zeer grote afstand van de aarde, waarschĳnlĳk
extreem heldere kernen van ver verwĳderde sterrenstelsels) en pulsars (snel roterende
neutronensterren die zeer regelmatig korte pulsen van radiostraling uitzenden).

Radiosterrenkunde wordt gedaan met grote radioantennes (radiotelescopen) die af-
zonderlĳk of aan elkaar gekoppeld gebruikt kunnen worden. Omdat radiogolven zoveel
langer zĳn dan die van zichtbaar licht, heeft zelfs de grootste enkelvoudige radiotelescoop
ter wereld minder oplossend vermogen dan het menselĳk oog. Bĳ het aan elkaar kop-
pelen van radiotelescopen wordt het totale oplossend vermogen vergroot door gebruik
te maken van interferometrie en apertuursynthese. Er wordt meer dan één antenne ge-
bruikt om de straling van een bron op te vangen en er worden zo beelden gegenereerd
met hetzelfde scheidend vermogen als één denkbeeldige telescoop waarvan de diameter
gelĳk is aan die van de hele verzameling telescopen. Wanneer twee of meer golven worden
samengevoegd, ontstaat er ook een interferentiepatroon. De opgevangen golven worden
op zodanige wĳze samengevoegd dat het interferentiepatroon nuttige informatie levert
over de sterkte en de richting van de bron. Radiointerferometrie wordt sinds 1946 al met
succes toegepast binnen de sterrenkunde.

De 21 cm HI-lĳn

De mogelĳkheid om de waterstof (Hi)-emissielĳn op een golflengte van 21 cm te gebruiken
om interstellaire gaswolken in sterrenstelsels te traceren, werd voor het eerst geopperd
door Hendrik van de Hulst in 1944, na hierover getipt te zĳn door Jan Oort. De 21 cm-
lĳn werd voor het eerst ook daadwerkelĳk waargenomen op 25 maart 1951 door Harold
Ewen, een assistent van de Harvard-fysicus Edward Purcell. De ironie van de geschiedenis
wilde dat van de Hulst op dat moment juist een bezoek aan Harvard bracht en dat Ewen
zo vriendelĳk was om hem een beschrĳving te geven van de Harvard-ontvanger. Van
de Hulst seinde dit meteen door aan Jan Oort en de elektrotechnicus Alex Muller, die
daarmee op 11 mei de ontdekking bevestigden. In juli werd de ontdekking ook door
een groep Australische astronomen bevestigd, en een paar maanden later, in een fraai
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vertoon van wetenschappelĳke solidariteit, werden de resultaten van alle drie de groepen
gepubliceerd in het prestigieuze wetenschappelĳke tĳdschrift Nature.

De Hi-spectraallĳn op 21 cm komt voort uit de spontane omkering in draairichting van
het elektron in tegenovergestelde richting van het aanwezige proton. Omdat de laatste
toestand een lagere energie heeft dan de eerste, komt bĳ deze verandering een korte stoot
stralingsenergie vrĳ die is waar te nemen als een radiosignaal met een golflengte van iets
meer dan 21 cm. Deze spontane omkering is zeldzaam, elk waterstofatoom ondergaat deze
omkering hooguit eens in de 10 miljoen jaar. Omdat er echter een enorme hoeveelheid
interstellair waterstofgas in een spiraalstelsel aanwezig is, produceert het toch een signaal
dat sterk genoeg is om te worden waargenomen.

De 21 cm-lĳn wordt vaak gebruikt om de beweging van het gas in sterrenstelsels te
bestuderen, omdat de radiostraling op deze golflengte het interstellaire stof kan penetre-
ren dat ondoorzichtig is voor zichtbaar licht. Ook valt deze lĳn in het gebied van het
radiospectrum dat gemakkelĳk door de aardse atmosfeer heen komt, zodat deze goed
vanaf de grond waargenomen kan worden (zie Figuur 1). Verder is er op deze golflengte
weinig last van interferentie, in veel gebieden is deze golflengte zelfs beschermd.

In Hoofdstuk 4 beschreven we hoe we het radiocontinuüm, met daarop gesuper-
poneerd de 21 cm Hi-emissielĳn, hebben waargenomen met verschillende synthese-
radiotelescopen. We gebruikten de 21 cm-lĳn om het atomaire gas waar te nemen.
Dit gas strekt zich over het algemeen verder uit vanaf het centrum van de sterrenstelsel-
schĳf dan de sterren. We gebruikten deze waarnemingen om drie verschillende redenen:
(1) van de per seconde invallende energie (flux) uit het radiocontinuüm, kunnen we de
lichtkracht op 21 cm bepalen, waaruit we een schatting kunnen maken van de hoeveel-
heid stervorming in de waargenomen sterrenstelsels ; (2) uit de Hi-emissie kunnen we de
kolomdichtheid van het waterstofgas berekenen, dat we vervolgens converteren in de mas-
sa/oppervlaktedichtheid2 van het atomaire gas; en (3) uit de Doppler-verschuiving van de
Hi-lĳn leiden we de snelheden van het waterstofgas af. Aangezien het Hi-gas zich verder
uitstrekt van het centrum van de schĳf dan de sterren, reiken zo ook onze waargenomen
rotatiekrommen3 verder dan bĳ enkel het gebruik van onze spectroscopiewaarnemingen
het geval zou zĳn geweest. Dit is belangrĳk om de donkere halo te begrenzen, waarvan
we de bĳdrage aan de rotatiekromme voornamelĳk op grotere afstand van het galactische
centrum verwachten.

Sterrenstelsels

Een sterrenstelsel is een grote verzameling van sterren, interstellaire materie en -stof, en
de nog weinig begrepen donkere materie, die door de onderlinge zwaartekracht bĳ elkaar
worden gehouden. In het huidige kosmologische beeld, waarin 70% van de totale massa-
energie bestaat uit zogenoemde donkere energie, en de overige 30% voornamelĳk bestaat
uit donkere materie, worden sterrenstelsels gevormd in gravitationele potentiaalputten
van halo’s van donkere materie. Hier zorgt het invallen van gas en het samenklonteren
van brokken materie ervoor dat uiteindelĳk stervorming begint, en zo een sterrenstelsel

2 De massa/oppervlaktedichtheid is een maat voor de twee-dimensionale massadichtheid, waarin de
massa gedeeld door de oppervlakte gegeven is in zonsmassa’s per parsec in het kwadraat (M⊙pc−2).

3 In een rotatiekromme zetten wĳ de rotatiesnelheden van gas en sterren in een spiraalstelselschĳf
uit als functie van de straal. Het is een veel gebruikte grafiek in de sterrenkunde, waarmee de
massaverdelingen in een spiraalstelsel bestudeerd worden.
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Figuur 2: Hubble’s classificatie van sterrenstelsels uit 1936 loopt van ellipsen zonder bepaalde
structuur to complexere spiralen en balkspiralen. De beide spiraalgroepen hebben drie subca-
tegorieën - a, b en c - die elk zĳn ingedeeld naar de grootte van de kern en de spreiding van
de armen. In deze weergave zĳn de onregelmatige stelsels niet weergegeven. Deze vormen een
aparte categorie die buiten het schema valt.

geboren wordt. De diameter van sterrenstelsels varieert van ca. tienduizend tot vele hon-
derdduizenden lichtjaren; de massa varieert van ca. 106 (een miljoen) tot 1013 (10 biljoen)
zonsmassa’s. Sterrenstelsels staan vaak in groepjes bĳ elkaar, zoals bĳvoorbeeld de Lo-
kale Groep, waartoe o.a. ons Melkwegstelsel en Andromeda behoren. Dergelĳke groepen
maken op hun beurt deel uit van grote verzamelingen: de clusters en de superclusters,
die honderden, of zelfs duizenden, afzonderlĳke sterrenstelsels tellen.

In het lokale universum vinden we sterrenstelsels op het einde van hun kosmologische
evolutieproces. Hun eigenschappen zĳn een directe consequentie van hun samenstelling,
stervorming, metaal- en gasverrĳkingen en omgeving (interacties met andere sterren-
stelsels). Edwin Hubble deelde in 1926 de sterrenstelsels in vier hoofdgroepen in: spi-
raalstelsels (waartoe onze eigen Melkwegstelsel behoort), balkspiraalstelsels, elliptische
sterrenstelsels en onregelmatige sterrenstelsels. Deze hoofdgroepen zĳn weer onderver-
deeld in enkele subgroepen, zoals te zien is in Figuur 2. Sterrenstelsels kunnen worden
onderscheiden op grond van hun stellaire halo, kern, schĳf en donkere halo. Stelsels van
het type S0 vormen de brug tussen ellipsen en spiralen en deze had Hubble in 1936 nog
niet waargenomen. S0’s zĳn platter dan E7, de langste ellips, en missen een spiraalstruc-
tuur. Hubble vermoedde terecht dat de overgang van type E7 naar gewone spiralen van
het type Sa niet abrupt zou zĳn en voorspelde op deze manier het bestaan van S0-type
sterrenstelsels. Over de fysische processen die aan de verschillen tussen sterrenstelsels
ten grondslag liggen, is nog veel niet goed bekend in de sterrenkunde.

Spiraalstelsels

De focus in dit proefschrift ligt op spiraalstelsels, en dan voornamelĳk op hun schĳven en
donkere halo’s. Zoals gezegd zĳn spiraalstelsels verder onderverdeeld volgens de classifi-
catie van Hubble naar de specifieke uiterlĳke verschillen van de aanwezige schĳf en kern.
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Vroeg-typespiraalstelsels (in de classificatie van Hubble meer links) hebben dikkere kernen
en meer gestroomlĳnde spiraalarmen, terwĳl de zogenoemde laat-typespiraalstelsels meer
los omwonden, gefragmenteerde spiraalarmen en minder heldere kernen bezitten. In dit
proefschrift onderzochten we voornamelĳk midden- tot laat-typespiraalstelsels.

Spiraalstelsels bezitten meestal ook een ĳle stellaire halo, waarin zich ook bolvormige
sterhopen bevinden. Deze bevatten de meest oude sterren binnen een sterrenstelsel en
zĳn daarom interessant om te onderzoeken als we meer te weten willen komen over het
ontstaan van spiraalstelsels. In dit proefschrift zĳn we hoofdzakelĳk geïnteresseerd in
de massaverdeling in de beschouwde spiraalstelsels. Aangezien de stellaire halo’s maar
een kleine fractie van de totale massa van hun spiraalstelsels bezitten, zĳn ze voor ons
onderzoek niet relevant, en we hebben ze dan ook buiten beschouwing gelaten.

De meeste sterren en gas in laat-typespiraalstelsels bevinden zich in een vrĳ dunne
schĳf. De waargenomen oppervlaktehelderheid van deze schĳf laat vaak een bĳna ex-
ponentiële afname met de straal zien, een relatie die is aangetoond door K.C. Freeman
in 1970. De massa/oppervlaktedichtheid van de schĳf wordt vaak direct afgeleid uit de
waargenomen lichtkracht als functie van de straal, door een constante massa/lichtkracht-
verhouding aan te nemen. In werkelĳkheid weten we deze verhouding niet. In Hoofd-
stuk 5 lieten we zien hoe wĳ de snelheidsverdelingen van de sterren in de schĳf ge-
bruiken om direct de massa/oppervlaktedichtheid van de schĳf te meten, die we sa-
men met de waargenomen lichtkracht als functie van de straal gebruikten om de juiste
massa/lichtkracht-verhouding in de schĳf te vinden.

De verdeling van het atomaire gas kan min of meer direct afgeleid worden uit de Hi-
waarnemingen. Er is meestal minder atomaire massa dan massa in de vorm van sterren
aanwezig in spiraalstelsels, namelĳk 5-20% van de massa van de sterren, maar naar buiten
toe neemt de verhouding atomaire massa toe. Sterrenstelsels met een relatief lage massa
laten naar verhouding meer atomaire massa zien. In het centrum van een spiraalstelsel
is vaak weinig Hi-gas te zien. In Hoofdstuk 4 beschreven wĳ onze Hi-waarnemingen
en de door ons afgeleide verdeling van het atomaire gas in de door ons beschouwde
spiraalstelsels.

Moleculair waterstof (H2)-gas is moeilĳk waar te nemen, dus meestal wordt deze
hoeveelheid afgeleid van moleculaire koolmonoxide (CO)-waarnemingen. Hier wordt een
zogenoemde XCO-factor voor gebruikt die de relatie tussen de twee weergeeft. Deze
is empirisch afgeleid voor verschillende spiraalstelsels in onze nabĳheid, inclusief ons
Melkwegstelsel. De totale massa van het moleculair waterstofgas is over het algemeen
kleiner dan van atomair waterstofgas, namelĳk gemiddeld zo’n 30% van de massa van
het atomair gas, en typisch zo’n 5–10% van de massa van de sterren. Het moleculair gas
bevindt zich meestal meer in het centrum van een spiraalstelsel, waar weinig atomair gas
aanwezig is, zoals we eerder al gezien hadden.

Donkere materie en de schĳf-halodegeneratie

De aard en samenstelling van donkere materie is op dit moment één van de grootste
open vragen binnen de natuurkunde. Zowel astronomen als deeltjesfysici doen verwoede
pogingen iets meer te weten te komen over deze exotische stof. Deeltjesfysici proberen
bĳvoorbeeld momenteel met de Large Hadron Collider in CERN4 rechtstreeks nieuwe
deeltjes waar te nemen die mogelĳk kandidaat zouden zĳn hiervoor.

4 http://public.web.cern.ch/public/
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Figuur 3: Deze figuur uit Hoofdstuk 5 laat een voorbeeld van de schĳf-halodegeneratie zien,
met massadecomposities van de rotatiekromme van het spiraalstelsel UGC 448 gefit aan verschil-
lende modellen. Het linkerdiagram laat de overeenkomst van de data zien met ons model van
een submaximale schĳf, terwĳl in het rechterdiagram het vaak gebruikte model getoond wordt
dat uitgaat van de maximale schĳfhypothese. De verschillende lĳnen geven de verschillende
massacomponenten uit de decompositie van de rotatiekromme weer.

In principe werd in 1933 al door Zwicky een indicatie gevonden voor niet-zichtbare
massa, maar pas 40 jaar later zouden astronomen inzicht krĳgen in de hoeveelheid aan
massa-energie die in de vorm van donkere materie in ons heelal aanwezig is. Eén van de
belangrĳkste indicaties kwam van waarnemingen aan de rotatiekrommen van spiraalstel-
sels. De rotatiesnelheid van gas en sterren in een spiraalstelsel zou met de afstand van
het centrum moeten toenemen, tot het merendeel van de massa zich binnen deze straal
bevindt, en dan daarbuiten moeten afnemen. In werkelĳkheid neemt de rotatiesnelheid
nergens af, hetgeen een bewĳs vormt dat die rotatiesnelheid door onzichtbare materie
wordt beïnvloed.

Alhoewel het concept van een donkere halo om spiraalstelsels heen sinds de zeventiger
jaren wĳdverbreid geaccepteerd is, is de verdeling van de donkere materie in de spiraal-
stelsels nog een groot mysterie. Door dit te onderzoeken wordt ook gehoopt een idee
te krĳgen van de aard en samenstelling van deze donkere materie. Over het algemeen
bestuderen astronomen de effecten van donkere materie door zĳn zwaartekrachtsinvloed
op lichtgevende materie te meten. In één van de methodes, die ook in dit proefschrift
gebruikt wordt, worden de waargenomen rotatiekrommen gesplitst in een baryonische5

component en een donkere materiecomponent. Vervolgens wordt het effect van de donke-
re materie op de aanwezige gravitatiepotentiaal afgeleid. Aangezien de totale stermassa
van een spiraalstelsel erg onzeker is, laat deze benadering een degeneratie zien tussen de
stellaire schĳf en de donkere halo, hetgeen wil zeggen dat er meerdere oplossingen moge-
lĳk zĳn. Deze degeneratie is ook te zien in Figuur 3, waar waarnemingen aan UGC 448
worden getoond, één van de spiraalstelsels die voor het onderzoek in dit proefschrift ge-
bruikt is. De figuur laat zien dat een rotatiekromme waarin er voornamelĳk baryonische
massa in het centrum van het spiraalstelsel aanwezig is, een even goed model voor de
data biedt als een rotatiekromme dat een voornamelĳk uit donkere materie bestaande

5 Baryonische materie bestaat uit baryonen, de bouwstenen van alle ’gewone’ materie, waaruit men-
sen, planeten en sterren bestaan.
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halo weergeeft.
Om deze degeneratie op te heffen wordt vaak gebruik gemaakt van de zogenoemde

maximale schĳfhypothese uit 1986 van Tjeerd van Albada en Renzo Sancisi. Bĳ deze
hypothese wordt ervan uitgegaan dat de stellaire schĳf zoveel mogelĳk bĳdraagt aan de
totale massa, terwĳl de bĳdrage van de donkere halo klein is in het centrum van het
spiraalstelsel. Dit is echter nooit bewezen, de bĳdrage van de stellaire schĳf aan de totale
massa kan van alles zĳn, en zo ook de verhouding tussen de massa en de lichtkracht
in de schĳf. Het voornaamste doel in dit proefschrift, als onderdeel van het project
The DiskMass Survey, was dan ook om deze schĳf-halodegeneratie te doorbreken en de
maximale schĳfhypothese te testen.

Het project: The DiskMass Survey

Dit proefschrift is onderdeel van het DiskMass Survey (DMS) project dat is opgezet om
de momenteel bestaande degeneratie bĳ massadecomposities van rotatiekrommen op te
lossen. Door integraal-veldspectroscopie met SparsePak en PPak worden de ster- en
gasbewegingen bepaald in 46 midden- tot laat-typespiraalstelsels, waarvan de kĳkhoek
tussen de 5◦ en de 45◦ is6, dus zodanig dat we de schĳf goed kunnen waarnemen maar
ook nog de radiale component van de rotatiesnelheden van de sterren en het gas kunnen
bepalen. Van de gemeten snelheden van de sterren in een sterrenstelsels, dat een maat
geeft voor de willekeurige bewegingen van de sterren, wordt de dynamische oppervlakte-
massadichtheid van de schĳf berekend. Op deze manier kan de massa van de schĳf direct
worden afgeleid, zodat de schĳf-halodegeneratie wordt opgelost.

De verzameling van sterrenstelsels die voor het project gebruikt wordt, bevat 46
sterrenstelsel uit de Uppsala General Catalogue of Galaxies, waarvan de stellaire schĳven
passen op het beeld van de IFU’s. Voor deze sterrenstelsels hebben we de snelheidsvelden
bepaald, ook met behulp van integraal-veldspectroscopie, over de gehele schĳf. Van een
deelverzameling van 46 lokale sterrenstelsels met normale snelheidsdistributies van het
aanwezige gas - d.w.z. kalme sterrenstelsels zonder balk en zonder verleden met heftige
interacties die het gas in de schĳf atypisch verdelen - werden de snelheden en snelheidsdis-
persies van de sterren gemeten, met behulp van onze IFU’s SparsePak en PPak. Van deze
46 sterrenstelsels zĳn er 40 ook in het infrarood waargenomen met behulp van Spitzer.
Deze deelverzameling noemen we het Spitzer sample. Van deze sterrenstelsels hebben
we ook optische-/bĳna-infrarooddata van 2MASS om de massa/lichtkracht-verhouding
te bepalen, om zo de lichtgevende massa te kunnen traceren, naast 21 cm-waarnemingen.

Met deze uitgebreide verzameling van data in het DMS-project kan er veel onderzocht
worden. Het voornaamste dat we echter willen doen is: (1) de maximale schĳfhypothese
testen voor de midden-typespiraalstelsels in onze data, (2) een absolute kalibratie vin-
den van de stellaire massa/lichtkracht-verhouding voor modellen van sterpopulaties in
sterrenstelsels, en (3) een nauwkeuriger beeld krĳgen van de hoeveelheid en de verdeling
van de donkere materie in spiraalstelsels.

6 Bĳ een kĳkhoek van 0◦ kĳk je recht op de schĳf van een sterrenstelsel, bĳ een kĳkhoek van 90◦ kĳk
je tegen de rand van de schĳf aan.
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Dit proefschrift

Voor dit proefschrift werd een deelverzameling van het Spitzer sample gebruikt, be-
staande uit 30 spiraalstelsels die met PPak zĳn waargenomen - het PPak sample. Het
voornaamste doel was om de massaverdeling van de baryonische en donkere materie in de
onderzochte spiraalstelsels te vinden. Dit leverde unieke massadecomposities van rotatie-
krommen en afmetingen van het maximum van de schĳf, zodat de schĳf-halodegeneratie
gebroken kon worden. In het bĳzonder hebben we een goede methode gevonden en toe-
gepast om de bĳdrage van de baryonische massa aan de totale massa in rotatiekrommen
van spiraalstelsels te bepalen.

In Hoofdstuk 2 hebben we in detail de waarnemingen en datareductie van de PPak
IFU-spectroscopie beschreven. De snelheden en snelheidsdispersies van de sterren en van
het gas werden afgeleid uit de Doppler-verschuivingen en de verbreding van de verschil-
lende emissie- en absorptielĳnen van de spectraallĳen in het waargenomen spectrum.
De waarnemingen laten zien dat de stellaire snelheidsdispersie exponentieel afneemt met
de straal. Voor enkele sterrenstelsels neemt de stellaire snelheidsdispersie langzamer af
naar buiten toe. We bevestigden hiermee de eerdere bevinding dat er een nauwe relatie
bestaat tussen de snelheidsdispersie van de sterren in het centrum van de schĳf en de
maximale rotatiesnelheid van het spiraalstelsel.

In Hoofdstuk 3 hebben we de fits van de snelheidsdispersies van de sterren in het
centrum van de schĳf uit Hoofdstuk 2 gebruikt om de bĳdrage van de schĳf aan de totale
gravitatiepotentiaal te bepalen voor alle stelsels in het PPak sample. Bĳ redelĳk platte
schĳven, laat het nauwe verband tussen de snelheidsdispersie en maximale rotatiesnelheid
zien dat deze schĳven submaximaal zĳn. Dit weerlegt dus de maximale schĳfhypothese.
De schĳven in ons sample dragen maar voor 15% tot 30% bĳ aan de totale dynamische
massa die binnen 2.2 optische schaallengtes7 valt. Dit betreft een schatting van de straal
waar de rotatiekromme van de schĳf zĳn maximum heeft, dus een schatting van de straal
waarbinnen zich de meeste massa van het spiraalstelsel bevindt. Dit percentage neemt
toe met de lichtkracht, rotatiesnelheid en rodere kleur. Deze tendensen wĳzen erop
dat de massaverhouding tussen de schĳf en de totale massa op of onder de 50% blĳft
binnen deze straal, zelfs voor de meest extreme, snelst roterende en roodste schĳven.
Onze analyse wĳst er dus op dat spiraalstelsels over het algemeen submaximaal zĳn.
Verder impliceren de resultaten dat de stellaire massa/lichtkracht-verhouding, en dus de
aangenomen hoeveelheid baryonen, zeker een factor 3 te hoog wordt ingeschat als een
maximale schĳf wordt aangenomen.

Hoofdstuk 4 liet de datareductie en -analyse zien van de waarnemingen van de 28 spi-
raalstelsels (waarvan 24 onderdeel van het PPak sample) die zĳn verricht via apertuursyn-
these van de 21 cm-lĳn. Het meest interessante van deze data zĳn de zich verder uitstrek-
kende Hi-rotatiekrommen en de radiale Hi-kolomdichtheidsprofielen, die in Hoofdstuk 5
zĳn gebruikt voor decompositie van de rotatiekrommen. De rotatiekrommen reiken zo’n
4–10 optische schaallengtes (10–55 kpc) vanaf het centrum, een aanzienlĳk eind de donke-

7 Astronomen gebruiken de optische schaallengte om de afstand vanaf het centrum van een lichtgevend
object weer te geven. Als de lichtkracht binnen de stelselschĳf exponentieel naar buiten afneemt (zie
Freeman 1970), dan is 1 schaallengte gelĳk aan de straal waarop de lichtkracht 1/e van de centrale
lichtkracht is. Binnen ons Melkwegstelsel wordt de zon geschat op een optische schaallengte van
2–3. De kernen van onze bestudeerde spiraalstelsels vallen over het algemeen binnen 1 optische
schaallengte, terwĳl de sterren in de schĳf zich uitstrekken tot ongeveer 4 optische schaallengtes.
Het Hi-gas strekt zich verder uit.
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re halo in. Vanwege het feit dat we de sterrenstelsels in dit sample gekozen hadden omdat
hun snelheidsverdelingen binnen normale waarden vielen, laten de rotatiekrommen van
alle spiraalstelsels in dit sample een vergelĳkbaar verloop zien; het Hi-gas is in alle spiraal-
stelsels soortgelĳk verdeeld en ook de radiale Hi-massa/oppervlaktedichtheidsprofielen
laten veel overeenkomsten zien. De gemiddelde massa/oppervlaktedichtheid van het Hi-
gas als functie van de straal liet een Gaussisch profiel zien. In dit hoofdstuk lieten we ook
een nauwe relatie zien tussen de massa en de afmeting van de Hi-schĳf zien. Door deze
resultaten te combineren kunnen we de Hi-massa/oppervlaktedichtheid als functie van
de straal schatten met behulp van enkel de totale Hi-flux. Deze bevinding gebruikten
we in Hoofdstuk 5 om van literatuurwaarden van Hi-waarnemingen, gevonden met een
enkele radioschotel, de massa/oppervlaktedichtheid als functie van de straal te vinden
voor 6 spiraalstelsels in het PPak sample, waarvan we de gereduceerde Hi-data misten.

In Hoofdstuk 5 combineerden we tenslotte al onze methodes en data om de mas-
sadecomposities van de rotatiekrommen van de 30 spiraalstelsels in het PPak Sample
te produceren. Figuur 3 liet zo’n massadecompositie zien die vervolgens getracht werd
in een bestaand model in te passen. De verhouding tussen de baryonische en totale
rotatiekromme is door de gehele schĳf heen8 zo goed als constant, variërend tussen de
∼ 0.4 − 0.7 tussen de verschillende spiraalstelsels. Deze nagenoeg constante verhouding
komt doordat de bĳdrage van het atomaire gas toeneemt naarmate de afstand tot het
centrum toeneemt, terwĳl de bĳdrage van de sterren in de schĳf afneemt. Op één spiraal-
stelsel na hebben alle spiraalstelsels in ons sample een submaximale schĳf. Gemiddeld
genomen vinden we een verhouding van 0.56± 0.08 op 2.2 schaallengte. De meer heldere
spiraalstelsels laten vaak een hogere verhouding zien, geheel in overeenstemming met on-
ze resultaten uit Hoofdstuk 3. We vinden ook een hogere verhouding voor spiraalstelsels
met een grotere oppervlaktehelderheid in het centrum, iets wat we niet eerder hadden
gezien. Over het algemeen kunnen we stellen dat de donkere halo de gravitatiepotentiaal
domineert op alle schaallengtes in het spiraalstelsel.

Als we normale Newtoniaanse zwaartekracht aannemen, laten de resultaten in dit
proefschrift zien dat de donkere materie in spiraalstelsels niet alleen nodig is om de
vlakke Hi-rotatiekrommen in de buitenste gebieden van de schĳf te verklaren, maar in
het algemeen om de volledige rotatiekromme te verklaren.

Toekomstige waarnemingen op hogere roodverschuiving

De gedetailleerde resultaten van de DMS en dit proefschrift geven belangrĳke ka-
rakteristieken van spiraalstelsels, zoals stellaire massa/lichtkracht-verhoudingen, niet-
degeneratieve massadecomposities, gas/massa-verhoudingen en hoeveelheid stof. Deze
details zĳn extreem waardevol voor het kalibreren en het kwantificeren van verschillende
veronderstellingen die voor midden- tot laat-typespiraalstelsels worden gedaan op hogere
roodverschuivingen, en waarnemingen die verricht gaan worden met andere IFU’s zoals
SINFONI en MUSE. Waarnemingen op hogere roodverschuivingen zouden vergeleken
moeten worden met onze bevindingen in het lokale universum, waarmee een belang-
rĳke stap voor het begrip van de evolutie van stelseldynamica en de verdeling van de
massacomponenten in sterrenstelsels gezet kan worden.

8 Onze waargenomen schĳven strekken zich ongeveer uit tussen de 1 en 6 optische schaallengtes.
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