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Chapter 1
Introduction

Science is always an interplay between theory (or theoretical models) and experiments/observations.
Experimentalists observe something yet unknown or not understood and as such, they need a theory
to put their results in a physical context. A good theory should then not only explain the status quo,
but also make testable predictions. These predictions can be — and usually are — tested again with
new experiments/observations, which in turn can strengthen the theory, falsify it, or show the need for
modification. The latter may be of the sort of restricting theapplication range of the theory (e.g., to
starburst galaxies only), by revealing the necessity to include physical processes yet unaccounted for,
or by showing the need to modify the handling of already implemented physical processes. Once a
theory has withstood many experiments and has made several tested predictions, the confidence in the
theory will grow until it is widely accepted.

1.1 Dark matter in galaxies

A theory which by nowis widely accepted is the theory of Dark Matter (DM). This theory proposes
that our Universe is dominated by matter which does not emit electro-magnetic radiation (therefore
it is called “dark”), and can only be detected through its gravitational influence on the visible matter.
The luminous matter that we can see, e.g., in stars and gas contributes only very little to the total
energy budget of the Universe (e.g., Spergel et al. 2003, 2007).

1.1.1 The need for dark matter

The first indication for DM was given by Zwicky (1933, 1937), who measured velocity dispersions in
the Coma cluster and concluded that large amounts of cold dark matter are required to bring the obser-
vations into agreement with the virial theorem. These results have been confirmed by many different
authors (e.g., Abell 1977; Kent & Gunn 1982; Colless & Dunn 1996; Łokas & Mamon 2003).

Other evidence for the existence of dark matter within spiral galaxies came from the analysis of
their rotation curves. In a system with a central potential,one expects a Keplerian decline of the
rotation curve. However, Babcock (1939) and Oort (1940) analyzed the rotation curves of M 31 and
NGC 3115 and both found that the rotation velocities in the outer parts do not show a Keplerian
decline, but are higher than expected from the visible stellar mass alone. This lead Babcock and
Oort to the speculation that the outer regions either show strong dust absorption, or have very high
mass-to-light ratios.
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The ultimate proof that there must be something unaccountedfor (e.g., large amounts of dark mat-
ter, but see Sec. 1.1.2) came from the observation of neutralhydrogen with radio synthesis telescopes
such as the Westerbork Synthesis Radio Telescope (WSRT). These telescopes provided, in contrast
to previously used single-dish telescopes, both the sensitivity and the resolution to perform detailed
studies of the dynamics of galaxies. Bosma (1978, 1981a,b) was the first to extensively study the kine-
matics and mass distribution for a larger sample of 25 spiralgalaxies. His results showed that the HI

rotation curves of the majority of the galaxies remain flat until the last measured point, far beyond the
optical radius. If one assumes that Newton’s law of gravity is correct — and excludes the possibility
that the stellar mass-to-light ratios rise to values of> 200 within the outskirts of the galaxies — these
results imply large amounts of dark, unobserved matter in the outer regions of the galaxies. Many
other authors have observed flat rotation curves as well (e.g., Rubin et al. 1978; Faber & Gallagher
1979; Rubin et al. 1982, 1985; van Albada et al. 1985; van Albada & Sancisi 1986; Begeman 1987),
thus supporting the view that galaxies contain large amounts of dark matter and that the dynamics in
the outer regions of spiral galaxies are dominated by this dark matter.

The cosmological model currently in favor is the Lambda ColdDark Matter (ΛCDM) model.
Within ΛCDM, the Universe has a cosmological constantΛ, which allows for the accelerating expan-
sion of the Universe. The DM in theΛCDM model is dark, cold, dissipationless, and collisionless.
Although there are also other cosmological models, e.g., using hot dark matter (HDM) or warm dark
matter (WDM), the CDM picture is at the moment the most promising of all models using any form
of dark matter.

1.1.2 Alternatives to dark matter?

All explanations invoking dark matter assume that Newton’slaw of gravity (or General Relativity on
cosmological scales) is correct. However, this might be wrong. After all, for everyday purposes, a
Galilei transformation is adequate to transform one inertial system of reference into another. We know,
however, that for processes approaching the speed of light,the Galilei transformation breaks down and
one has to use the Lorentz transformation instead. The Galilei transformation is only a special case
of the Lorentz transformation for small velocities. The same might be true for the law of gravity,
which lead to thoughts about alternative theories. Milgrom(1983a,b,c) propose that Newtonian grav-
ity breaks down at low accelerations and formulated an alternative theory of gravity (MOdified Newto-
nian Dynamics, MOND). MOND has been very successful in explaining the shapes of rotation curves
without the need for unobservable, mysterious dark matter (e.g., Sanders 1996; Sanders & Verheijen
1998; McGaugh & de Blok 1998c; Sanders & McGaugh 2002). MOND also predicts the baryonic
Tully-Fisher relation with a slope that is in excellent agreement with what has been found by recent
studies (e.g., McGaugh et al. 2000; McGaugh 2005; Trachternach et al. 2008b, Chapter 4 of this the-
sis). However, MOND is — or until recentlywas— merely an empirical fitting formula without a
real physical basis. Recent work by Bekenstein (2004, 2006)puts MOND on a firmer basis and also
tries to include general relativity.

This thesis, however, is using the assumption of “classical” Newtonian dynamics, thus interpret-
ing, e.g., the flat rotation curves by invoking dark matter.

1.1.3 Successes and problems ofΛCDM

Spergel et al. (2007) have used theWilkinson Microwave Anisotropy Probe(WMAP) to show that we
live in a Universe in which non-baryonic matter density accounts for only 22 % of the energy budget,
whereas 74 % of the total energy density is in the form of a “dark energy”. Only 4 % are in the form
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of baryonic matter and of that, just a small fraction can be called luminous (e.g, Walker et al. 1991;
Persic & Salucci 1992).

ΛCDM has been very successful in explaining the large-scale structure of the Universe. The
structure and substructure of the “cosmic web” from simulations like the Millennium Simulation
(Springel et al. 2005) shows a remarkable similarity with real data from large redshift surveys like the
Sloan Digital Sky Survey (SDSS, cf. Stoughton et al. 2002; Adelman-McCarthy et al. 2006). While
the big successes ofΛCDM are on large scales, its challenge is on galactic scales.Two well-known
problems ofΛCDM are the “missing satellites” problem and the “cusp/core” problem.

The former is based on the discrepancy between the number of observed and predicted small
satellite galaxies: the N-body simulations usually predict a large number of dark matter substruc-
tures which survive over a long time. The number of observed satellite galaxies, however, is an
order of magnitude smaller than what is predicted by the CDM models (e.g., Kauffmann et al. 1993;
Klypin et al. 1999; Moore et al. 1999; Bullock et al. 2000; Benson et al. 2002).

This thesis focuses on the most prominent problem of CDM, theso-called cusp/core problem,
which is about the slope of the inner part of galactic densityprofiles: ΛCDM models predict that all
galaxies share a universal mass density profile. A commonly used empirical approximation to the
mass density distribution in CDM halos is the so-called NFW profile by Navarro et al. (1996, 1997).
The analytical form of the NFW profile is

ρNFW(r) =
ρs

(r/rs)(1+ r/rs)2 , (1.1)

wherers is the scale radius of the halo andρs is related to the density of the Universe at the time of
the collapse. At large radii, the NFW profile can be approximated with a power law withρ ∼ r−3,
whereas at small radii, it is described by aρ∼ r−1 power law; this is the so-called “cusp”. The CDM
simulations show that cusps form naturally in a DM universe and that once they have been created,
they will not dissolve. Therefore, if the NFW profile is the correct approximation, the Universe should
be full of “cuspy” density profiles. Unfortunately, the easily accessible galaxies (i.e., the bright, high-
mass spirals) are not suitable for settling this issue, as the contribution of an uncertain stellar mass-to-
light ratio makes their modelled mass density profiles consistent with a broad range of density profiles
(see, e.g., de Blok et al. 2008), including the cuspy NFW profile as well as “cored” profiles like the
pseudo-isothermal halo:

ρiso(r) =
ρ0

1+ (r/rc)2 , (1.2)

whereρ0 is the central density of the halo andrc is the core radius of the halo. The pseudo-isothermal
halo profile contains no central cusp, but a so-called constant-density core.

For an unambiguous decomposition of the rotation curve intothe different mass components (i.e.,
stars, gas, and dark halo), one would like to concentrate on galaxies with as little stars as possi-
ble, in order to minimize the effects from an uncertain stellar mass-to-light ratio. Fortunately, such
galaxies do exist. We know nowadays that large numbers of lowsurface brightness (LSB) galaxies
exist (e.g., Impey et al. 1988; de Blok et al. 1995, 1996; McGaugh 1996; Trachternach et al. 2006;
Haberzettl et al. 2007). These LSB galaxies are — as well as dwarf galaxies — considered to be
dark matter dominated at all radii (de Blok & McGaugh 1997; Verheijen 1997; Swaters et al. 2000),
and thus should be the ideal test cases for dark matter models. However, it was noted very early
that the density profiles from CDM simulations are too steep to fit the rotation curves of dwarf and
LSB galaxies (e.g., Moore 1994; Flores & Primack 1994; Navarro et al. 1996; McGaugh & de Blok
1998b). Many authors have noted that the central parts of thedensity profiles of dwarf and LSB galax-
ies are better approximated by a constant-density core (e.g., de Blok et al. 2001a,b; Marchesini et al.
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2002; Gentile et al. 2004; de Blok 2005; Zackrisson et al. 2006; Gentile et al. 2007; Oh et al. 2008).
This is rather unexpected, because one would naturally think that (cold) dark matter models should
work best for these dark matter dominated galaxies.

Therefore, several attempts have been made to explain the differences of the inferred slopes of the
inner density profiles. Many of the early observational studies made use of HI observations, which
— at that time — possessed only modest spatial resolution (beamsizes typically 15′′- 30′′). It was
therefore argued that these data could be affected by beam smearing, which tends to artificially flatten
the slopes of the inferred density profiles (Swaters 1999; van den Bosch et al. 2000; Swaters et al.
2000). Subsequent high-resolution observations, however, showed that only a small fraction of the
original HI data suffered from these effects and that HI rotation curves agree well with those from
Hα long-slit spectroscopy (e.g., McGaugh et al. 2001; de Blok et al. 2001a,b; Marchesini et al. 2002;
de Blok & Bosma 2002; Gentile et al. 2004; Spekkens et al. 2005). Although beam-smearing is not
an issue for Hα long-slit spectra, Swaters et al. (2003a) argue that these data could be affected by
several other systematic effects, which all lead to an underestimate of the central slope of the density
profile. One of these effects is a slit offset with respect to the center of the galaxy. If the slit is
not placed through the center of the galaxy, the inferred density profile will miss a potential central
density cusp. However, some galaxies have been observed several times independently by different
groups using data from different instruments. Given that these multiple results all point towards cored
profiles suggests that (i) all observers have missed the center of the galaxy, or (ii) slit offsets do not
play a significant role.

Since the advent of optical 2D velocity fields, this problem can be circumvented completely.
Nevertheless, 2D velocity fieldshavebeen used to demonstrate that slit offsets were not responsible
for the shallow density profiles (e.g., Kuzio de Naray et al. 2006). Most of the recent studies using
2D velocity fields seem to prefercoredprofiles (e.g., Simon et al. 2003, 2005; Kuzio de Naray et al.
2006, 2008; Kuzio de Naray 2007; Spano et al. 2008), althougha few are consistent with a variety of
slopes ranging fromcuspyto coredprofiles (e.g., Swaters et al. 2003b).

Why do the density profiles from high resolution 2D velocity fields still differ from the predicted
profiles? Neither low resolution, nor offsets from the centers of the galaxies are an issue for these data.
Does the disagreement show the need for a radical modification of ΛCDM or are there still systematic
issues which might possibly affect the observations? Currently, most theoreticians propose the latter
and this thesis addresses the last remaining bastion protecting ΛCDM against a modification.

1.2 This thesis

As already mentioned by Frenk et al. (1988) and Dubinski (1994), CDM halos are not spherical, but
tri-axial (see also Hayashi et al. 2004b, 2007). Therefore,it was noted (e.g., by Hayashi et al. 2004a;
Hayashi & Navarro 2006) that gas moving in such an ellipticalpotential will not move on circular
orbits, but show significant non-circular motions as well. According to these authors, the non-circular
motions are largest in the centers of the galaxies (up to 15 percent of the maximum rotation velocity
or 50 percent of the local rotation velocity) and therefore artificially flatten the inferred density pro-
file, thus “hiding a cusp in a core” (direct quote from Hayashi& Navarro 2006). Large non-circular
motionscancreate the illusion of a constant-density core, but one needs non-circular motions of the
order of∼ 20 kms−1 over a large fraction of the disk in order to do so (de Blok et al. 2003).

Non-circular motions have been quantified by several groups(e.g., Schoenmakers et al. 1997;
Wong et al. 2004; Gentile et al. 2005), but none of them reportlarge enough non-circular motions
to reconcile the cusp/core problem. However, most of the previous studies measuring non-circular
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motions were either limited to a small sample (e.g., Gentileet al. 2005), or were based on data with
moderate resolution (e.g., Schoenmakers et al. 1997). The work presented in this thesis has none of
these drawbacks.

In Chapter 2, high resolution HI data from the THINGS survey (The HI Nearby Galaxy Survey,
Walter et al. 2008; de Blok et al. 2008) are used to measure thenon-circular motions in a sample of
19 spiral and dwarf galaxies. Before doing so, emphasis is laid on estimating the dynamical and
photometric centers of the galaxies. After that, the non-circular motions are quantified by performing
a harmonic decomposition of the velocity fields of the galaxies. Additionally, the elongation of the
potential in the plane of the disk (i.e., the source of the predicted non-circular motions) is constrained,
and a number of consistency checks to test the results against different systematic effects are pre-
sented. In Chapter 3, further tests are applied to the data inorder to verify and support the previous
conclusions. The analysis described in this chapter includes the decomposition of artificial velocity
fields in order to test the effectiveness of the fitting-routine.

A different approach towards the cusp/core problem is presented in Chapter 4, where the scatter of
the baryonic Tully-Fisher relation is used to derive firm upper limits for the ellipticity of the potential
in the plane of the disk. As this ellipticity is believed to bethe main source of the (large) non-circular
motions (cf. Hayashi et al. 2004a; Hayashi & Navarro 2006), constraining the ellipticity constrains
the non-circular motions as well. Finally, the main resultsof the thesis are summarized in Chapter 5.





Chapter 2
Dynamical centers and non-circular motions
in THINGS galaxies: implications for dark
matter halos∗

ABSTRACT

We present harmonic decompositions of the velocity fields of19 galaxies from THINGS (The HI
Nearby Galaxy Survey) which quantify the magnitude of the non-circular motions in these galaxies
and yield observational estimates of the elongations of thedark matter halo potentials. Additionally,
we present accurate dynamical center positions for these galaxies. We show that the positions of the
kinematic and photometric centers of the large majority of the galaxies in our sample are in good
agreement. The median absolute amplitude of the non-circular motions, averaged over our sample,
is 6.7 kms−1, with ∼ 90 percent of the galaxies having median non-circular motions of less than
∼ 9kms−1. As a fraction of the maximum rotation velocity this translates into 4.5 percent on average.
The non-circular motions in the centers of the galaxies, expressed as a fraction of the local rotation
velocity, are 8 percent on average. The mean elongation of the gravitational potential, after a statistical
correction for an unknown viewing angle, is 0.017± 0.020, i.e., consistent with a round potential.
Our derived non-circular motions and elongations are smaller than what is needed to bring Cold Dark
Matter (CDM) simulations in agreement with the observations. In particular, the amplitudes of the
non-circular motions are not high enough to hide the steep central mass-density profiles predicted by
CDM simulations.

2.1 Introduction

Cosmological cold dark matter (CDM) simulations predict that all dark matter halos share a universal
mass density profile. A well-known empirical approximationto the mass density distribution in CDM
halos is the so-called NFW profile by Navarro et al. (1996, 1997). The NFW profile has the following
form:

ρNFW(r) =
ρs

(r/rs)(1+ r/rs)2 (2.1)

∗C. Trachternach, W.J.G. de Blok, F. Walter, E. Brinks, and R.C. Kennicutt Jr., subm. to AJ
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At large radii, it can be approximated with a power law withρ∼ r−3. At small radii, it can be described
with aρ∼ r−1 power law; this is the so-called “cusp”. This cusp has causeda lot of debate. Although
it was noticed early on that CDM models produce profiles whichare too steep to fit the rotation
curves of dwarf and low surface brightness (LSB) galaxies (e.g., Moore 1994; Flores & Primack 1994;
Navarro et al. 1996; McGaugh & de Blok 1998b), the origin of this discrepancy is still a matter of
debate. As LSB galaxies are dark matter dominated at all radii (e.g., de Blok & McGaugh 1997;
Verheijen 1997; Swaters et al. 2000), one would naturally think that CDM models should work best
for those galaxies, as the contribution of stars is small. Many studies using either HI mapping or
Hα long-slit spectroscopy have concluded that the kinematicsof most LSB and dwarf galaxies are
inconsistent with steep mass density profiles, and instead are consistent with shallow “cored” inner
profiles. These profiles are usually approximated by the pseudo-isothermal halo:

ρiso(r) =
ρ0

1+ (r/rc)2 , (2.2)

(see, e.g., de Blok et al. 2001a,b; Marchesini et al. 2002; deBlok & Bosma 2002; Gentile et al. 2004;
de Blok 2005; Zackrisson et al. 2006; Gentile et al. 2007). However, as the original HI observations
possessed only modest spatial resolution (beamsizes typically 15′′- 30′′), it was initially suggested
that these data could be affected by beam smearing, which tends to artificially flatten the slopes of the
inferred density profiles (Swaters 1999; van den Bosch et al.2000; Swaters et al. 2000). Subsequent
high-resolution observations (de Blok & Bosma 2002), however, showed that only a small fraction
of the original HI data suffered from these effects. Although beam smearing isnot an issue for
Hα long-slit spectra, they could be affected by several other systematic effects, which all lead to
an underestimate of the central slope (see, e.g., Swaters etal. 2003a). One of these effects is a slit
offset with respect to the galaxy center. This effect has in turn been tested using 2D optical velocity
fields, and was found to play no significant role (see, e.g., Kuzio de Naray et al. 2006). It is, however,
conceivable that the photometric and kinematic centers could be physically offset from each other,
which would lead to a similar flattening effect if the “wrong”center is chosen as the basis for a
dynamical analysis. The possible presence of such photometric and kinematic center offsets can
be investigated directly with 2D velocity fields as these enable one to pinpoint the kinematic center
without having to rely on optical centers.

Most of the studies using 2D velocity fields carried out in thelast few years seem to prefercored
profiles (e.g., Simon et al. 2003, 2005; Kuzio de Naray et al. 2006; Spano et al. 2008), though a few
are consistent with a variety of slopes ranging fromcuspyto coredprofiles (e.g., Swaters et al. 2003b).

But even if 2D velocity fields are used, systematic issues remain which potentially could affect the
derived rotation curves. One which has been discussed by many authors is the effect of non-circular
motions. These deviations from circular rotation could be caused by bars (Rhee et al. 2004), or a tri-
axial halo (Hayashi et al. 2004a; Hayashi & Navarro 2006; Hayashi et al. 2007). Hayashi & Navarro
(2006) proposed that the ellipticity of the dark matter haloinduces large non-circular motions in the
inner part of galaxies (up to∼ 15 percent of the maximum rotation velocity), thus making anintrinsic
cuspydensity profile appearcored. de Blok et al. (2003) simulated rotation curves and showed that
non-circular motions of the order of∼ 20 kms−1 over a large fraction of the disk are needed to make
them consistent with CDM halos (see also Gentile et al. 2005,who reach similar conclusions from an
observational perspective).

Deviations from purely circular motions can have differentcauses, including chaotic non-circular
motions induced for example by star formation (as investigated in detail for two THINGS dwarf galax-
ies in Oh et al. 2008), or systematic non-circular motions that relate to the potential (e.g., spiral arms,
tri-axiality of the halo). Here, we will focus on the systematic non-circular motions. One way to
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quantify these is to make a harmonic decomposition of the velocity field (VF). An extensive descrip-
tion of the harmonic decomposition technique is given in Schoenmakers (1999). Several groups have
measured non-circular motions in disk galaxies using this technique (e.g., Schoenmakers et al. 1997;
Wong et al. 2004; Gentile et al. 2005). However, none of theseworks report non-circular motions that
are high enough to successfully “hide a cusp in a core” as proposed by Hayashi & Navarro (2006).

Choosing the correct position of the galaxy center is important not only for deriving the mass
density slope of the dark matter halo, as discussed above, but also for a correct appraisal of the non-
circular motions derived by performing a harmonic decomposition (cf. Schoenmakers 1999).

We will use the THINGS survey (Walter et al. 2008) to study in depth some of the aspects men-
tioned above. THINGS is an unique dataset to address these issues because of its high spatial and
spectral resolution, and also because of its homogeneity (see the following section for more details
on THINGS). The chapter is organized as follows. After a brief description of the sample in Sec-
tion 2.2, we extensively discuss the various ways in which one can define the center of a galaxy in
Section 2.3, and present our best determinations of the positions of the true kinematic centers of our
sample galaxies. These center positions are used as inputs for our harmonic decompositions of the
observed velocities, as described in Section 2.4. We illustrate the procedure and show the results for
one case-study galaxy in detail in Section 2.5. Results for the rest of the sample are presented in the
Appendix 2.A. Our results and several quality checks are presented and discussed in Section 2.6, and
the conclusions are summarized in Section 2.7.

2.2 Sample and data

For our analysis, we used THINGS (The HI Nearby Galaxy Survey), an HI spectral line survey of
34 nearby disk galaxies obtained at the NRAO1 VLA in B, C, and D arrays. THINGS contains a
wide range of galaxy types, i.e., high and low surface brightness galaxies, grand design spirals and
dwarf irregulars, barred and non–barred galaxies, all observed at high spatial (∼ 10′′ for the natural
weighted data cubes) and velocity (≤ 5.2 kms−1) resolution (for a detailed description of THINGS, see
Walter et al. 2008). The great advantage of THINGS is that allgalaxies have been observed, reduced,
and analyzed in a homogeneous manner. The large range in physical properties enables one to study
trends with, e.g., Hubble type. Furthermore, as THINGS was designed to overlap with the SINGS
survey (Spitzer Infrared Nearby Galaxies Survey, Kennicutt et al. 2003), we can use its IRAC 3.6µm
images (which give a virtually dust-free view of the stellardisk) to directly compare photometric and
kinematic centers.

In this chapter, we will study the kinematics of galaxies. Wetherefore use the sub-sample of
THINGS for which de Blok et al. (2008) derived accurate rotation curves. This sample includes all
rotationally dominated THINGS galaxies with inclinationslarger than 40◦, as well as NGC 6946,
which, despite its lower inclination proved suitable for the derivation of a rotation curve. Basic prop-
erties of the galaxies of our sample are given in Table 2.1. For our analysis, we used the velocity
fields which were created by fitting hermite polynomials to the velocity profiles from the natural
weighted data cubes (as described in detail in de Blok et al. 2008). Additionally, we made use of the
radio continuum maps from THINGS (Walter et al. 2008), as well as the 3.6µm images from SINGS
(Kennicutt et al. 2003).

1The National Radio Astronomy Observatory is a facility of the National Science Foundation operated under cooperative
agreement by Associated Universities, Inc.
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TABLE 2.1: Basic properties for the galaxies in our sample.

Name D r25 MB i PA Vtot ∆r MHI µmean Type
Mpc kpc mag ◦ ◦ kms−1 ′′ 108 M⊙ magarcsec−2

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

NGC 925 9.2 14.2 −20.04 66 287 115 3.0 45.8 23.3 7
NGC 2366 3.4 2.2 −17.17 64 40 55 6.0 6.5 23.9 10
NGC 2403 3.2 7.4 −19.43 63 124 135 4.0 25.8 21.6 6
NGC 2841 14.1 14.2 −21.21 74 153 260 5.0 85.8 21.4 3
NGC 2903 8.9 15.2 −20.93 65 204 190 7.0 43.5 21.4 4
NGC 2976 3.6 3.8 −17.78 65 335 80 3.5 1.4 21.9 5
NGC 3031 3.6 11.6 −20.73 59 330 200 6.0 36.4 21.2 2
NGC 3198 13.8 13.0 −20.75 72 215 150 6.0 101.7 22.6 5
IC 2574 4.0 7.5 −18.11 53 56 70 6.0 14.8 24.3 9
NGC 3521 10.7 12.9 −20.94 73 340 210 6.0 80.2 20.6 4
NGC 3621 6.6 9.4 −20.05 65 345 140 6.5 70.7 22.1 7
NGC 3627 9.3 13.9 −20.74 62 173 133 5.0 8.2 20.8 3
NGC 4736 4.7 5.3 −19.80 41 296 120 5.0 4.0 18.8 2
DDO 154 4.3 1.2 −14.23 66 230 48 6.5 3.6 24.2 10
NGC 4826 7.5 11.4 −20.63 65 121 150 5.0 5.5 20.7 2
NGC 5055 10.1 17.4 −21.12 59 102 190 5.0 91.0 21.3 4
NGC 6946 5.9 9.8 −20.61 33 243 220 3.0 41.5 23.0 6
NGC 7331 14.7 19.6 −21.67 76 168 233 3.0 91.3 21.5 3
NGC 7793 3.9 6.0 −18.79 50 290 130 6.0 8.9 22.0 7

NOTES: (1): the name of the galaxy; (2): distance as given in Walteret al. (2008); (3): radius of the
major axis of the galaxy at theµB = 25magarcsec−2 isophote level, taken from LEDA (LEDA.UNIV-
LYON.FR); (4): absoluteB-band magnitude as given in Walter et al. (2008); (5): average inclination
as given in de Blok et al. (2008); (6): average position angleas given in de Blok et al. (2008); (7):
total rotation velocity (used for the normalization of the non-circular motions); (8): adopted spacing
of the tilted-rings; (9): HI mass as listed in Walter et al. (2008); (10): mean surface brightness from
LEDA (LEDA.UNIV-LYON.FR); (11): morphological type from LEDA (LEDA.UNIV-LYON.FR).

2.3 Estimating galaxy centers

There are several ways in which one can determine the position of the center of a galaxy. As central
activity in galaxies is likely to coincide with the bottom ofthe galaxy potential well, a central compact
radio source is a good indicator of the center of a galaxy. Similarly, nuclear star clusters can be used
to locate the center. One can also fit ellipses to the surface brightness distribution as well as construct
a tilted-ring model using the kinematic data to obtain additional, independent estimates.

Ideally, these different determinations should all coincide. Large discrepancies can indicate strong
disturbances, caused, e.g., by spiral arms or strong bars, or a genuine offset between the kinematic
and photometric center. For the majority of our galaxies, multiple center estimates can be derived,
namely kinematic centers derived from the velocity fields, as well as photometric centers as deduced
from the 20-cm radio continuum maps taken from THINGS and from theSpitzer3.6µm images.
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As will be shown in the subsequent analysis, for most galaxies the kinematic center position
agrees with the position of the radio continuum source and/or the center as derived from the IRAC
image within the uncertainties. In those cases where the photometric and kinematic centers agree,
we have generally adopted one of the photometric centers as our best center position, given that
the photometric centers usually have smaller uncertainties. Note that it is still important to evaluate
any possible differences between the two types of centers, even when both are well-defined. This will
enable a better understanding of possible systematic effects inherent in the method, which is important
for the interpretation of the results from galaxies where the centers may not be as well-defined.

Below follows a description of the methods used to determinethe various center estimates. An
application of these methods is given for one “case-study” galaxy in Section 2.5. Detailed and more
technical descriptions are then given for all galaxies in Appendix 2.A.

2.3.1 Radio continuum

A nuclear point source in the radio continuum is usually associated with a central compact object,
which naturally should be at (or very close to) the bottom of the potential well of the galaxy. For all
galaxies which show such a source in the THINGS radio continuum maps, its position was determined
by fitting a Gaussian to the central source. The uncertainties for the center positions estimated in this
way are all similar (≤ 1′′) and we therefore do not show individual uncertainties for center estimates
deduced from the radio continuum.

2.3.2 Spitzer/IRAC 3.6 µm image

We make use of the high-resolution 3.6µm images from SINGS (Kennicutt et al. 2003)2. These allow
an almost dust-free view of the predominantly old stellar populations, though we note that the 3.6µm
band can also contain some trace emission from hot dust, PAHsand AGB stars.

For all galaxies in our sample, we determined the central 3.6µm position by fitting ellipses using
the GIPSY3 taskELLFIT, taking care that the ellipse fits were not affected by small scale structures.
For those galaxies which also show a well-defined nuclear source in the 3.6µm image, we additionally
derived the central position by fitting a Gaussian to the central source. The two different center esti-
mates generally agree very well. However, as the center position derived by fitting a Gaussian to the
central source is usually better constrained as the center from ELLFIT, we only list the former (where
available) in Table 2.2. Because of the homogeneous and consistently small positional uncertainty of
less than 1′′, we do not list these here.

2.3.3 Kinematic center

In addition to the photometric centers mentioned above, we also derive kinematic centers using the
GIPSY taskROTCUR. This task fits a set of tilted rings of a given width to the velocity field of
a galaxy and determines their central positions, rotation and systemic velocities, inclinations and
position angles. We use the best available center position (i.e., a central continuum source, if present,
otherwise a nuclear source in the 3.6µm image and as a last resort the center as derived usingELLFIT)
as an initial center estimate forROTCUR and make a fit with all parameters left free (including the

2A small number of galaxies in our sample were not part of SINGS. For these galaxies, the data were retrieved from the
Spitzerarchive.

3GIPSY, the Groningen Image Processing SYstem (van der Hulstet al. 1992)
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center). By averaging the central positions over a radial range unaffected by spiral arms or other
large-scale disturbances, we derive the position of the kinematic center for each galaxy.

The determination of the positions of all centers are described in Appendix 2.A, and all center
estimates are summarized in Table 2.2, where our adopted best center positions are shown in bold
face.

2.4 Harmonic decomposition

We perform a harmonic decomposition of the velocity fields bydecomposing the velocities found
along the tilted-rings into multiple terms of sine and cosine.

Following Schoenmakers (1999), we describe the line-of-sight velocity,vlos, as:

vlos(r) = vsys(r) +
N

∑

m=1

cm(r) cosmψ + sm(r) sinmψ, (2.3)

whereN is the maximum fit order used,r is the radial distance from the dynamical center,ψ is the
azimuthal angle in the plane of the disk, andvsys is the 0th order harmonic component,c0. Initial tests
showed that a decomposition of the velocity fields up to thirdorder (i.e.,N = 3) is sufficient to capture
most of the non-circular signal, as is described in Section 2.6.4.1.

The usual description of the apparent velocity, under the assumption of purely circular motion can
be retrieved by only includingm= 0 andm= 1 terms in Eq. 2.3, i.e.,

vlos(r) = vsys(r) + c1(r) cosψ + s1(r) sinψ, (2.4)

and by ignoring streaming (radial) motions (i.e.,s1 = 0). The circular rotation velocity corresponds
therefore toc1. Note that the dependence on inclination is included in thecm and sm terms. For
the following discussion it is worthwhile to repeat a few rules of thumb which apply to harmonic
decompositions as given in Schoenmakers et al. (1997) and Schoenmakers (1999):

(1) A perturbation of the gravitational potential of orderm will causem+ 1 andm− 1 harmonics
in the velocity field (so anm= 2 two-armed spiral component will causem= 1 andm= 3 harmonics
in the velocity field).

(2) Perturbations in the gravitational potential are independent and can therefore be added. The
same holds for velocity perturbations.

(3) The elongation of the potentialǫpot in the plane of the disk of the galaxy can be calculated at
each radius as follows:

ǫpot sin 2ϕ2 = (s3 − s1)
1+ 2q2 + 5q4

c1(1− q4)
, (2.5)

whereq = cosi. The only remaining unknown quantity isϕ2, the unknown angle in the plane of the
ring between the minor axis of the elongated ring and the observer.

(4) Velocities induced by a global elongation of the potential will result in a constant offset in
ǫpot sin 2ϕ2. Velocities induced by spiral arms occur on much smaller scales, and will therefore only
lead to perturbations (“wiggles”) around this offset.

(5) If the fitted inclination is close to the intrinsic inclination of the disk, thenc3 = 0. Small offsets
of a few kms−1 result in only small (1-2 degree) inclination offsets.

We use the GIPSY taskRESWRI. This task performs a tilted-ring fit assuming circular rotation,
creates a model velocity field, subtracts this from the original velocity field, and does a harmonic
expansion of the residuals.RESWRIdoes not down-weight velocities along the minor axis as is usually
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done in standard rotation curve analysis. For the width of the annuli (cf. Col (8) of Table 2.1), we
chose half the beam width; neighboring rings are thus not independent.

We calculate the quadratically added amplitude (“power”) for each order of the harmonic decom-
position using

A1(r) =
√

s2
1(r), (2.6)

for m= 1 (note thatc1 corresponds to the circular velocity and is not included in the calculation of the
amplitude ofA1(r)), and

Am(r) =
√

c2
m(r) + s2

m(r), (2.7)

for m> 1.
Additionally, we calculate the quadratically added amplitude of all (i.e., up toN = 3) non-circular
harmonic components (“total power”):

Ar(r) =
√

s2
1(r) + c2

2(r) + s2
2(r) + c2

3(r) + s2
3(r). (2.8)

The radial variation ofAm(r) andAr(r) can be checked for coincidence with visible features in
the galaxies. To quantify the power of the non-circular motions in a compact way, we also useÃm,
the median ofAm(r) defined for each value ofm, andÃr , the median ofAr(r). We derive two values
for Ãm andÃr , one for the entire radial range and one for the inner 1 kpc (for those galaxies where
sufficiently high signal-to-noise HI is present in the inner parts). The 1 kpc choice is motivated by
the fact that the distinction between a cusp and a core can be made most clearly at radii less than
∼ 1 kpc (de Blok et al. 2001a; de Blok 2004), and it is therefore important to separately quantify the
non-circular motions in this inner region. Note that wherever we use the term “entire radial range”,
we refer to all radii over which our analysis extends. The outer radius of this “entire radial range” is
usually limited by the sensitivity of the HI data. The outer regions of galaxies often show sparsely
filled tilted-rings. Although these may still be used to estimate a rotation curve assuming circular
motions (e.g., withROTCUR), a harmonic decomposition has more free parameters (i.e.,the ci and
si) and is therefore more sensitive to sparsely filled tilted-rings. We have restricted our analysis to
radii for whichRESWRI was able to produce reasonable and stable results (thus excluding tilted-rings
showing, e.g., a rotation velocity of 1000 kms−1 or a harmonic component of zero amplitude, but with
a 100 kms−1 uncertainty).

Additional to discussing the amount of non-circular motions in absolute terms, we will express
the magnitude of the non-circular motions as a fraction of the local rotation velocityV(r) and as a
fraction of the total rotation velocityVtot. The latter is defined as the rotation velocity of the flat part
of the rotation curve, or as the maximum rotation velocity ifthe rotation curve is still rising in the
outermost point.

RESWRI creates a residual velocity field which can be used as an indicator for those non-circular
motions that are not captured with the harmonic decomposition (as will be shown in Section 2.6.4.1).
As the residual velocity fields contain only values which scatter around a mean zero level, we use
absoluteresidual velocity fields in our analysis.

Finally, as mentioned in Schoenmakers (1999), the center position should be kept fixed during
the harmonic decomposition. This is because a galaxy which has real, physicalc2 ands2 terms in its
velocity field would, in the case of an unconstrained center position, appear to have a center which
drifts in such a way as to minimize these terms. Moreover, rapidly varying center positions at small
radii (with offsets larger than the relevant ring radii) have no physical basis.
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2.5 NGC 3198 — A case–study

In this section, we present the results from our two analyses— namely the derivation of the center
estimates and the harmonic decomposition — in detail for onegalaxy. The purpose of this section
is to explain the conventions and notations used and demonstrate our methods for one galaxy in our
sample. A complete description and discussion of all galaxies from our sample is given in the Ap-
pendix 2.A.

2.5.1 Center estimates

The 3.6µm IRAC image of NGC 3198 shows two well-defined spiral arms, emanating from a promi-
nent bulge. The central component has a nuclear point sourceembedded, which has a counterpart in
the radio continuum. The IRAC and continuum centers agree towithin 1′′. For ease of reference,
and in order to have a compact notation for the center positions, we will in our discussion frequently
refer to positions with respect to the pointing center (as listed in Walter et al. 2008). This pointing
center has no physical meaning, and merely provides a convenient zero-point. We will refer to the
offsets from the pointing center asδX (positive in the direction of decreasing right ascension)andδY
(positive in the direction of increasing declination). Both are expressed in arcseconds. Note that we
list the full coordinates of all center positions we derive in Table 2.2 (with the position used for further
analysis shown in bold face).

In our determination of the kinematic center of NGC 3198, we start with an unconstrainedROTCUR

fit with the position of the radio continuum center (δX= −1.′′4, δY= −0.′′1) as an initial estimate.
Fig. 2.1 shows the variation of the center position from theROTCUR fit over the radial range of the
galaxy, together with our best photometric center. As can beseen by the variation ofδX andδY, the
outer parts (r ≥ 150′′) of NGC 3198 are strongly affected by the spiral arms. For thederivation of the
dynamical center, we therefore restrict the averaging ofδX andδY to radii with r ≤ 100′′ (indicated
in Fig. 2.1 by the vertical lines at these radii). The dynamical center derived in such a way is offset
from the pointing center byδX = −1.′′4±1.′′7, δY = −0.′′2±2.′′1 (i.e., to the south-east).

To put our estimates for the center positions in context, we show them together with the IRAC
and radio continuum map (where available) overlaid on the central 150′′ × 150′′ of the HI total in-
tensity map (cf. Fig. 2.2). Also shown are the central positions of the individual tilted-rings. As can
be seen, all center positions agree well within the uncertainties and to within one natural-weighted
beam (hereafter referred to as “the beam”) and we therefore adopt the center as derived from the radio
continuum map as our best center position.

2.5.2 Harmonic expansion

The radial distribution of all fitted parameters from the harmonic decomposition of NGC 3198 are
shown in Fig. 2.3. The PA of NGC 3198 rises swiftly within the inner 200′′, and then slowly declines.
The inclination varies in the inner parts over a range of about five degrees, but shows a steady increase
beyondr ∼ 450′′, indicating that the outer disk is warped. Thec3 term is small for all radii, meaning
that the fitted inclination is close to the intrinsic inclination of the disk. Although there is no global
offset from zero forc2 ands2, they show small deviations at radii coinciding with the locations of
spiral arms in the 3.6µm image of NGC 3198, or in the total HI map presented in Walter et al. (2008).
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FIG. 2.1: Radial variation of the center positions of the individual tilted-rings derived in an unconstrained fit withROTCUR.
The center positions are given as an offset from the pointingcenter (in arcseconds). The two vertical lines atr = 0′′ and
r = 100′′ denote the radial range over which the center positions wereaveraged in order to derive a kinematic center. The
resulting kinematic center (together with its standard deviation) is indicated by the black solid (dotted) lines. Our best
center position (in this case from the radio continuum) is indicated by the dashed horizontal line, which is however barely
distinguishable from the kinematic estimate because of thegood agreement between these two.

Thes1 ands3 terms are best described as wiggles caused by spiral arms on top of a slight offset. The
amplitudes of all non-circular components (c2, c3, s1, s2, s3) are generally only a few kms−1.

In Fig. 2.4, we show derived parameters which were calculated according to Eqs. 2.5-2.8. The
median amplitudes of the individual harmonic components, derived following Eqs. 2.6 and 2.7, are
similar in amplitude, ranging from̃Am ∼ 2− 3 km s−1 (when averaged over the entire radial range),
or ≤ 2 percent ofVtot. For the inner 1 kpc, the amplitudes are even smaller (Ãm < 1.5kms−1). The
distribution ofAr(r) (cf. Eq. 2.8) shows that the amplitude of the non-circular motions isAr(r) ≤
8 kms−1 for most radii. The median amplitude is̃Ar ∼ 4.5 kms−1 when averaged over the entire radial
range, and̃Ar ∼ 1.5 kms−1 when averaged over the inner 1 kpc only.

The elongation of the potential,ǫpot sin(2ϕ2), derived according to Eq. 2.5 is small over most
of the radial range, but shows traces of the same spiral arms which cause the variation in, e.g., thes3

component. Inwards ofr ∼ 30′′, the elongation is rather unconstrained — mainly because ofthe larger
uncertainty in the derived inclination, which enters into the uncertainty inǫpot as a fourth power. The
weighted mean elongation of the potential is fairly small with 〈ǫpot sin(2ϕ2)〉 = 0.017± 0.020, and
within the uncertainties consistent with zero.

As mentioned in Section 2.4,RESWRIcreates residual velocity fields, which can be used to quan-
tify the signal which was not captured in the harmonic expansion. For NGC 3198, we find a median
absolute value of∼ 2.6 kms−1, showing that a harmonic decomposition up to third order is capable of
capturing most non-circular motions. This is addressed more fully in Section 2.6.4.1.

The results from the harmonic decompositions are summarized (for all galaxies) in Table 2.3 and
detailed descriptions for all galaxies are given in Appendix 2.A.



16 2. DYNAMICAL CENTERS AND NON-CIRCULAR MOTIONS IN THINGS GALAXIES

FIG. 2.2: This figure shows the inner 150′′ × 150′′ of NGC 3198. The integrated natural-weighted HI map is shown in
grayscales. The beam is indicated in the bottom-left corner. The black contours show iso-velocity contours from the hermite
velocity field. The thick black contour is shown at 663 kms−1 and represents the systemic velocity given in de Blok et al.
(2008). The other velocity contours are spaced by 25 kms−1. The thin black contours overlaid on the thick white contours
represent the 3.6µm IRAC image. They are drawn at 2, 5, 10, 20, and 50 percent of the maximum intensity level. The
white contours represent the THINGS radio continuum map, and are drawn at 10, 20, and 50 percent of the peak intensity.
The black dots indicate the individual center positions from ROTCURand the black cross represents the derived dynamical
center together with its uncertainty. The derived center from the 3.6µm image is shown as a gray, filled triangle, whereas
the one from the radio continuum is shown as a black, open triangle. Inset: To better highlight the different center estimates,
we show an inset of the innermost 18′′ in the upper-right corner. For clarity reasons we do not showthe HI grayscale and
velocity field contours here. The contours from the 3.6µm image are shown in black and are given at the same intensity
levels as in the main plot. The same holds for the radio continuum contours, which are shown here in gray. The individual
center estimates fromROTCUR are shown as small crosses. In the inset, the beam is indicated by the thick black dashed
ellipse and is centered on our best center position.

2.6 Results

In the previous section and in the detailed notes on the individual galaxies in Appendix 2.A, we show
how the center positions are derived and present the resultsof the harmonic decompositions. The
different center estimates are summarized in Table 2.2, where our adopted positions are shown in bold
face. The results from the harmonic decomposition are summarized in Table 2.3.

In this section, we will put these results in context and address some of the astrophysical questions
discussed in the Introduction. Section 2.6.1 will deal withthe results of the center estimates, whereas



2.6. Results 17

FIG. 2.3: Left: circular (c1), and non-circular (c2, c3, s1, s2, s3) harmonic components (derived according to Eq. 2.3), all
corrected for inclination and plottedvs. radius. The dashed vertical line in the panel showing the distribution ofc1 indicates
the radius corresponding to 1 kpc.Right: systemic velocityc0, inclination and position angle, plottedvs. radius. The
dashed horizontal lines represent the error weighted means. The inclination and position angle are from the tilted-ring fit
assuming circular rotation. The error bars shown in all panels of this figure are the formal uncertainties fromRESWRI.

FIG. 2.4: Left: Ãm, the median amplitudes of the individual harmonic components, derived following Eqs. 2.6 and 2.7,
plottedvs. harmonic numberm. The error bars denote the upper and lower quartile of the distribution of Am(r). We have
calculated the median amplitudes twice: once for the entireradial range (filled circles), and once for the inner 1 kpc (open
circles). Note that in the case of NGC 3198, the median for theinner 1 kpc has no error bars, as the inner 1 kpc contains
only one data point.Middle: Ar (r), the quadratically added amplitude of all non-circular components (derived following
Eq. 2.8)vs. radius. The errors were estimated assuming Gaussian error propagation. For most radii, the amplitude is
Ar(r) ≤ 8kms−1. Right: the radial distribution of the elongation of the potential,ǫpot sin(2ϕ2), derived according to Eq. 2.5.
The uncertainties are also estimated assuming Gaussian error propagation. The elongation is fairly unconstrained in the
inner∼ 30′′, mainly because of the large uncertainty in the inclination, which enters into the uncertainty ofǫpot as a fourth
power. The weighted mean elongation (and its standard deviation) are represented by the horizontal dotted (and dashed)
lines. The weighted mean elongation of NGC 3198 is〈ǫpot sin(2ϕ2)〉 = 0.017± 0.020, and thus consistent with a round
potential.



18 2. DYNAMICAL CENTERS AND NON-CIRCULAR MOTIONS IN THINGS GALAXIES

TABLE 2.2: Center positions for the galaxies in the sample.

Name kinematic (ROTCUR) center 3.6µm center radio continuum center
α2000 δ2000 α2000 δ2000 α2000 δ2000

(h m s) (◦ ′ ′′) (h m s) (◦ ′ ′′) (h m s) (◦ ′ ′′)

NGC 925 02 27 16.5±0.7 +33 34 43.5±4.1 02 27 17.0a +33 34 42.4a · · · · · ·
NGC 2366 07 28 53.9±0.7 +69 12 37.4±7.8 07 28 53.4a +69 12 40.3a · · · · · ·
NGC 2403 07 36 51.1±0.9 +65 36 02.9±4.2 07 36 51.0a +65 36 02.1a · · · · · ·
NGC 2841 09 22 02.6±0.1 +50 58 35.3±1.0 09 22 02.7 +50 58 35.4 09 22 02.7 +50 58 35.4
NGC 2903 09 32 10.0±0.2 +21 30 02.5±2.2 09 32 10.1 +21 30 04.9 09 32 10.1 +21 30 04.3
NGC 2976 09 47 14.9±0.5 +67 55 00.8±1.4 09 47 15.3 +67 55 00.0 · · · · · ·
NGC 3031 09 55 33.5±0.6 +69 03 52.0±3.9 09 55 33.3 +69 03 54.6 09 55 33.1 +69 03 54.7
NGC 3198 10 19 55.0±0.2 +45 32 59.2±2.0 10 19 55.0 +45 32 59.1 10 19 55.0 +45 32 58.9
IC 2574b 10 28 27.5±2.7 +68 24 58.7±10.4 · · · · · · · · · · · ·
NGC 3521 11 05 48.6±0.1 −00 02 08.4±1.4 11 05 48.6 −00 02 09.2 · · · · · ·
NGC 3621 11 18 16.6±0.2 −32 48 48.5±6.5 11 18 16.5 −32 48 50.9 · · · · · ·
NGC 3627 11 20 15.3±0.2 +12 59 22.7±4.8 11 20 15.0 +12 59 29.2 11 20 15.0 +12 59 29.6
NGC 4736 12 50 53.0±0.2 +41 07 14.2±2.0 12 50 53.1 +41 07 11.9 12 50 53.0 +41 07 13.2
DDO 154 12 54 05.9±0.2 +27 09 09.9±3.4 · · · · · · · · · · · ·
NGC 4826 12 56 43.6±0.1 +21 40 59.3±0.8 12 56 43.6 +21 40 59.2 12 56 43.6 +21 41 00.3
NGC 5055 13 15 49.3±0.2 +42 01 45.1±1.3 13.15 49.3 +42 01 45.5 13 15 49.2 +42 01 45.3
NGC 6946 20 34 52.4±0.6 +60 09 11.8±5.9 20 34 52.3 +60 09 14.3 20 34 52.2 +60 09 14.4
NGC 7331 22 37 04.1±0.1 +34 24 54.4±2.2 22 37 04.1 +34 24 56.5 · · · · · ·
NGC 7793 23 57 49.8±0.2 −32 35 25.2±2.1 23 57 49.7 −32 35 27.9 · · · · · ·

aDerived by fitting ellipses withELLFIT
bThe center coordinates of IC2574 were derived using a bulk velocity field cleared of non-circular motions as presented

in Oh et al. (2008)
NOTES: The uncertainties in theROTCUR centers are given in units of seconds (for right ascension)
and arcseconds (for declination). The center position chosen for subsequent analysis is shown in bold
face.

Section 2.6.2 deals with the results of the harmonic decompositions. In Section 2.6.3, we compare
the latter with predictions from CDM simulations. In Section 2.6.4, we present and discuss several
consistency checks which we applied to test our methods.

2.6.1 Quality of the center estimates

In this section, we discuss the quality and reliability of our center positions. An intrinsically cuspy
density profile can be mistaken for a flat, constant-density one, if possible offsets between the kine-
matic and the photometric center of a galaxy are ignored. Using the photometric center to derive a
rotation curve or a mass model in the presence of such an offset will result in a less steep rotation
curve and density profile. A potential cusp could then appearas a core-like density profile.

As we have determined the kinematic and photometric centersof the galaxies in our sample, we
can directly test if such offsets exist. This is shown in Fig.2.5, where we show the offsets between
the dynamical and the best (photometric) center estimates for the 15 galaxies in our sample with well-
constrained photometric centers. For 13 out of the 15 galaxies shown in Fig. 2.5, the dynamical center
differs by less than the size of one beam from the best (photometric) center — and for 10 galaxies the
agreement is even better than half the size of the beam. Only two galaxies (NGC 3627 and NGC 6946)
show moderate offsets of between one and two beam sizes. Given that the former galaxy is extremely
asymmetric and the latter has a low inclination which makes fitting tilted-rings more difficult, these
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TABLE 2.3: Derived quantities from the harmonic decomposition.

Name Ãr Ãr,1kpc Ãr/Vmax 〈ǫpot sin(2ϕ2)〉 M̃resid rmax

km s−1 km s−1 percent km s−1 ′′

(1) (2) (3) (4) (5) (6) (7)

NGC 925 6.30+1.63
−1.74 9.45+0.64

−2.98 5.5 0.000± 0.046 3.0 282

NGC 2366 2.94+1.46
−1.24 1.17+0.12

−0.40 5.3 0.004± 0.066 2.4 252

NGC 2403 4.03+1.39
−1.33 2.60+0.59

−0.48 3.0 −0.022± 0.025 2.9 950

NGC 2841 6.71+4.67
−3.54 · · · 2.6 −0.001± 0.014 3.5 635

NGC 2903 6.10+3.64
−2.68 13.55+2.70

−6.18 3.2 0.006± 0.028 2.8 602

NGC 2976 2.81+0.75
−1.18 2.18+0.77

−0.55 3.5 −0.010± 0.018 2.1 147

NGC 3031 9.14+2.08
−3.05 · · · 4.6 0.007± 0.045 3.0 840

NGC 3198 4.49+1.00
−0.91 1.50a 3.0 0.016± 0.020 2.6 565

IC 2574 3.75+1.78
−1.04 1.36+0.49

−0.06 5.4 0.012± 0.047 2.7 505

NGC 3521 8.80+3.45
−4.62 3.12+12.67

−1.77 4.2 0.017± 0.019 4.5 415

NGC 3621 3.36+1.00
−1.09 5.52+0.94

−3.21 2.4 0.002± 0.022 2.3 600

NGC 3627 28.49+10.91
−5.87 · · · 14.7 −0.024± 0.071 3.6 165

NGC 4736 10.01+3.63
−2.14 8.79+1.87

−1.56 8.3 −0.055± 0.149 2.5 400

DDO 154 1.61+0.42
−0.65 1.43+0.14

−0.53 3.4 0.024± 0.033 1.2 325

NGC 5055 4.11+1.61
−0.73 8.38+11.14

−2.60 2.2 −0.003± 0.025 3.1 450

NGC 6946 7.28+3.12
−2.88 · · · 3.6 0.004± 0.069 3.4 420

NGC 7331 5.94+1.65
−1.21 · · · 2.6 −0.003± 0.017 4.2 297

NGC 7793 5.08+0.90
−1.677 3.41+0.64

−0.48 3.9 −0.067± 0.085 2.2 372

Sample mean 6.72 4.80 4.5 0.011 2.9
Sample rms 5.91 3.99 2.9 0.013 0.8

aThis value has no upper or lower quartile as the inner 1 kpc of NGC 3198 contain only one data point.

NOTES: (1): the name of the galaxy; (2):̃Ar , the median of the quadratically added amplitude of
the non-circular motions, averaged over the entire radial range. Error bars indicate the lower and
upper quartile; (3): same as (2) but averaged over the inner 1kpc only; (4): the percentage the non-
circular motions contribute to the maximum rotation velocity; (5): the weighted mean elongation
of the potential and its uncertainty; (6): the median of the absolute residual velocity field after the
harmonic decomposition; (7): maximum radius for the averaging of Ãr and ǫpot. The bottom two
rows contain the mean values and their rms over the entire sample. Forǫpot, this value represents the
weighted mean.

outliers can be understood and do not necessarily suggest a real offset between a dynamical and a
photometric center.
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The strength of the agreement we find does depend on how well-constrained the dynamical center
estimates are. A tightly constrained kinematic center position which agrees with a well-determined
photometric center allows one to draw strong conclusions. Aweakly constrained kinematic center less
so, as the increased uncertainties allow agreement with a whole range of photometric centers, as long
as they are located somewhere near the kinematic center. To test the strength of our conclusions we
therefore determine for each galaxy the offsets between thecenters of individual tilted-rings and the
best center estimate. As the outer parts of the galaxies tendto be affected by warps and asymmetries,
we restrict this analysis to the data points in the inner halfof each galaxy (i.e., those withr < 0.5rmax,
wherermax is the maximum radius to which our analysis extends, cf. Col (7) of Table 2.3). In Fig. 2.6,
we show a histogram of the distribution of these offsets in terms of beam size for all galaxies in our
sample. Approximately 50 percent of the center positions ofthe∼1000 individual tilted-rings differ
less than one beam from our best center position. Another 25 percent show an offset between one and
two beam sizes and only a small fraction shows large offsets.Note that the center positions of some
of the tilted-rings can be affected by the presence of spiralarms and other features. Large offsets for
individual rings do therefore not necessarily imply intrinsic offsets between center positions, but need
to be regarded within the context of the results for the wholegalaxy. The radial variation of the center
positions are shown in Fig. 2.1 for NGC 3198 and in the top panels of Figs. 2.23-2.40 for the other
galaxies in our sample.

Our results show that for the large majority of the galaxies studied here, the photometric and
kinematic center positions agree within their uncertainties and also to within a beam. See also Sec-
tion 2.6.4.4 where we evaluate the impact of a shift in centerposition on our results.

FIG. 2.5: The histogram shows the offset between
the dynamical and the best (photometric) center for
those 15 galaxies in our sample which have a well-
constrained photometric center position. The offset is
shown in terms of beam size. For 13 of the 15 galax-
ies, the different center estimates agree to within one
beam (typical beam size:∼ 10′′), showing that there is
no indication for a genuine and general offset between
kinematic and photometric centers in our sample.

FIG. 2.6: The histogram shows (for all galaxies in
our sample) the offset between the individual tilted-ring
center estimates and the corresponding best center po-
sition in terms of beam size. The typical beam size is
∼ 10′′ (this corresponds to a physical size of 170 pc−
750 pc). Only tilted-rings inwards ofr = 0.5rmax were
included. The histogram demonstrates that our dynam-
ical center estimates are well-constrained and in good
agreemend with the photometric center positions.

2.6.2 Results of the harmonic decomposition

Here, we discuss the results of the harmonic decompositionsin a more general way. For a description
of the results for individual galaxies we refer to Appendix 2.A. Note that our sample for this part of the
analysis contains only 18 and not 19 galaxies because we did not perform a harmonic decomposition
for NGC 4826, because of its sparsely filled tilted-rings (cf. the velocity field shown in de Blok et al.
2008).
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In the upper panels of Fig. 2.7, we show̃Ar vs.absolute magnitude and Hubble type. In all panels
of Fig. 2.7, we distinguish between barred and non–barred galaxies. The Hubble types, as well as
the bar classifications are based on NED. It is clear that the magnitude of the non-circular motions
decreases towards lower luminosities and later Hubble types. When these motions are expressed as
a fraction ofVtot, we see that their contribution is roughly independent of luminosity or Hubble type
(Fig. 2.7, middle panel). For 16 out of the 18 galaxies, the non-circular contribution is smaller than
6 percent ofVtot and its mean contribution is 4.5 percent. Both in the top and in the middle panel of
Fig. 2.7, barred galaxies do not stand out, except for NGC 3627. This is different if we look only at the
non-circular motions in the inner 1 kpc (Fig. 2.7, bottom panel). As expected, most barred galaxies
have rather high non-circular motions in the innermost region. Note that some galaxies are not shown
in these diagrams, as we have no data above a detection limit of 3 σ in their inner 1 kpc.

As a comparison, we also calculated the amplitude of the non-circular motions within the inner
2, 3, 4, and 5 kpc, using two different methods. The approach shown in Fig. 2.8 measures the non-
circular motions by taking the median of theAr(r) values within rings of 1 kpc width, as measured over
radii 0< r < 1 kpc, 1< r < 2 kpc, ..., 4< r < 5 kpc. Our second approach, shown in Fig. 2.9, simply
increases the radial range over which the amplitudes are averaged (0< r < 1 kpc, 0< r < 2 kpc, ...,
0< r < 5 kpc). In both cases, we have divided our sample into three absolute magnitude bins. It is
apparent from the two figures that galaxies with low luminosity have the lowest amplitudes of non-
circular motions in the inner parts, regardless of the chosen method (which is not surprising given the
smaller rotation velocity of low-luminosity galaxies). Since the approach shown in Fig 2.8 measures
the non-circular motions more locally than the method shownin Fig 2.9, it is also more affected by
local features like effects of star formation. For instance, the two relatively high amplitudes in the
4< r < 5 kpc bin of the bottom panel of Fig. 2.8 belong to IC 2574 and NGC 2366. The former has
a supergiant shell at those radii (see Walter et al. 1998), whereas the latter has a large star forming
region in its outer parts (see Oh et al. 2008 for an in-depth analysis of the small-scale non-circular
motions in these two galaxies). The only other low-luminosity galaxy in our sample which extends
out to 5 kpc radius (DDO 154) is completely quiescent in contrast. In the analysis shown in Fig. 2.9,
these effects have “averaged out”, due to the larger area used for the averaging.

However, no matter how they are binned, in absolute terms themeasured amplitudes of the non-
circular motions are small. In order to account for the different rotation velocities, we have normalized
the amplitudes shown in Figs. 2.8 and 2.9 by the local rotation velocity. The results are shown in
Figs. 2.10 and 2.11, respectively. For the large majority ofthe galaxies in our sample, the non-circular
motions in the inner few kpc contribute approximately ten percent to the local rotation velocity. Three
galaxies (NGC 925, NGC 2903, and IC 2574) contain non-circular motions larger than 20 percent of
the local rotation velocity. For NGC 925 and NGC 2903, it is likely that the large non-circular motions
are associated with their stellar bars, especially as Figs.2.10 and 2.11 indicate that large non-circular
motions in the central parts are predominantly found in barred galaxies. For IC 2574, the large ratio
between non-circular and circular motions is mainly causedby its small rotation velocity in the inner
1 kpc, which is 15 kms−1 at r = 1 kpc. The amplitudes of the non-circular motions (in the inner 1
kpc) do not exceed 2.25 kms−1 for any tilted-ring. However, the work of Oh et al. (2008), who use a
special “bulk” velocity field cleared of non-circular motions shows that even after a correct appraisal
of the non-circular motions in IC 2574, its density profile iscored rather than cuspy.

We will now discuss the elongation of the potential (see Fig.2.12). The elongation of the potential
shows neither a trend with absolute magnitude, nor with Hubble type. If the influence of the disk
decreases with baryonic mass, and if the dark matter halos are indeed tri-axial (or more precisely,
have an elliptical potential distortion in the plane of their disk, cf. Hayashi & Navarro 2006), then
one would expect the measured elongations to increase with decreasing (baryonic) mass. However,
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FIG. 2.7: The non-circular motions measured in different ways for our entire sample. Barred galaxies are shown as
filled circles, non–barred as open circles.Top panel: Median amplitude of the non-circular motions (Ãr) on a logarithmic
scalevs. absolute magnitude (left) and Hubble type (right). Error bars indicate the upper and lower quartile of the radial
distribution ofÃr . Middle panel: The percentage the non-circular motions contribute to the maximum rotation velocityvs.
absolute magnitude (left) and Hubble type (right).Bottom panel: Like top panel, but the averaging was restricted to the
inner 1 kpc of the galaxies. Note that for five galaxies, the data do not show significant amounts of HI in the inner kpc, and
they are therefore not shown in the two bottom panels.

no such trend is seen in our data. The weighted average elongation and its standard deviation are
〈ǫpot sin(2ϕ2)〉 = 0.011± 0.013. This elongation and the individual elongation measurements still
contain an unknown viewing angle, for which one can apply a statistical correction by dividing the
elongation by the expectation value ofϕ2, 2/π (middle panel of Fig. 2.12). The average, corrected
elongation is〈ǫpot〉 = 0.017±0.020, i.e., consistent with a round potential.

2.6.3 Comparison with predictions from simulations

Several authors have reported that CDM halos are triaxial objects (e.g., Frenk et al. 1988; Dubinski
1994; Hayashi et al. 2004a; Moore et al. 2004; Kasun & Evrard 2005; Hayashi & Navarro 2006;
Hayashi et al. 2007). We compare our results with predictions based on cosmologicalΛCDM sim-
ulations. Hayashi et al. (2004a) and Hayashi & Navarro (2006) present models where they use an
elliptical distortion of the gravitational potential (mimicking a tri-axial halo) to explain the observed
solid-body rotation curves of dwarfs and LSB galaxies within a CDM context. This distortion affects
the orbits and thus also the rotation curve. In this picture,the major axis rotation curve depends on
the viewing angle of the elliptical distortion. This viewing angle can be chosen in such a way that
the major axis rotation curve in the elliptical potential looks identical to what it would have been, had
the gas been on circular orbits (i.e., without elliptical distortion and without non-circular motions).
It would therefore hide the presence of the disturbance due to tri-axiality and look like a solid-body
rotation curve.



2.6. Results 23

FIG. 2.8: The amplitude of the non-circular mo-
tions within rings of 1 kpc width (i.e., 0< r < 1 kpc,
1 < r < 2 kpc, ..., 4< r < 5 kpc) for each galaxy (if
data available). All measurements of a specific galaxy
are connected by a line. Filled symbols correspond to
barred galaxies, open symbols to non–barred galaxies.
We divide the plot into three subpanels. The top panel
contains all galaxies withMB < −20.5, the middle panel
those with−20.5 ≤ MB ≤ −18.5 and the bottom panel
all galaxies withMB > −18.5.

FIG. 2.9: Like Fig. 2.8, but the amplitude of the
non-circular motions were averaged within rings of in-
creasing radius (i.e., 0< r < 1 kpc, 0< r < 2 kpc, ...,
0 < r < 5 kpc). As the region over which the non-
circular motions are averaged increases outwards, the
amplitudes shown are less affected by local features
such as the effects of star formation.

However, even if the angle is adjusted in such a way, the minoraxis rotation curve of the tri-
axial case would still show large streaming motions. These can be up to 15 percent of the maximum
rotation velocity. As we show in Figs. 2.7, 2.8, and 2.9, the observed non-circular motions in our
sample are generally much smaller and never reach 15 percentof the total rotation (see also the minor-
axis position-velocity diagrams presented in de Blok et al.2008). We have shown that relatively high
(but still small in absolute terms) non-circular motions inthe inner parts of the galaxies are always
found in bright and/or barred galaxies. Given that the central parts of bright galaxies are dominated
by baryonic matter, this could indicate that these non-circular motions are caused by baryons rather
than a tri-axial dark matter halo.

In Figs. 2.10 and 2.11, we normalize the amplitudes of the non-circular motions by the local
(circular) rotation velocity. At a radius of 1 kpc, Hayashi et al. (2004a) report non-circular motions as
high as 50 percent of the local rotation velocity. At smallerradii, the contribution of the non-circular
motions is even larger. The results shown in Figs. 2.10 and 2.11, however, show that for the large
majority of the galaxies in our sample, the non-circular motions are only as high as ten percent of
the local rotation velocity. Only in one barred galaxy (NGC 925) do the non-circular motions reach
an amplitude close to 50 percent of the local rotation velocity in the inner 1 kpc. The dwarf galaxies
(bottom panels of Figs. 2.10 and 2.11) are of most interest here, as the cusp/core problem shows itself
most clearly for them. The non-circular motions in three outof the four dwarfs in our sample (NGC
2366, NGC 2976, and DDO 154) contribute only ten percent to the local rotation velocity. Therefore,
the non-circular motions in these galaxies do not significantly affect the mass models presented in
de Blok et al. (2008) and Oh et al. (2008) and preclude the possibility that their cored density profiles
(cf. aforementioned papers) are intrinsic cuspy profiles which have been artificially flattened by large
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FIG. 2.10: Like Fig. 2.8, but the amplitudes of the
non-circular motions are normalized by the local rota-
tion velocity. Except for a few galaxies, the non-circular
motions in the inner few kpc have an amplitude of∼ 10
percent of the local rotation velocity, irrespective of the
galaxies’ luminosity. Only three galaxies have non-
circular motions in their centers which are larger than
20 percent of the local rotation velocity. Note also that
large non-circular motions (in relative terms) are pre-
dominantly found in barred galaxies.

FIG. 2.11: Like Fig. 2.9, but the amplitudes of the
non-circular motions are normalized by the local ro-
tation velocity. Analogous to Fig. 2.9, the increasing
region for the averaging of the non-circular motions
causes the amplitudes to be somewhat less affected by
local features such as the effects of star formation.

non-circular motions. The non-circular motions in IC 2574 amount to∼ 26 percent of the local
rotation velocity for the inner 1 kpc. Even though this is still much smaller than what is predicted
by Hayashi et al. (2004a), the unambiguous derivation of thedensity slope might be hindered if one
assumes circular rotation. Oh et al. (2008), however, show that even after a correct appraisal of the
non-circular motions in IC 2574, its density profile is stillinconsistent with an NFW profile, but is
better approximated with a pseudo-isothermal halo.

The gravitational potential in the simulations of Hayashi &Navarro (2006) is elongated in the
inner parts as〈ǫpot〉 = 0.2±0.1 (their Fig. 3). All but two of the individual elongation measurements
presented here are systematically lower than those predictions and consistent with a round potential,
although some have large enough error bars to make them marginally consistent with the lower end
of the CDM predictions. The measurements for two galaxies (NGC 4736 and NGC 7793) have suf-
ficiently large uncertainties to make them marginally consistent with the CDM predictions, though a
rounder potential is preferred.

If DM halos do indeed have an elliptical distortion in their inner parts, we would expect to find
higher elongations there. To test this idea, we have also determined the elongations of the potential by
using only data out tor = 0.5rmax (bottom panel of Fig. 2.12). The individual elongation measurements
do not change significantly if averaged only over the inner half of the disk. Their weighted mean
(〈ǫpot〉 = 0.016± 0.015) is not significantly different from the value obtained by averaging over the
entire disk (〈ǫpot〉 = 0.017±0.020) and we therefore see no indication that the gravitational potential
is more elongated towards the center of the galaxies.



2.6. Results 25

FIG. 2.12: Top panel: Elongation of the potentialvs. absolute magnitude (left) and Hubble type (right). The horizontal
lines represent the weighted mean and its standard deviation (〈ǫpot sin(2ϕ2)〉 = 0.011±0.013). Barred galaxies are shown
as filled circles, non–barred ones as open circles. The distribution of 〈ǫpot sin(2ϕ2)〉 shows neither a trend with luminosity,
nor with Hubble type. Middle panel: Like top panel, but a statistical correction for the unknownviewing angle was
applied to the individual elongation measurements and to their mean and standard deviation. The hatched area indicates
the CDM predictions by Hayashi & Navarro (2006). The elongations of the large majority of the galaxies shown here are
systematically lower (rounder) than what is predicted by CDM simulations, although the measurements for some galaxies
have large enough error bars to make them marginally consistent with the lower end of the CDM predictions.Bottom
panel: Like middle panel, but we averaged the elongation of the potential not over the entire radial range, but only out
to r < 0.5rmax (rmax is the maximum radius to which our analysis extends). This has generally only little effect on the
individual elongation measurements. The mean value has notchanged (〈ǫpot〉 = 0.017±0.020 vs. 〈ǫpot〉 = 0.016±0.015)
and we therefore do not see an indication that the elongationof the potentials increase inwards.

2.6.4 Consistency Checks

In this section, we compare the results of our harmonic decomposition with the traditional tilted-ring
analysis presented in de Blok et al. (2008). Additionally, we present quality controls which show the
limitations of our methods, test and validate our current results as well as indicate room for improve-
ment.

2.6.4.1 ROTCURvs. RESWRI: residual velocity fields

Here, we compare the residual velocity fields from theROTCURanalysis by de Blok et al. (2008) with
those from our analysis withRESWRI. As mentioned in Section 2.4, the residual velocity fields are
derived by subtracting a model using the final parameter estimates from the original data. For both
types of residual fields, we calculate the median and the lower and upper quartile of theabsolute
residual velocity fields. These are compared in Fig. 2.13. Itis clear that all galaxies have larger
residuals in theROTCUR analysis than they have in theRESWRI analysis. This is of course to be
expected, given thatROTCUR considers only circular motion, whileRESWRI also takes non-circular
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motions into account. Nevertheless, it is a quality test which shows that our results are behaving in the
expected manner. The largest median amplitude of the residual RESWRI velocity fields is 4.5 kms−1

(for NGC 3521). The average value of the sample is 2.9 kms−1, which clearly shows that a harmonic
expansion up to third order is capable of capturing the majority of the non-circular motions in most
galaxies.

Looking at Fig. 2.13, it becomes also clear that galaxies with smallROTCUR residuals also have
small RESWRI residuals. SmallROTCUR residuals, however, indicate that a model assuming circular
rotation already provides a good approximation. Therefore, it is to be expected that these galaxies
show only small non-circular motions. This expectation is tested in Fig. 2.14, where we plot the
median values of the absolute residual velocity fields from de Blok et al. (2008)vs. the median am-
plitudesÃr of the non-circular motions from our harmonic decompositions. Most galaxies are located
near the line of unity, showing that our expectation is indeed correct. The only real outlier in Fig. 2.14
is NGC 3627, which is clearly offset from all other galaxies as it has — despite its large non-circular
motions (̃Ar ∼ 28.5 kms−1) — only moderateROTCUR residuals. The results for the other galaxies,
however, show that even a simple model considering only circular rotation can fit most galaxies quite
well. These small residuals therefore demonstrate (independently from ourRESWRI analysis) that
non-circular motions are generally small.

FIG. 2.13: Median of the absolute residual velocity
field from the rotation curve analysis of de Blok et al.
(2008) vs. the one from the harmonic decomposition
presented in this chapter. The error bars indicate the
lower and upper quartile, the solid line represents a one–
to–one relation, and the dashed line the unweighted
least square fit through the data points. The residuals
in the traditionalROTCUR analysis are all larger than
those from theRESWRI fits, as expected. The differ-
ence between the solid line and dashed line is due to the
non-circular motions quantified in this chapter.

FIG. 2.14: Median of the absolute residual velocity
field from the rotation curve analysis in de Blok et al.
(2008) vs. Ãr , the median of the (radially averaged)
quadratically added amplitudes of the non-circular mo-
tions quantified in this chapter. The error bars indicate
the lower and upper quartile. Galaxies with large resid-
uals in theROTCURfits show generally also larger non-
circular motions. The outlier in the upper part of the
panel is NGC 3627, which shows large non-circular mo-
tions, but only moderate residuals in theROTCURanal-
ysis by de Blok et al. (2008).



2.6. Results 27

2.6.4.2 Making prior assumptions during theRESWRI runs

The rotation curves of all galaxies in our sample were derived and discussed in detail by de Blok et al.
(2008). The general procedure for the derivation of a rotation curve includes keeping some parameters
fixed in the tilted-ring fits, thus reducing the number of freeparameters for each individual fit with
ROTCUR. In the current analysis we derive all tilted-ring parameters in a single fit with all parameters
left free and do not attempt to correct for the motions induced by, e.g., star formation or spiral arms.
Thus, it is expected that the tilted-ring parameters derived by us differ to some extent from the ones
derived by de Blok et al. (2008). In order to check this and to estimate the impact on our results,
we compare the derived values for our unconstrained harmonic decompositions with those from con-
strained decompositions with PA andi fixed to the final values from de Blok et al. (2008). We apply
this test to two representative galaxies, NGC 3198 and DDO 154, a spiral galaxy and a dwarf irregular.

In the case of NGC 3198 (Fig. 2.15), most values agree remarkably well between the constrained
and the unconstrained fit. Because de Blok et al. (2008) have assumed a constant inclination in the
inner parts (in order to compensate for effects caused by spiral arms), our unconstrained values differ
slightly in this region. Note though that the effect on the rotation curve is negligible. Fixing the
inclination has the predictable effect that thec3 term reaches values of a few kms−1 as this term
tries to compensate for the effect the spiral arms have on thevelocity field. The impact of this,
however, is minor, as one can see in the distribution ofAr(r) and Ãm as well as in the negligible
difference in the derived rotation velocity. The elongation of the potential is also largely unaffected
by constrainingi and PA. The only noticeable differences are the different-sized error bars. As the
inclination contributes to the fourth power to the error of the elongation of the potential, the error bars
are naturally smaller in the case of a fixed inclination.

For DDO 154 (Fig. 2.16), the differences between the harmonic components of the two decompo-
sitions are generally of the order of∼ 1 kms−1. The inclinations in the unconstrained fit differ inwards
of r ≈ 80′′ from the ones in the constrained fit. This is because of the close-to solid-body rotation of
DDO 154, which makes the simultaneous determination of the correct inclination difficult. The im-
pact on the results, even in the inner 80′′, is nevertheless small. For instance, the derived rotation
velocities are indistinguishable between the two decompositions.

Our tests using NGC 3198 and DDO 154 showed that fixing parameters to the final values from
de Blok et al. (2008) does not change our results in a significant way. Nevertheless, in this study we
prefer free parameters as opposed to fixed ones in order to avoid being unwittingly affected by any
particular choices for tilted-ring parameters.

2.6.4.3 Hermitevs. Intensity weighted mean VF

Hermite velocity fields differ from intensity weighted mean(IWM) velocity fields when dealing with
asymmetric (i.e., non-Gaussian) profiles. It was noted, e.g., by de Blok et al. (2008), that hermite ve-
locity fields better reproduce the velocity of the peak intensity of the profile, as their analytical function
includes anh3 (skewness) term (see, e.g., van der Marel & Franx 1993). For adetailed overview of
the different types of velocity fields we refer to the discussion in de Blok et al. (2008).

As we are using the hermite velocity fields, an investigationof how using IWM velocity fields
affects our analysis, if at all, is warranted. We perform unconstrained harmonic decompositions with
RESWRIusing identical initial conditions on the hermite and on theIWM velocity fields of NGC 3198
and DDO 154. The results are summarized in Figs. 2.17 and 2.18, respectively. As small differences
between the two decompositions are visible, it is clear thathow a velocity field is created does play
a role in the analysis. A close inspection of the radial variation of the various quantities shown
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FIG. 2.15: The results of the unconstrained (black dots) and constrained (gray crosses) harmonic decomposition of NGC
3198. For the constrained fit, the inclination and position angle were fixed to the values from de Blok et al. (2008). The
layout of the figure is identical to that of Figs. 2.3 and 2.4, except that we do not show any weighted means in the panels on
the right-hand side. The parameters that are plotted in thisfigure are defined in Section 2.5. The constant inclination inthe
inner parts of NGC 3198 cause a non-zeroc3 term which results in slightly higher non-circular motionsin the inner parts.

in both figures indicates that the radial variations are morepronounced in the case of the hermite
velocity field. The choice of the velocity field constructionmethod has, however, little impact on the
derived quantities (see, e.g., bottom panels of Figs. 2.17 and 2.18), and therefore does not change our
conclusions in any significant way.

2.6.4.4 Decomposition under the assumption of an incorrectcenter

In this section, we test the influence of an incorrect center position on our results. As test candidates,
we have chosen one galaxy where the position of the center is very well-defined (NGC 2841), and
one where the center is less obvious (NGC 2366). For both galaxies, we deliberately shift the center
positions used inRESWRI by 2′′, 4′′, 6′′, and 10′′ along their major and minor axes. The results of
the most extreme cases (10′′ offsets, i.e., approximately the beam size) are compared with the results
from our best center positions in Figs. 2.19-2.22.

For NGC 2366, the effect of an incorrectly chosen center is small, irrespective of whether the
center is shifted along the major (Fig. 2.19) or along the minor (Fig. 2.20) axis. For offsets along the
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FIG. 2.16: Like Fig. 2.15 but for DDO 154. The differences between the two decompositions are mostly negligible. The
close-to solid-body rotation of DDO 154 makes a determination of the inclination in the inner parts (in an unconstrainedfit)
more difficult. The impact of the less well-constrainedi is, however, small.

major (minor) axis, the median amplitude of the non-circular motions increases from̃Ar ∼ 3kms−1

for our best center position tõAr ∼ 3.5kms−1 (Ãr ∼ 4kms−1). Our results for the dwarf galaxy NGC
2366 are therefore unaffected by small offsets in the centerposition, indicating that for a rotation
curve showing close-to solid-body rotation, a modest offset from the true center position is not crucial
for the analysis presented here.

For NGC 2841, the situation is different. A 10′′ offset along the major axis (Fig. 2.21) already
increases the median amplitude of the non-circular motionsfrom Ãr ∼ 7kms−1 to Ãr ∼ 12kms−1. In
the case of an offset along the minor axis (Fig. 2.21), the increment is even larger (̃Ar ∼ 25kms−1).

Note that the difference in the harmonic components is mostly to be found in them = 2 term.
This is to be expected, as a galaxy will appear kinematicallylopsided if a center offset from the
dynamical center is chosen for the harmonic decomposition.Also note that, as expected, it is the
cosine coefficientc2 which shows the largest amplitude in the case of an offset along the major axis,
and the sine coefficients2 in the case of an offset along the minor axis.

For NGC 2841 — a galaxy with a steep and subsequently flat rotation curve — our results are
sensitive to the chosen center position and an offset centerwould clearly show itself by increased
non-circular motions. But this example is of course rather contrived, as for galaxies like NGC 2841,



30 2. DYNAMICAL CENTERS AND NON-CIRCULAR MOTIONS IN THINGS GALAXIES

FIG. 2.17: Harmonic analysis of NGC 3198 using the hermite velocity field (black dots) and the intensity weighted mean
velocity field (gray crosses). The layout of the figure is identical to that of Figs. 2.3 and 2.4, except that we do not show any
weighted means in the panels on the right-hand side. The differences between the derived quantities are small. The radial
variation of the harmonic components seems, however, more pronounced in the hermite velocity field.

the center is usually so well-defined that uncertainties of 10′′ as modeled here are unlikely to occur
within the THINGS sample.

We have shown that the results of a harmonic decomposition ofgalaxies like NGC 2841 (i.e.,
having a steep rotation curve) are sensitive to offsets in the galaxies’ center position. For NGC 2366,
i.e., a dwarf galaxy showing close-to solid-body rotation,our results are mostly insensitive to small
offsets in the center position. The less well-defined centerfor NGC 2366 does therefore not affect our
results of that galaxy.
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FIG. 2.18: Like Fig. 2.17 but for DDO 154.



32 2. DYNAMICAL CENTERS AND NON-CIRCULAR MOTIONS IN THINGS GALAXIES

FIG. 2.19: Harmonic analysis of NGC 2366 using our best center position (black) and a center position, offset by 10′′

along the major axis (gray). The layout of the figure is identical to that of Figs. 2.3 and 2.4, except that we do not show
any weighted means in the panels on the right-hand side. The difference between the two decompositions is marginal. The
offset center causes the median amplitude of the non-circular motions (dashed line in the panel showing the distribution of
Ar(r)) to increase from̃Ar ∼ 3kms−1 to Ãr ∼ 3.5kms−1, showing that a small offset along the major axis has no significant
effect on the derived quantities in the case of NGC 2366.
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FIG. 2.20: Like Fig. 2.19, but the harmonic analysis shown in gray is using a center position offset by 10′′ along the
minor axis. Although being larger than in the case of the offset along the major axis, the difference between the two
decompositions is still small. The offset center causes themedian amplitude of the non-circular motions (dashed line in the
panel showing the distribution ofAr (r)) to increase from̃Ar ∼ 3kms−1 to Ãr ∼ 4kms−1, showing that even a small offset
along the minor axis does not influence the derived quantities in a significant way in the case of a dwarf galaxy like NGC
2366.
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FIG. 2.21: Harmonic analysis of NGC 2841 using our best center position (black) and a center position, offset by 10′′

along the major axis (gray). The layout of the figure is identical to that of Figs. 2.3 and 2.4, except that we do not show any
weighted means in the panels on the right-hand side. For NGC 2841, the amount of non-circular motions increases clearly
when choosing an offset center. The largest differences arevisible in thec2 term. The median amplitude of the non-circular
motions (dashed-line in the panel showing the distributionof Ar(r)) increases from̃Ar ∼ 7kms−1 to Ãr ∼ 12kms−1, showing
that in the case of NGC 2841, an offset along the major axis will clearly show itself as an increase in the amplitudes of the
harmonic components.
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FIG. 2.22: Like Fig. 2.21, but the harmonic analysis shown in gray is using a center position offset by 10′′ along the
minor axis. For NGC 2841, the amount of non-circular motionsincreases clearly when choosing an offset center. The
largest differences are visible in thes2 term. Ãr (dashed-line in the panel showing the distribution ofAr(r)) increases
from Ãr ∼ 7kms−1 to Ãr ∼ 25kms−1, showing that in the case of NGC 2841, an offset along the minor axis will produce
significantly different results than if the dynamical center position is chosen.
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2.7 Summary and Conclusions

We have analyzed HI velocity fields of 19 THINGS disk and dwarf galaxies at the currently best
available spatial and spectral resolution. The observations, data reduction and analysis of all these
galaxies were done in an identical and homogeneous manner (Walter et al. 2008; de Blok et al. 2008).
We have determined the center positions of these 19 galaxiesby comparing the kinematic center
estimates with those from the radio continuum and/or NIR data.

We have derived reliable center positions and show that mostgalaxies in our sample do not exhibit
significant offsets between their kinematic and their optical centers. Some small offsets that were
found are explainable and not relevant for the debate about the inner slope of the mass density profile.
For 18 out of 19 galaxies from our sample, we have performed a harmonic decomposition of their
velocity fields with the aim of quantifying the amount of non-circular motions and deriving a lower
limit for the elongation of the potential.

Our results show that in the (large) majority of our sample galaxies, the effects of non-circular
motions are small, irrespective of whether these non-circular motions are measured in the inner few
kpc or over the entire radial range. Within our sample, the average amplitude of the non-circular
motions isÃr = 4.8±4.0 kms−1 for the inner 1 kpc and̃Ar = 6.7±5.9 kms−1 when averaged over the
entire radial range. High non-circular motions in the innerparts of the galaxies are mostly found in
barred, and/or luminous galaxies. The galaxies in our sample least dominated by baryonic matter (i.e.,
the low luminosity galaxies) show the smallest non-circular motions in the sample, especially in the
inner parts, indicating that non-circular motions might generally be associated with the baryons rather
than a tri-axial dark matter halo.

The inner few kpc of the large majority of the galaxies in our sample contain non-circular motions
of the order of ten percent of the local rotation velocity. Averaged over our sample, the median
amplitude of the non-circular motions in the inner 1 kpc is 8±3 percent of the local rotation velocity.
For three out of the four dwarf galaxies in our sample — which all show a cored density profile (see
de Blok et al. 2008; Oh et al. 2008) — the amplitudes of the non-circular motions amount to (at most)
ten percent of the local rotation velocity.

Whether the non-circular motions are expressed in absoluteterms or if they are normalized by the
local rotation velocity does not affect the conclusions: the amount of non-circular motions detected in
the majority of our galaxies is significantly smaller than what is expected from CDM simulations and
they are far too small to successfully “hide a cusp in a core” as proposed, e.g., by Hayashi & Navarro
(2006).

The average elongation of the gravitational potential and its scatter, both statistically corrected
for the unknown viewing angleϕ2, is 〈ǫpot〉 = 0.017± 0.020. This is significantly lower than the
predictions from cosmological simulations. The individual elongation measurements show that the
large majority of the galaxies in our sample have elongationmeasurements which are systematically
below the CDM predictions. The elongation of all galaxies inour sample is consistent with a round
potential, although some galaxies have large enough uncertainties to make them also (marginally)
consistent with the lower end of the predicted range for CDM halos. We therefore see no indication
for a significant tri-axiality within the HI disks of the THINGS galaxies.
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2.A Appendix: Description of individual galaxies

In this section, we present for each galaxy in our sample a detailed description of(a) the derivation
of the center position, and(b) the results of the harmonic decomposition. The galaxies arepresented
in order of increasing right ascension. The results are presented in graphical form in Figs. 2.23-
2.40. Channel maps, optical images and moment maps for the galaxies in our sample are given in
Walter et al. (2008). The hermite velocity fields are shown inFigs. 3.13-3.29 in the Appendix 3.A.
The different center estimates are summarized in Table 2.2,where our adopted best center positions
are shown in bold face. The results from the harmonic decomposition are summarized in Table 2.3.

2.A.1 NGC 925 (Fig. 2.23)

a) Center estimates

NGC 925 is a barred late-type spiral galaxy whose HI disk looks rather clumpy. The 3.6µm IRAC
image shows a weak central bar and two spiral arms in the outerregion. NGC 925 lacks a clear
center in the IRAC image as well as in the radio continuum. We usedELLFIT at varying isophote
levels to derive a central position from the IRAC image. Thiscenter is offset from the pointing center
by δX = −0.′′8 andδY = −2.′′6 (i.e., towards the south-east) and was used as an initial estimate for a
ROTCUR run with all parameters left free. Averaging the values forδX, δY over the region not too
heavily affected by spiral arms and asymmetries (r ≤ 121′′, see top row of Fig. 2.23) results in a center
position offset from the pointing center byδX = 4.′′4±8.′′3 andδY = −1.′′5±4.′′2. As this position is
consistent with the center from the IRAC image (see row 2 of Fig. 2.23), we adopt the former one as
our best center for NGC 925.

b) Harmonic expansion

The fitted values for the inclination show a lot of scatter in the inner 100′′. This is partially caused
by the near solid-body rotation in that region, which makes determining a kinematic inclination more
difficult. Note that in the case of pure solid-body rotation,VROT and sin(i) are degenerate and cannot
be fitted simultaneously. However, we seldom have to deal with pure solid-body rotation, but more
usually with near solid-body rotation, which gives the algorithm some handle on the fitted values.
Although the amplitudes of the individual components are not constant over the radial range, the
median amplitudes of all harmonic orders are relatively small ( Ãm ≤ 5 kms−1 when averaged over
the entire galaxy). The median amplitudes are slightly higher if one averages over the inner 1 kpc
only, which might be due to the stellar bar.̃Ar is ∼ 6.3 kms−1 if averaged over the entire range
and∼ 9.5 kms−1 if averaged over the inner 1 kpc only (see also Table 2.3). Theelongation of the
potential is unconstrained inwards ofr ≈ 100′′, mainly because of the large uncertainties for the
derived inclination (which enters into the uncertainty inǫpot as a fourth power). Its weighted mean is
consistent with a round potential (〈ǫpot sin(2ϕ2)〉 = 0.000±0.046, see again Table 2.3). The median of
the absolute residual velocity field is 3.0 kms−1, showing that a harmonic decomposition up to third
order was able to capture most non-circular motions presentin NGC 925.

2.A.2 NGC 2366 (Fig. 2.24)

a) Center estimates

NGC 2366 is classified as a dwarf irregular and belongs, like NGC 2403, to the M81 group. As
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for all the other dwarf galaxies in the sample presented here, the 3.6µm IRAC image and the radio
continuum map do not show a nuclear source. We derived the center of the emission in the IRAC
image by usingELLFIT at varying isophote levels. The IRAC center is offset from the pointing center
by δX = 7.′′8±0.′′6 andδY = −18.′′0±1.′′8. This center estimate was used for aROTCUR run with all
parameters left free. We averaged the derived values forδX, δY for r ≤ 200′′ (see row 1 in Fig. 2.24),
but excluded the discrepant data points between 70′′ ≤ r ≤ 100′′. The resulting dynamical center is
offset from the pointing center byδX = 5.′′2±3.′′5 andδY = −19.′′2±7.′′7, and within the uncertainties
consistent with the center position derived from the IRAC image (see row 2 of Fig. 2.24). Deriving a
kinematic center by averaging over all data points out tor = 200′′ gives a consistent center estimate,
though with a larger scatter (δX = 2.′′9± 6.′′5, δY = −18.′′5± 7.′′9). Therefore, we adopt the former
kinematic estimate as our final center position.

b) Harmonic expansion

NGC 2366 shows no clear signs of spiral structure. Its rotation curve is clearly dominated by near
solid-body rotation, making it difficult to determine the rotation velocity andi simultaneously. At
r ∼ 100′′, the systemic velocityc0 rises from∼ 100 kms−1 to ∼ 105 kms−1. At the same radius, the
amplitude ofs2 “jumps” from∼ 0 kms−1 to∼ 4 kms−1 and decreases then to−4kms−1 in the outskirts
of NGC 2366. The distribution ofAr(r) shows that the largest amount of non-circular motions is to
be found in the outer parts of NGC 2366, and that the inner 1 kpcexhibit only minor non-circular
motions. The weighted mean elongation is〈ǫpot sin(2ϕ2)〉 = 0.003± 0.067 and the median of the
absolute residual velocity field is 2.4 kms−1, once again showing that the galaxy has a round potential
and that there are no large non-circular motions present in them> 3 terms.

2.A.3 NGC 2403 (Fig. 2.25)

a) Center estimates

NGC 2403 belongs to the M81 group, and is a late-type Sc spiral. Its 3.6µm IRAC image shows
multiple spiral arms and a bright central component. However, neither the IRAC image, nor the radio
continuum map show a nuclear source. Therefore, we used 3.6µm isophote fits to determine center
coordinates and used the resulting center position (δX=−4.′′7, δY=−13.′′6) as an initial estimate for
an unconstrainedROTCUR run. As can be seen in the first row of Fig. 2.25,δX and δY stay fairly
constant over a large part of the galaxy. We determine the dynamical center by averaging the values
for r ≤ 220′′, thus excluding the radii whereδX changes considerably, probably due to the spiral
arm located at that radius. The offset from the pointing center is δX = −5.′′2± 5.′′2 to the east and
δY = −12.′′8±4.′′1 to the south. AveragingδX andδY over a larger part of the galaxy gives comparable
results but with a larger scatter. Given the agreement between the dynamical center estimate and the
center as derived using the IRAC image, we adopt ther ≤ 220′′ kinematic center estimate as our best
center position.

b) Harmonic expansion

The radial variation of the inclination is only∼ 5◦, except at a few inner radii. The PA shows a steep
inner rise, a flat outer part and a dip atr ≈ 200′′, which coincides with a high amplitude in thec2 and
s2 components. Inspection of the integrated HI map shows a spiral arm crossing at this radius. Thes1

ands3 components also show the characteristic wiggles caused by spiral arms. Additionally,s3 has a
small offset from zero, which through Eq. 2.5 can indicate a slightly elongated potential. The average
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elongation of NGC 2403, however, is〈ǫpot sin(2ϕ2)〉 = −0.022±0.025, and therefore consistent with
a round potential. The distribution of̃Am shows that the individual harmonic orders contribute only
∼ 2 percent toVtot, indicating that non-circular motions play a minor role in NGC 2403. The latter
can also be seen in the distribution ofAr(r).

2.A.4 NGC 2841 (Fig. 2.26)

a) Center estimates

NGC 2841 is an early-type spiral galaxy. Its HI distribution has a central hole and the IRAC 3.6µm
image shows a distinctive bulge and a flocculent spiral structure. The radio continuum map of NGC
2841 shows a strong nuclear source coinciding within 0.′′2 with the position of the central source in
the 3.6µm IRAC image. We used the position of the radio continuum source (δX=−6.′′3, δY=0.′′5) as
input for ROTCURand made a fit with all parameters left free. We averaged the values forδX andδY
between 75′′ < r < 220′′ (see first row in Fig. 2.26). The lower limit excludes the two innermost rings,
as these are sparsely filled. The upper limit restricts our averaging to a region which is unaffected
by spiral arms or by the warp. The dynamical center derived insuch a way (δX = −6.′′5±0.′′6, δY =
0.′′4±0.′′9) deviates by less than 0.′′2 from the other center estimates. Therefore, we choose the radio
continuum center as the best center position.

b) Harmonic expansion

The inner 200′′-250′′ of NGC 2841 are in unperturbed circular rotation and show only small har-
monic terms. For the inner 1 kpc, we have no data as the HI surface density in this region falls below
the 3σ detection limit imposed on the velocity fields. Most of the parameters show a large change at
r ≈ 350′′ − 400′′: the systemic velocity drops by about 20 km s−1, and most of the harmonic compo-
nents show their highest amplitude at these radii. Looking at the total HI intensity map, one can see
that this radius coincides with the location of a strong spiral arm. The dip in the fitted inclination at
those radii causes a non-zeroc3 term, induced by the spiral arm. The radial variation of the PA and
inclination indicates that the outer disk of NGC 2841 is warped. All harmonic components are similar
in amplitude, having median amplitudes of 3≤ Ãm ≤ 4 km s−1, or ≤ 2 percent ofVtot. Ar(r) is small
in the inner parts, but> 10 kms−1 in the outer parts of NGC 2841. Its median value isÃr ∼ 7 kms−1.
The elongation of the potential is fairly constant over the radius and its weighted average is consistent
with a round potential (see Table 2.3).

2.A.5 NGC 2903 (Fig.2.27)

a) Center estimates

NGC 2903 is a barred galaxy with tightly wound spiral arms. Its dominant bar can be seen both in
the IRAC image and in the radio continuum map. The radio continuum additionally shows a strong
nuclear source, coinciding within 1′′ with the center of the bulge in the 3.6µm image. The central
position as given by the radio continuum (δX=−1.′′2, δY=2.′′4 ) was used to make aROTCUR run with
all parameters left free. To derive the kinematic center, weaveraged theδX and δY values over the
stable parts of the fit, i.e., for 100′′ ≤ r ≤ 300′′ (see top row in Fig. 2.27). The resulting kinematic
center (δX = 0.′′4± 2.′′4, δY = 0.′′6± 2.′′2) agrees within the uncertainties and within one beam with
both the IRAC and the radio continuum center (cf. second row in Fig. 2.27). We therefore adopt the
center position as derived from the radio continuum as our final central position.
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b) Harmonic expansion

NGC 2903 shows high amplitudes in all harmonic components inthe inner 125′′. These non-
circular motions are presumably caused by the bar in NGC 2903. The innermost 4-5 data points
show the largest deviations from the general trends, most clearly visible in the distributions of the PA,
inclination andc0.

The pronounced shape in the distribution ofs2 could be caused by anm= 1 or m= 3 term in the
gravitational potential. Given that NGC 2903 is not kinematically lopsided (there is, e.g., no signif-
icant difference in the rotation curves of the approaching and receding sides), the contribution from
anm= 1 term is likely to be small. Inspection of the total HI maps presented in Walter et al. (2008)
shows that a spiral arm is located at the same radii as the pronounced variation ins2. The wiggles in
the radial distributions ofs1 ands3 at r ∼ 100′′ andr ∼ 350′′ also coincide with the locations of spiral
arms. The median amplitudes of the individual harmonic components are small when averaged over
the entire galaxy (̃Am≤ 4 kms−1, or 2-3 percent ofVtot), but increase towards the center of the galaxy.
Within the inner kpc, them= 2 component of̃Am has a median value of about 14 kms−1. These high
non-circular motions, which can also be seen in the distribution of Ar(r), are likely to be caused by the
strong bar, and the associated streaming motions. Like someof theci , si , and thus alsoAr(r), the elon-
gation of the potential shows some variations with radius. Its mean value is nevertheless consistent
with a round potential (see Table 2.3).

2.A.6 NGC 2976 (Fig. 2.28)

a) Center estimates

The 3.6µm image of NGC 2976 shows no sign of a bar or spiral arms. Nevertheless, the image
shows two enhanced star forming regions at either end of the disk which coincide with density en-
hancements in the total HI map. Additionally, the IRAC image contains a nuclear sourcein the central
parts of the galaxy, presumably a nuclear star cluster, which has, however, no counterpart in the radio
continuum. To test whether the position of this central source agrees with the dynamical center, we
perform an unconstrainedROTCURrun and use the position of the nuclear star cluster (δX= 0.′′2, δY=
0.′′1) as an initial center estimate. By averagingδX, δY overr < 50′′ (see Fig. 2.28, top row), we derive
a dynamical center which is offset from the pointing center by δX = 2.′′2±3.′′0 andδY = 0.′′8±1.′′4
towards the north-west. Averaging over the entire galaxy gives consistent results (δX = 2.′′5± 3.′′0,
δY = 1.′′6± 3.′′9). As the dynamical center and the position of the nuclear star cluster agree within
the uncertainties and to within one beam (cf. second row in Fig. 2.28), we adopt the position of the
nuclear star cluster as the best center position of NGC 2976.

b) Harmonic expansion

The harmonic components of the velocity field of NGC 2976 showa regular behavior. Boths1 and
s3 scatter within∼ 1 kms−1 around zero, indicating that the elongation of the gravitational potential
is very small. Its weighted mean is consistent with zero (〈ǫpot sin(2ϕ2)〉 = −0.010±0.018).

The c2 component is slightly offset from zero and shows sine-like variations with radius, espe-
cially for r > 80′′, where the two HI density enhancements are located. According to Schoenmakers
(1999), a non-zerom= 2 harmonic component in the velocity field can be caused by anm= 1 orm= 3
term in the potential. NGC 2976 does not seem to be kinematically lopsided (cf. the negligible differ-
ences in the rotation curves of the approaching and recedingsides in de Blok et al. 2008). Therefore,
there is most likely only a small contribution of anm= 1 term in the potential to them= 2 harmonic
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term in the velocity field, and the significant contribution should come from anm = 3 term in the
potential.

Beyondr ≈ 80′′, the PA stays constant. The median amplitudes of all harmonic component are
small (Ãm ≤ 3 percentVtot), irrespective of whether one averages over the entire galaxy or only over
the inner 1 kpc. The distribution ofAr (r) is also small for most radii. Only a few data points at extreme
radii show large amplitudes, but these are associated with large uncertainties. The mean elongation of
the potential is, despite being unconstrained in the inner 30′′, again consistent with a round potential
(see Table 2.3).

2.A.7 NGC 3031 (Fig.2.29)

a) Center estimates

NGC 3031 (better known as M 81) is a grand design spiral. Its two well-defined spiral arms are eas-
ily visible in the IRAC 3.6µm image as well as in the HI intensity map. NGC 3031 contains a strong
central radio source. The 3.6µm image also shows a well-defined central component with a cen-
tral minimum which coincides with the position of the central radio-continuum source (δX= −202.′′7,
δY= −371.′′9). We used the position of the radio continuum source as input for a ROTCUR run with
all parameters left free. As can be seen in the top row of Fig. 2.29,δX andδY show a clear break at
r ∼ 400′′, probably because of the prominent spiral arm which is located at approximately that radius.
We therefore estimated the dynamical center by averagingδX and δY over 200′′ ≤ r ≤ 385′′, thus
omitting the innermost data points whose tilted-rings are only sparsely filled and have correspond-
ingly large uncertainties. The resulting dynamical center(δX = −205.′′1±3.′′1, δY = −374.′′6±3.′′9)
coincides within the uncertainties and within less than onebeam with the other center estimates (sec-
ond row of Fig. 2.29) and we therefore adopt the position of the radio continuum source as the best
center position of M 81.

b) Harmonic expansion

The PA,c0, and the inclination of M 81 rise steadily beyondr ≈ 400′′, indicating that the outer
disk is warped or disturbed, which is not unexpected given that M 81 interacts with M 82 and NGC
3077. The radii with the highest gradient ins1 ands3 (r ≈ 350′′ − 400′′) correspond with the location
of a prominent spiral arm. Between 400′′ ≤ r ≤ 700′′, c2 ands2 change from values around+5 kms−1

to < −10 kms−1. Note that if we were to perform a harmonic decomposition with an unconstrained
center position, the center would vary at those radii in order to minimize thec2 and s2 term, thus
underestimating the amount of non-circular motions present in M 81. However, as we keep the center
position fixed, we are able to quantify and detect these non-circular motions. The median amplitudes
Ãm of them= 2 andm= 3 component are roughly equally high (∼ 5 kms−1), whereas that of them= 1
component is slightly smaller (∼ 2 kms−1). As M81 has a central HI minimum, we have no data for
the inner 1 kpc. The radial distribution of the non-circularmotions varies between 3≤ Ar(r) ≤ 15
km s−1 and has a median of̃Ar ∼ 9 kms−1 (<5 percent ofVtot), making the amount of non-circular
motions quite small, despite the prominent spiral arms. Theelongation of the potential shows distinct
radial variation which is due to the spiral arms. Its weighted average is again consistent with zero (see
Table 2.3).
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2.A.8 NGC 3198 (Figs. 2.1-2.4)

a) Center estimates

NGC 3198 is classified as a SBc spiral. Its 3.6µm IRAC image shows two well-defined spiral arms,
emanating from a prominent bulge. The central component hasa nuclear point source embedded,
which has a counterpart in the radio continuum. The center estimates from the IRAC image and the
continuum map agree to within 1′′. We make aROTCUR run with the position of the radio continuum
center (δX= −1.′′4, δY= −0.′′1) as an initial estimate. The variation of the center positions in Fig. 2.1
show that the outer parts (r ≥ 150′′) of NGC 3198 are strongly affected by the spiral arms. For the
derivation of the dynamical center, we therefore restrict the averaging ofδX and δY to radii with
r ≤ 100′′. The derived dynamical center (δX = −1.′′4± 1.′′7, δY = −0.′′2± 2.′′1) agrees well with the
other estimates (see Fig. 2.2). We therefore adopt the position of the continuum source as the best
center position for NGC 3198.

b) Harmonic expansion

The PA of NGC 3198 shows a steep increase within the inner 200′′, and then declines slowly. The
inclination varies in the inner parts in a range of about five degrees, but shows a steady increase
beyondr ∼ 450′′, indicating that the outer disk is warped. Thec3 term is small, meaning that the fitted
inclination is close to the intrinsic inclination of the disk. Although there is no global offset from
zero forc2 ands2, they show small deviations from zero for some radii which are coinciding with the
locations of spiral arms in the 3.6µm image or the total HI map presented in Walter et al. (2008). The
distributions ofs1 ands3 are best described as wiggles caused by spiral arms on top of asmall offset.
The global elongation of the potential is with〈ǫpot sin(2ϕ2)〉 = 0.017±0.020 consistent with zero.

The median amplitudes of the individual harmonic components are similar in amplitude, and of
orderÃm ∼ 2− 3 km s−1, or≤ 2 percent ofVtot. The distribution ofAr(r) shows that the amplitude of
the non-circular motions is≤ 8 kms−1 for most radii. Its median is̃Ar ∼ 4.5 kms−1 when averaged
over the entire radial range, and̃Ar ∼ 1.5 kms−1 for the inner 1 kpc. The median value of the absolute
residual velocity field is∼ 2.6 kms−1, showing that a harmonic decomposition up to third order was
capable of capturing most non-circular motions.

2.A.9 IC 2574 (Fig. 2.30)

a) Center estimates

IC 2574 has neither a central radio continuum source, nor a clear nuclear source in the 3.6µm IRAC
image. The dynamics of this galaxy show clear evidence of random non-circular motions, showing
themselves as kinks in the iso-velocity contours. For the center determination, we make use of a
velocity field where most non-circular features were removed (as presented in Oh et al. 2008). We
make aROTCUR run with all parameters free, using the center position derived by Oh et al. (2008)
as an initial center estimate. The results of theROTCUR fit are shown in row 1 of Fig. 2.30. It
can be seen that the values forδX and δY do not change much over a large part of the galaxy.
AveragingδX, δY over r ≤ 400′′ results in a dynamical center which is offset byδX = 8.′′7± 14.′′9
and δY = 18.′′6± 10.′′4 towards the north-west of the pointing center. This corresponds toα2000 =
10h28m27.5s, δ2000= +68◦24′58.′′7 and is in excellent agreement with the estimate derived by Oh et al.
(2008) (α2000= 10h28m27.7s, δ2000= +68◦24′59.′′4).
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b) Harmonic expansion

Although we made use of the bulk velocity field from Oh et al. (2008) for the center estimate, we
use the hermite velocity field for the harmonic decomposition, as we aim to quantify non-circular
motions. The results of the harmonic decomposition of the hermite velocity field of IC 2574 are
shown in the third row of Fig. 2.30.

At a radius ofr ∼ 250′′, the PA and inclination drop significantly, and the harmoniccomponents
jump to more extreme values. The distribution ofAr(r) has its maximum at this radius, andc1 also
shows a clear break. The feature which is most likely responsible for the major non-circular motions
is the supergiant shell in the north-east of IC 2574 (see Walter et al. 1998). Looking only at the inner
1 kpc, the amplitudes of the individual harmonic componentsare all≤ 1 km s−1. If one measures the
amplitudes over the entire radial range of the galaxy, them= 2 component is the dominant one, mainly
because of the large amplitudes inc2 ands2 at r ∼ 250′′.

The median amplitude of the quadratically added non-circular motions isÃr ∼ 3.8 kms−1 when
averaged over the entire radial range, andÃr ∼ 1.4 kms−1 for the inner 1 kpc. This shows that although
IC 2574 contain a significant amount ofchaoticnon-circular motions (see Oh et al. 2008), the effect
of systematic(potential induced) non-circular motions is small. For some parts of the galaxy, the
elongation of the potential is unconstrained. Its weightedmean is consistent with a round potential,
although it has a large uncertainty associated (〈ǫpot sin(2ϕ2)〉 = 0.015±0.045).

2.A.10 NGC 3521 (Fig. 2.31)

a) Center estimates

NGC 3521 appears in the 3.6µm IRAC image as well as in the HI map as a multi-armed, flocculent
spiral galaxy. The IRAC image shows an inner disk, in which a strong nuclear point source (without
a counterpart in the radio continuum) is embedded. We use theposition of the nuclear point source
(δX= −8.′′8, δY= 5.′′7) as input for aROTCURfit with all parameters left free. The top row of Fig. 2.31
shows that the values ofδX and δY stay constant for radii smaller than 220′′. Beyond that radius,
the rotation curves for the approaching and receding sides start to differ (see de Blok et al. 2008) and
this most likely also affects the derived central positions. In order to derive a dynamical center, we
averageδX andδY for r ≤ 220′′. The resulting center (δX = −8.′′9±0.′′8, δY = 6.′′6±1.′′4) agrees with
the central position found in the IRAC image (see second row of Fig. 2.31) and we adopt the IRAC
position as the best center estimate.

b) Harmonic expansion

As can be seen, e.g., in the radial distribution of PA,i, andAr(r), the inner few data points clearly
deviate from the rest. Note that thec3 component is higher for these points, meaning that their incli-
nation could not be fitted correctly in an unconstrained fit. Some of these inner data points show large
non-circular motions, while others (e.g., the inner two points) do not. This becomes even clearer if
one looks at the distribution of̃Am. Although the median of them= 3 component in the inner 1 kpc is
small, its upper quartile is rather large, as the inner 1 kpc contain only three data points, one of which
has a large amplitude. Thes1 ands3 components are both slightly offset from zero and superimposed
on a wiggle atr ≈ 200′′. The wiggle coincides with a density enhancement in the total H I intensity
map (in this case a spiral arm). However, ass1 is offset to negative values, ands3 to positive ones,
their offsets almost cancel out for the derivation of the elongation of the potential (cf. Eq. 2.5), whose
weighted mean is within the uncertainties consistent with zero (〈ǫpot sin(2ϕ2)〉 = 0.017±0.019).
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The effect of the spiral arms is clearly visible in thec2 ands2 components. NGC 3521 has the
highest median value in the absolute residual velocity fieldof our sample (4.5 kms−1).

2.A.11 NGC 3621 (Fig. 2.32)

a) Center estimates

The 3.6µm IRAC image of NGC 3621 is dominated by a flocculent spiral structure, which contains
a central point source. The prominent star forming region inthe south-west is connected to the center
of the galaxy by a spiral arm which is clearly visible in the total HI map and the IRAC image. While
this star forming region has a counterpart in the radio continuum, the IRAC nuclear point source has
not. We use the coordinates of the nuclear point source in theIRAC image (δX= −4.′′2, δY= −1.′′1)
as an initial estimate for aROTCUR fit with all parameters left free. The results (top row of Fig.2.32)
show that the derived central positions are fairly constantfor radii smaller than 450′′ and we therefore
derive the dynamical center by averaging over all points with r < 450′′, with the additional exclusion
of the innermost data point. The resulting dynamical center(δX = −6.′′0± 2.′′0, δY = 1.′′4± 6.′′5)
coincides with the coordinates of the point source both within the uncertainties and the size of the
beam (Fig. 2.32, second row). Therefore, we adopt the position of the central point source as our best
center estimate for NGC 3621.

b) Harmonic expansion

The data points beyondr = 600′′ are not used for our analysis due to their sparsely filled tilted-rings.
The PA of NGC 3621 is, except for the innermost two data points, constant to within a few degrees.
Apart from a few data points at extreme radii, the amplitude of s1 is almost negligible.c3 is close to
zero, except forr ≈ 300′′. This position also coincides with the radius of the highestamplitude inc2,
ands2. Inspection of the total HI intensity map shows that there is a ring-like HI density enhancement
at which a spiral arm emerges in the south-east. Thes3 component shows clear wiggles, indicating
spiral arms, and a steep rise beyondr ≈ 500′′, where the tilted-rings are less filled. The elongation of
the potential again shows the kinematic signature of the spiral arms. Its weighted average is consistent
with zero (see Table 2.3). The median amplitudes for each individual harmonic component are fairly
small (Ãm<3 km s−1, or≤ 2 percent ofVtot). The distribution ofAr(r) is ≤ 5 kms−1 for the majority
of radii and has a median value ofÃr ∼ 3.4 kms−1.

2.A.12 NGC 3627 (Fig. 2.33)

a) Center estimates

The 3.6µm IRAC image shows that NGC 3627 is a barred galaxy with two asymmetric spiral arms,
which are also clearly visible in the total HI map. The central parts of NGC 3627 contain a nuclear
point source which is visible in the IRAC image as well as in the radio continuum. Using the position
of the point source (δX = 0.′′1, δY = 0.′′1) as input for an unconstrainedROTCURfit results in a slightly
different center estimate (see row 1 and 2 of Fig. 2.33). We exclude some data points at extreme radii
because of their large uncertainties, and averageδX, δY for 45′′ ≤ r ≤ 160′′, resulting in a dynamical
center which is offset from the pointing center byδX = −4.′′5±3.′′1 andδY = −6.′′8±4.′′8. These values
deviate from the radio continuum source by approximately 1.5σ. Given the asymmetric appearance
of NGC 3627, it is to be expected that the results fromROTCURare somehow affected by it. However,
the difference between the kinematic center and the center from the radio continuum is only one beam.
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We therefore use the coordinates of the central radio continuum source as the best center position for
NGC 3627.

b) Harmonic expansion

NGC 3627 has a central hole in the HI distribution. Therefore, we see only the flat part of the
rotation curve and have no data within the inner kpc. The systemic velocity changes from∼730
km s−1 at r ≤ 60′′ to ∼705 km s−1 for r ≥ 90′′. All harmonic components (c2, c3, s1, s2, s3) show
high amplitudes. The galaxy is kinematically and morphologically lopsided (cf., de Blok et al. 2008),
which is also indicated by the non-zero values forc2 ands2. Both thes1 and thes3 component show
a “dip” at r ≈ 70′′, followed by a steep rise beyond that radius. In the case ofs3, the rise is followed
by a second decline. The radius of that first “dip” coincides with the location of the large arm which
extends to the south of NGC 3627. The median amplitudes of theindividual harmonic components
are the highest in our sample, reaching fromÃm ∼ 10 km s−1 for m= 3 to Ãm ∼ 17 km s−1 for m= 2.
The distribution ofAr(r) shows that the amplitude of non-circular motions is large at all radii. The
median amplitude is̃Ar ∼ 28.5 kms−1, or up to 14.7 percent ofVtot. Given the morphology of NGC
3627, this is not unexpected. Despite the high non-circularmotions present here, the weighted mean
elongation of the potential is still small, and within its uncertainty consistent with a round potential
(cf. Table 2.3), although there are large errors associatedwith the data points in the outer parts and in
the region atr ≈ 70′′.

2.A.13 NGC 4736 (Fig. 2.34)

a) Center estimates

The 3.6µm IRAC image of NGC 4736 is dominated by a ring of star formation which is also
prominently visible in the radio continuum and the total HI map. The center is well-defined both in
the 3.6µm image and in the radio continuum. The former shows a small central minimumin the flux
which coincides within 1.′′3 with the central radio-continuummaximum. We use the position of the
radio continuum source (δX = 0.′′2, δY = −0.′′4) for a ROTCUR run with all parameters left free. The
fitted center positions are stable within the inner 100′′, but have an increasingly large scatter towards
the outer parts, most likely due to the marginally filled tilted-rings beyondr ∼ 100′′, and also because
of the low inclination of NGC 4736. We therefore average the estimates forδX and δY over the
inner 100′′, resulting in a dynamical center (δX = 0.′′5±1.′′8, δY = 0.′′6±2.′′0) whose deviation from
the other center estimates slightly exceeds the uncertainties (1.2σ deviation forδY). Though, to put
things into perspective, this is far smaller than one beam (see second row of Fig. 2.34). Thus, we will
use the position of the radio continuum source as the best center estimate for NGC 4736.

b) Harmonic expansion

The star forming ring atr ∼ 80′′ causes a lot of confusion in the inner parts of NGC 4736. Here the
unconstrained fit byRESWRI produces an apparent rotation velocity which rises to twicethe value in
the outer parts. The other harmonic components also show high amplitudes. The median amplitudes
of each harmonic component (averaged over the inner 1 kpc) are negligible for them= 1 andm= 3
component (̃Am∼ 1 km s−1), but much higher for them= 2 component (̃Am∼ 7 km s−1). The amplitude
of the quadratically added non-circular motions,Ar(r), is∼ 10 km s−1 for most radii.

NGC 4736 is both kinematically and morphologically lopsided, which can be seen not only in
the differences between the rotation curves of the approaching and receding sides (see de Blok et al.
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2008), but also in the high amplitudes in thec2 ands2 terms of our harmonic expansion. The highest
amplitudes in the harmonic terms are found for radii betweenr ≈ 200′′ andr ≈ 300′′, i.e., those radii
where the large northern spiral arm is located. The weightedaverage of the elongation of the potential
is 〈ǫpot sin(2ϕ2)〉 = −0.055±0.149.

2.A.14 DDO 154 (Fig. 2.35)

a) Center estimates

DDO 154 is a quiescent, gas-rich dwarf galaxy with a warp in the outer parts. It does not have a
compact, well-defined center in the 3.6µm IRAC image, or in the radio continuum. We attempted to
derive a center position by fitting ellipses at a few representative intensity levels to the IRAC image,
and the total HI map. The resulting central positions showed a variation of up to 15′′, demonstrating
that deriving an unambiguousphotometriccenter for DDO 154 is not straightforward. We used the
center which was derived using the total HI map as a initial estimate for aROTCURfit with all parame-
ters left free. The central positions as derived byROTCURare fairly stable over the radial range of the
galaxy and the kinematic center was derived by averaging theδX, δY values over 100′′ ≤ r ≤ 260′′,
thus omitting the slightly more unstable inner and outer regions. The resulting center position is given
in Table 2.2. Including the inner data points gives a similarcenter position, but with two times larger
scatter. We therefore adopt the dynamical center as averaged over 100′′ ≤ r ≤ 260′′ as the best center
position of DDO 154.

b) Harmonic expansion

The c3 term is close to zero for the entire radial range, normally indicating that the inclination
could be well-determined. However, due to the nearly solid-body rotation in the innermost parts
of DDO 154, the inclination is not very well-constrained in this region, as can be seen in the large
scatter of the individual data points forr ≤ 70′′. This is studied in more detail in Section 2.6.4.
The c2 component shows a maximum at aroundr ≈ 80′′ which coincides with a minimum in the
s2 component and a change in the systemic velocityc0, providing evidence for a small kinematic
lopsidedness as supported by the variation of the center position at these radii and the differences
between the approaching and receding sides of the rotation curve (see de Blok et al. 2008). However,
the effects described above are small. Despite the small-scale structure present in the velocity field,
the amplitudes of all harmonic components — both for the entire galaxy and for the innermost 1 kpc
— are≤ 1 kms−1, or∼ 2 percent ofVtot. The distribution ofAr(r) shows that the amplitudes of non-
circular motions in DDO 154 are small for all radii. The mean elongation of the potential is small,
〈ǫpot sin(2ϕ2)〉 = 0.024±0.033, and consistent with zero. The median of the absolute residual velocity
field is 1.2 kms−1 (the smallest in our sample).

2.A.15 NGC 4826 (Fig. 2.36)

a) Center estimates

NGC 4826 shows no sign of spiral structure in the 3.6µm IRAC image, but has two counter-rotating
gas disks (Braun et al. 1994). The center of NGC 4826 is well-defined by the central, compact source
visible in the radio continuum, and the IRAC 3.6µm image, whose coordinates agree to within 1′′.
We use the position of the radio continuum source (δX = 2.′′4, δY = 8.′′5) as an initial estimate for an
unconstrainedROTCUR fit. We derive the dynamical center by averaging theδX, δY values inwards
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of 60′′, i.e., over the radial range of the inner disk. The kinematiccenter derived in such a way
(δX = 2.′′2±1.′′6, δY = 7.′′5±0.′′8) agrees well with the other center estimates and we therefore assume
the position of the radio continuum source to be the best center for NGC 4826.

b) Harmonic expansion

Because of the sparsely filled tilted-rings, and the additional complication of the two counter-
rotating disks, we have not attempted to derive a harmonic decomposition for this galaxy.

2.A.16 NGC 5055 (Fig. 2.37)

a) Center estimates

NGC 5055 is classified as an Sbc galaxy and has a flocculent structure in the 3.6µm IRAC image.
The IRAC image shows a compact nucleus with a well-defined center, whose position coincides to
within 1′′ with a faint central radio continuum source. We use the position of the latter (δX = 8.′′8,
δY = 0.′′4) as the input center for aROTCUR run with all parameter left free.

We derive the dynamical center by averaging theδX, δY values for radii smaller than 450′′ to
exclude the parts with sparsely filled tilted-rings beyondr ∼ 450′′. This center (δX = 8.′′2± 4.′′8,
δY = 0.′′4± 2.′′0) coincides within the uncertainties and to within a beam size with the other center
estimates. We therefore adopt the position of the radio continuum source as the best estimate for the
central position of NGC 5055.

The HI distribution and kinematics of NGC 5055 were recently analyzed by Battaglia et al. (2006).
They define a dynamical center coinciding with their opticalcenter atα2000 = 13h15m49.25s, δ2000 =
+42◦01′49.′′3, which is 4′′ to the north of our choice. As our choice was also guided by theposition
of the central source in the 3.6µm image, this would imply that the respective photometric centers
must be shifted by 4′′ with respect to each other. The optical center position listed in Battaglia et al.
(2006) is ultimately based on a listing in Maoz et al. (1996) of the position of the central UV source
in NGC 5055 determined using an HST FOC image. On examinationof the relevant image in the
Hubble Space Telescope archive, we find the central source tobe located atα2000 = 13h15m49.3s,
δ2000= +42◦01′46.′′2, which is in much closer agreement (0.′′8) with our position.

b) Harmonic expansion

For the harmonic analysis of NGC 5055, a distinction betweenthe inner and the outer parts has to
be made. NGC 5055 has a well-defined HI disk which extends to about 450′′. Beyond that radius, the
HI column density is lower and generally falls below the 3σ column density limit which we imposed
during the construction of the velocity fields (see de Blok etal. 2008). Therefore, the uncertainties
increase rapidly and we considered only data points with radii r < 450′′ for the radial averaging of the
parameters. The median amplitudes of the individual harmonic components (averaged overr < 450′′)
are all fairly low (Ãm < 3 kms−1 or ∼ 2 percent ofVtot). The median amplitudes averaged over the
inner 1 kpc contain only three data points and are also low forthem= 1 andm= 3 components, but
quite high (∼ 8 kms−1) for the m = 2 component. The latter has a large scatter associated withit,
mainly because of the innermost data point which shows high non-circular motions, but is derived
from an only partially filled tilted-ring. The global elongation of the potential is well-constrained in
the inner part of NGC 5055. The weighted mean elongation within 450′′ is again consistent with a
round potential (see Table 2.3).
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2.A.17 NGC 6946 (Fig. 2.38)

a) Center estimates

NGC 6946 is a late-type spiral galaxy with well-defined multiple spiral arms. The IRAC 3.6µm
image shows a point source in the center of the galaxy which coincides to better than 1′′ with the
central radio continuum source. We use the position of the latter (δX = −1.′′8, δY = 14.′′5) as input for
a ROTCUR fit with all parameters left free and determine the dynamicalcenter by averaging theδX,
δY values for 22′′ ≤ r ≤ 290′′, thus excluding the two innermost points which are affectedby sparsely
filled tilted-rings. The resulting dynamical center (δX = −3.′′3± 4.′′4, δY = 11.′′8± 5.′′8) coincides
within the uncertainties and to within one beam with the other center estimates (see Fig. 2.38, row 2).
The large uncertainties in the kinematic estimate are caused by the relatively low inclination of NGC
6946, which makes an unconstrained tilted-ring fit of the velocity field more difficult. We adopt the
position of the central radio continuum source as the best center for NGC 6946.

b) Harmonic expansion

NGC 6946 is the galaxy in our sample with the lowest inclination. This introduces larger uncertain-
ties in the rotation curve and the harmonic decomposition. For our analysis of the median amplitudes,
and for the derivation of the average elongation, we regard only the inner 420′′, i.e., the region where
the unconstrained apparent circular velocityc1 does not rise to a value two times that in the flat part.
This radius also coincides with the location from which, when moving outwards, the approaching and
receding sides of the velocity field start to differ substantially (see de Blok et al. 2008). The median
amplitudes averaged overr < 420′′ are small for each harmonic component (Ãm ≤ 5 km s−1). Due
to the deficiency of HI in the center of NGC 6946, we can not study the kinematics within the inner
1 kpc. Again averaging only overr < 420′′, the median of the quadratically added amplitudes of
all non-circular components is̃Ar ≈ 7 kms−1. The steep rise ins2 ands3 at r ≈ 120′′ is probably
caused by the spiral arm which crosses at that radius. Due to the low inclination of NGC 6946, and
the associated large error in the derivation of the fitted parameters, the elongation of the potential is
not well-constrained forr ≤ 150′′ andr ≥ 420′′. Its weighted mean (again averaged overr ≤ 420′′),
however, is consistent with a round potential.

2.A.18 NGC 7331 (Fig. 2.39)

a) Center estimates

The 3.6µm IRAC image of NGC 7331 shows prominent spiral arms, and a well-defined nucleus
which has no counterpart in the radio continuum. We use the center from the 3.6µm image (δX = 0.′′1,
δY = 0.′′3) as input for an unconstrained fit withROTCUR. Ignoring the two innermost points as their
tilted-rings are only sparsely filled, we average the valuesfor δX andδY over the stable region with
r ≤ 185′′. This results in a dynamical center ofδX = 0.′′0±0.′′6, δY = −1.′′8±2.′′2, which agrees within
the uncertainties and to within one beam with the IRAC center. Therefore, we adopt the IRAC center
as our best center position for NGC 7331.

b) Harmonic expansion

Although PA and inclination do not change much over the radial range (∼4-6 degrees), they both
increase outwards, indicating a warping of the disk. The small c3 values denote that the inclination
could be well-determined for most radii. Thes1 and s3 values both show a wiggle atr ≈ 150′′,
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coinciding with the location of a spiral arm visible in the total intensity HI map and in the IRAC
3.6µm image. The variation ofc0, c2, ands2 shows that NGC 7331 is kinematically lopsided, as
shown by the differences in the rotation curves of the receding and approaching sides of the velocity
field (cf., de Blok et al. 2008). The median amplitudes of the individual harmonic components are all
small (Ãm< 5 kms−1). Because of the central HI deficiency of NGC 7331, there is no kinematic data
for the inner 1 kpc. The distribution ofAr(r) varies betweenAr(r) ∼ 2 kms−1 andAr (r) ∼ 10 kms−1

and has a median of̃Ar ∼ 6 kms−1. The elongation of the potential is well-determined and close to
zero for most radii. The wiggle atr ≈ 150′′ is again an indication of the aforementioned spiral arm.
The weighted mean elongation is〈ǫpot sin(2ϕ2)〉 = −0.003± 0.017, and therefore consistent with a
round potential.

2.A.19 NGC 7793 (Fig. 2.40)

a) Center estimates

NGC 7793 is a flocculent spiral whose 3.6µm IRAC image shows a well-defined central source
without a counterpart in the radio continuum. We adopt the position of this source (δX = −9.′′1,
δY = −0.′′9) as the initial estimate for an unconstrainedROTCUR fit, and average theδX, δY values
over the stable part of the galaxy (r ≤ 180′′). The resulting kinematic center (δX = −9.′′9± 2.′′6,
δY = 1.′′8±2.′′1) agrees reasonably well with the IRAC center (1.5σ deviation). However, the deviation
between these two center estimates is∼ 6 times smaller than the size of one beam and we therefore
use the IRAC center as our best center position.

b) Harmonic expansion

The PA and the inclination vary continuously with radius, indicating that the disk of NGC 7793
might be warped. The systemic velocity,c0, stays fairly constant over radius. The offset from zero
in the s2 component might indicate a slight kinematic lopsidedness,which is also visible in the dif-
ference between the receding and approaching sides of the rotation curve in de Blok et al. (2008).
The s3 term is significantly larger than thes1 term, which is typical for galaxies with low incli-
nation (Schoenmakers 1999). In fact, thes3 component seems to be offset from zero, indicating
through Eq. 2.5 an elongation of the potential. The weightedmean elongation is〈ǫpot sin(2ϕ2)〉 =
−0.067± 0.085, which is the largest elongation we have measured in our sample. It is due to its
large uncertainty consistent with both the CDM predictionsby Hayashi et al. (2007) and with a round
potential. The large uncertainty for the elongation arisesfrom the relatively large error bars of the
inclination values, which enter into the uncertainty inǫpot as a fourth power (cf. Eq. 2.5). The median
amplitude of each harmonic component is fairly low (Ãm< 4 kms−1), both for the entire galaxy and
for the inner 1 kpc. The distribution ofAr(r) shows that the amplitude of non-circular motions is
small, especially in the inner parts of NGC 7793. Its median value (averaged over the entire galaxy)
is Ãr ∼ 5 km s−1. The median of the absolute residual velocity field is 2.2 kms−1, again showing that
a harmonic expansion up to third order did cover most of the non-circular motions.
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2.B Appendix: The atlas

The center estimates and the harmonic decompositions are shown in Figs. 2.23-2.40. Following is a
description of the content and layout of the figures: Each figure consists of four rows. From top to
bottom, they contain:

Row 1: The radial variation of the center position. Shown is the offset from the pointing center
in arcsecond. The top panel shows the offsets in the X (or right ascension) direction, with positive
δX to the west; the bottom panel those in the Y (declination) direction, with positiveδY to the north.
The filled circles represent the individual center positions derived usingROTCUR, and the error bars
indicate the formal uncertainties derived byROTCUR. The two dotted, vertical lines indicate the radial
range over which the positions were averaged in order to derive a kinematic center. The kinematic
center is indicated by the solid horizontal line, and the 1σ standard deviation by the dotted, horizon-
tal lines. For those cases where the kinematic center was notused as our best center position, we
additionally show the best estimate with a dashed, horizontal line.

Row 2: The inner 150′′ × 150′′ of the galaxy. The total intensity HI map is shown in grayscales,
and the beam size is indicated in the bottom-left corner. Theblack contours are drawn from the ve-
locity field which was used for the estimate of the dynamical center (bulk velocity field from Oh et al.
2008 for IC 2574, hermite velocity field from de Blok et al. 2008 for the other galaxies). The thick
line represents the systemic velocity as derived in de Blok et al. (2008). The thin black contours over-
laid on the thick white contours belong to the 3.6µm IRAC image and are usually given at a 2, 5,
10, 20, and 50 percent level of the maximum flux in the image. The white contours are taken from
the THINGS radio continuum maps and are usually given at a 10,20, and 50 percent level of the
maximum flux. The black, filled circles indicate the individual center positions fromROTCUR and
the black cross represents the chosen dynamical center and its uncertainty. The derived center from
the 3.6µm image is shown as a gray, filled triangle, and the one from theradio continuum as a black,
open triangle.
Inset: To better highlight the different center estimates, we additionally show in the upper-right corner
an inset with only the central few arcseconds. For clarity, we omit the total HI map and the velocity
field contours in the inset. The contours from the 3.6µm image are shown in black and are given at
the same intensity levels as in the main plot. The same holds for the radio continuum contours, which
are shown here in gray. The individual center estimates fromROTCURare shown as small crosses. In
the inset, the beam size is indicated by the thick dashed ellipse, which is centered on our best center
position.

Row 3: The error bars of all plots in this row are the formal uncertainties as derived byRESWRI.
Left panel:This panel consists of six sub-panels, all of which are plotted against radius in arcsecond.
The upper-left sub-panel showsc1, the amplitude of the circular velocity. The other five sub-panels
show the amplitudes of the non-circular components, namelythe second and third order component
of the cosine term (c2,c3) and the first, second, and third order component of the sine term (s1,s2,s3).
The axis scale of these five sub-panels is generally−20 to+20 kms−1. The solid, vertical line in the
panel containingc1 indicates the radius corresponding to 1 kpc. All quantitiesshown in Row 3 are
corrected for inclination effects.
Right panel:From top to bottom: systemic velocityc0; inclination anglei; and position angle PA, all
plotted against radius in arcsecond. The dashed, horizontal line in all three sub-panels indicates the
weighted mean, using the inverse square of the uncertainties as weight.

Row 4: Left panel: This panel consists of two sub-panels. The left sub-panel shows Ãm, the
median amplitudes for each harmonic orderm. The values are calculated by radially averaging the
quadratically added amplitudes as described by Eqs. 2.6 and2.7. We show the median as determined
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for the entire extent of the galaxy (filled circles) as well asusing only the inner 1 kpc (open circles).
The error bars indicate the lower and upper quartile respectively. The right sub-panel showsAr(r), the
radial distribution of the amplitude of all non-circular motions derived following Eq. 2.8. The error
bars ofAr(r) are derived with formal error propagation assuming a Gaussian error distribution. Both
Ãm andAr(r) are corrected for inclination effects.
Right panel:This panel contains the elongation of the potential〈ǫpot sin(2ϕ2)〉 (cf., Eq. 2.5)vs. radius.
The elongation is also corrected for inclination. The solid, black line indicates the zero level, the dotted
gray one represents the weighted mean elongation, and the dashed, gray ones its standard deviation.
The error bars shown here are derived using a formal error propagation assuming a Gaussian error
distribution.
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FIG. 2.23: Summary panel for NGC 925. Lines and symbols are described in the text, Appendix 2.B. The IRAC center
shown was derived usingELLFIT. We omitted the IRAC contours at the 2% and 5% levels for clarity reasons. See Appendix
2.A.1 for a discussion of this galaxy.
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FIG. 2.24: Summary panel for NGC 2366. Lines and symbols are described in the text, Appendix 2.B. The IRAC center
shown was derived usingELLFIT. See Appendix 2.A.2 for a discussion of this galaxy.
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FIG. 2.25: Summary panel for NGC 2403. Lines and symbols are described in the text, Appendix 2.B. The 2, 5, and 10%
IRAC contours were omitted for clarity reasons. See Appendix 2.A.3 for a discussion of this galaxy.
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FIG. 2.26: Summary panel for NGC 2841. Lines and symbols are described in the text, Appendix 2.B. See Appendix
2.A.4 for a discussion of this galaxy.
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FIG. 2.27: Summary panel for NGC 2903. Lines and symbols are described in the text, Appendix 2.B. See Appendix
2.A.5 for a discussion of this galaxy.
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FIG. 2.28: Summary panel for NGC 2976. Lines and symbols are described in the text, Appendix 2.B. The 2% and 5%
IRAC contours were omitted for clarity reasons. See Appendix 2.A.6 for a discussion of this galaxy.
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FIG. 2.29: Summary panel for NGC 3031. Lines and symbols are described in the text, Appendix 2.B. The bright radio
continuum source which is still visible in the total intensity HI map was blanked out for clarity reasons. Due to the central
HI deficiency, no velocity contours are visible. See Appendix 2.A.7 for a discussion of this galaxy.
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FIG. 2.30: Summary panel for IC 2574. Lines and symbols are described in the text, Appendix 2.B. No estimate could be
derived from the IRAC and radio continuum images, and their respective contours are therefore not shown. See Appendix
2.A.9 for a discussion of this galaxy.
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FIG. 2.31: Summary panel for NGC 3521. Lines and symbols are described in the text, Appendix 2.B. See Appendix
2.A.10 for a discussion of this galaxy.
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FIG. 2.32: Summary panel for NGC 3621. Lines and symbols are described in the text, Appendix 2.B. The 2% level in
the IRAC contours was omitted for clarity reasons. Only datawith r ≤ 600′′ was used for radial averaging ofÃm or ǫpot. See
Appendix 2.A.11 for a discussion of this galaxy.
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FIG. 2.33: Summary panel for NGC 3627. Lines and symbols are described in the text, Appendix 2.B. The axis scale on
the panels showing the non-circular components runs from−30 to 40 kms−1. See Appendix 2.A.12 for a discussion of this
galaxy.
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FIG. 2.34: Summary panel for NGC 4736. Lines and symbols are described in the text, Appendix 2.B. The axis scale on
the panels showing the non-circular components runs from−30 to 35 kms−1. See Appendix 2.A.13 for a discussion of this
galaxy.
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FIG. 2.35: Summary panel for DDO 154. Lines and symbols are described in the text, Appendix 2.B. The IRAC contours
show that there is no well-constrained photometric center.See Appendix 2.A.14 for a discussion of this galaxy.
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FIG. 2.36: Summary panel for NGC 4826. Lines and symbols are described in the text, Appendix 2.B. The lower panel
is missing given that we were not able to derive a meaningful harmonic decomposition of the velocity field. See Appendix
2.A.15 for a discussion of this galaxy.
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FIG. 2.37: Summary panel for NGC 5055. Lines and symbols are described in the text, Appendix 2.B. The axis scale on
the panels showing the non-circular components runs from−30 to 30 kms−1. Only data withr ≤ 450′′ was used for radial
averaging of̃Am or ǫpot. See Appendix 2.A.16 for a discussion of this galaxy.
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FIG. 2.38: Summary panel for NGC 6946. Lines and symbols are described in the text, Appendix 2.B. The axis scale on
the panels showing the non-circular components runs from−45 to 25 kms−1. Only data withr ≤ 420′′ was used for radial
averaging of̃Am or ǫpot. See Appendix 2.A.17 for a discussion of this galaxy.



2.B. Appendix: The atlas 69

-10

0

10

20

100 200 300

-10

0

10

FIG. 2.39: Summary panel for NGC 7331. Lines and symbols are described in the text, Appendix 2.B. See Appendix
2.A.18 for a discussion of this galaxy.
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FIG. 2.40: Summary panel for NGC 7793. Lines and symbols are described in the text, Appendix 2.B. The 2% IRAC
contour was omitted for clarity reasons. See Appendix 2.A.19 for a discussion of this galaxy.



Chapter 3
Are there any “undetected” non-circular
motions?

It was shown in Chapter 2 that the detected non-circular motions are by far not high enough to rec-
oncile the density slopes from CDM simulations with those from observations. In this chapter, I will
probe the existence and potential influence of any non-circular motions not quantified by the analysis
presented in the previous chapter.

3.1 Higher order harmonic decomposition

The harmonic decompositions presented in Chapter 2 were restricted to the third order. Therefore,
non-circular motions of higher harmonic order would have been missed by that analysis. The con-
sistency checks presented in Section 2.6.4.1, however, suggested that the impact of the higher orders
is relatively small. Here, I will quantify the higher-ordernon-circular motions by decomposing the
velocity fields of the galaxies in the sample up to fifth, ninth, and fifteenth order. The line-of-sight
velocity is described as given in Eq. 2.3, butN, the maximum fit order, is increased fromN = 3 to
N = 5,9,15.

3.1.1 Amplitudes of the harmonic components

Rather than showing and discussing the radial distributions of the individual harmonic components
(in total ∼1200 for the entire sample), emphasis is placed onÃm andAr(r). The former represents
the “power” of the non-circular motions for a given harmonicorder m, whereas the latter, the so-
called “total power” represents the quadratically added amplitude of all harmonic components. See
Section 2.4 and Eqs. 2.6 - 2.8 for an analytical description of Ãm andAr(r).

The results for one galaxy are discussed in detail, whereas for the other galaxies, only deviations
and peculiarities are mentioned. As it is for dwarf galaxiesthat the slopes of the inner parts of the
density profiles differ most prominently, it is obvious to use one of them for a detailed discussion.
Therefore, DDO 154 will be discussed in detail, although anyof the other dwarf galaxies would have
been equally well suited. The results of the individual galaxies are discussed in a more general way
in Section 3.1.3.
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FIG. 3.1: Third (blue), fifth (green), ninth (red), and fifteenth(black) order harmonic decomposition of the velocity field of
DDO 154. The left panel shows̃Am, the median value ofAm(r), derived following Eqs. 2.6 and 2.7vs. the harmonic number
m. The error bars denote the upper and lower quartile of the distribution of Ãm. The right panel showsAr (r), the so-called
“total power” of the non-circular motions, derived following Eq. 2.8. The colored horizontal lines indicateÃr , the median
value ofAr(r). The vertical short-dashed line indicates the maximum radius used for the averaging of̃Ar and also for̃Am in
the left panel (DDO 154: all data points are used). The long-dashed line atr ∼ 45′′ indicates the radius corresponding to a
physical size of 1 kpc.

DDO 154

The results for DDO 154 are shown in Fig. 3.1, where the different harmonic decompositions are
color-coded. The third order harmonic decomposition (i.e., N = 3), which was presented in Chapter 2
is shown in blue and is plotted on top of the one withN = 5 in green, which in turn is on top of the
harmonic decomposition withN = 9 (red). The bottom layer contains the harmonic decomposition
with N = 15, which is shown in black. As, e.g., them= 3 component of the third order decomposition
agrees quite well with them= 3 component of the higher-order decompositions, the data points gen-
erally overlap with each other and only the topmost layer is clearly visible (cf. left panel of Fig. 3.1).

The distribution ofÃm can be used for two purposes. Firstly, one can estimate whichharmonic
order contains the largest amount of non-circular motions.Secondly, one can investigate the influence
of the higher orders in order to quantify the missed non-circular motions if a harmonic decomposition
of low order has been used previously. In the case of DDO 154, the distribution ofÃm shows that
no harmonic component is strongly favored and that the amplitudes of all harmonic components are
small (≤ 1kms−1). Analogous to the analysis presented in Chapter 2, the errorbars shown here do
not represent a real uncertainty, but indicate the upper andlower quartile of the radial distribution of
Am(r).

The right panel of Fig. 3.1 showsAr(r), i.e., the radial variation of the quadratically added ampli-
tudes of all harmonic components. Its median (Ãr) is indicated for each harmonic decomposition by a
solid horizontal line. UsingAr(r) allows to checkwherethe non-circular motions are, e.g., to compare
them with the locations of spiral arms, star forming regionsetc., whereas its median value (Ãr) can
be used as an indicator for the global amount of the non-circular motions. The amount by which̃Ar

changes from anN = 3 harmonic decomposition to, e.g., aN = 9 harmonic decomposition shows how
the inclusion of higher order harmonic terms would influencethe results presented in Chapter 2. In
the case of DDO 154, non-circular motions play a minor role over the entire radial range, but even
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more so in the inner 1 kpc (the radius corresponding to 1 kpc isindicated in the right panel of Fig. 3.1
by the long-dashed line).

Beside the obvious advantage of covering more non-circularmotions, harmonic decompositions
of higher order also come with the drawback of an increased number of free parameters. This is a
problem for those regions of a galaxy where the tilted-ringsare only sparsely filled, as the fitting
algorithm has too few data points to fit many free parameters simultaneously. For most galaxies, this
is only a problem in the outer regions. Therefore, a maximum radius for the averaging of thẽAm and
Ãr is introduced, which is indicated by the vertical short-dashed line in the right panel of Fig. 3.1. In
the case of DDO 154, which has a very regular velocity field which allowed a stableN = 15 harmonic
decomposition even in its outer regions, it was not necessary to introduce a maximum radius for
the averaging. For these cases, the maximum radius is artificially set to a value larger than the last
modelled radius. For DDO 154,̃Ar increases from̃Ar ∼ 1.6 kms−1 for N = 3 overÃr ∼ 2.1 kms−1

for N = 5 to Ãr ∼ 2.6 kms−1 for N = 9 andN = 15. Note that̃Ar does not change significantly if one
increases the fitting order fromN = 9 toN = 15.

NGC 925

The results for NGC 925 are shown in the top panels of Fig. 3.2.The distribution ofAr(r) shows
that theN = 3 (blue) and theN = 5 (green) decompositions produce similar results with smooth radial
variations and median amplitudes ofÃr ∼ 6− 8 kms−1. The radial distributions ofAr(r) for the ninth
and fifteenth order harmonic decomposition, however, show clear breaks and jumps over a large frac-
tion of the radial range. This is mainly caused by sparsely filled tilted-rings (cf. the velocity field of
NGC 925 in Fig. 3.13). Therefore,RESWRI has only relatively few data points to simultaneously fit
many free parameters. For the harmonic decompositions withN = 9 andN = 15, the number of free
parameters is simply too large to allow for a stable fit. This hypothesis is supported by the distribution
of Ãm. It is directly apparent that the amplitude of, e.g., them= 1 component as obtained from a third
order harmonic decomposition differs from that of theN = 15 harmonic decomposition. The same
is true for other harmonic ordersm as well. However, increasing the maximum fitting order should
not affect the amplitude of the low-order harmonic terms. Ifit does, as it is the case here, and if the
radial distribution ofAr(r) shows such large variations (and uncertainties) from one tilted-ring to the
next, then this strongly indicates that the results of the higher order harmonic decomposition are not
reliable for this particular galaxy.

NGC 2366

The results for NGC 2366 (middle panels of Fig. 3.2) show thatthe highest non-circular motions are
found in them = 4 component, followed by those from them = 2 andm = 3 component. All other
components have amplitudes of about 1 kms−1 or less, and contribute therefore only little toAr(r).
Including higher order harmonic terms increases the medianamplitude of the non-circular motions
from Ãr ∼ 3 kms−1 for N = 3 to Ãr ∼ 5.5 kms−1 for N = 9. However, these non-circular motions of
higher harmonic order are mainly found at large radii. In theinner 1 kpc of NGC 2366, the amount of
non-circular motions is small, irrespective of the fit orderof the harmonic decomposition.

NGC 2403

In the outer parts of NGC 2403, the sparsely filled tilted-rings cause an increase in the measured non-
circular motions and their associated uncertainties (cf. bottom panels of Fig. 3.2). Therefore, only
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data points inwards ofr = 800′′ have been used for the averaging ofÃm andÃr . The distribution of
Ãm shows that although the second-to-fifth orders contain the largest amount of non-circular motions,
no single order is strongly preferred. The median amplitudeof the non-circular motions increases by
about 3.5 kms−1 if one increases the maximum fit order fromN = 3 to N = 15. The central region
again shows the lowest amount of non-circular motions, regardless of the maximum fit order.

NGC 2841

The different harmonic decompositions of the velocity fieldof NGC 2841 are shown in the top panels
of Fig. 3.3. As the scatter in the amplitudes of the non-circular motions increases significantly for
larger radii, the maximum radius for the averaging ofÃm and Ãr is set tor = 325′′. The highest
amplitude of the non-circular motions is found in them= 4 andm= 5 component. Therefore, a fifth
order harmonic decomposition is already capable of capturing most non-circular motions.

NGC 2903

The different harmonic decompositions of NGC 2903 (middle panels of Fig. 3.3) show a similar be-
havior for most radii. The results differ only for the inner few tilted-rings and for those at radii between
r = 175′′ andr = 225′′. While the former might be due to large streaming motions associated with the
bar of NGC 2903, the latter is likely to be caused by the sparsely filled tilted-rings at those radii (cf.
Fig. 3.17). The highest amplitude of the non-circular motions is found for them = 3 component,
whose median value and upper and lower quartile isÃ3 ≈ 4+5

−2 kms−1.

NGC 2976

For NGC 2976, the radial averaging ofÃm and Ãr was restricted tor ≤ 110′′ (cf. bottom panels of
Fig. 3.3). When changingN from N = 3 toN = 15, the median amplitude of the non-circular motions
is increased from̃Ar ∼ 2 kms−1 to Ãr ∼ 5 kms−1. The inner two data points show relatively large
non-circular motions, which might be attributed to the bar of NGC 2976 (cf. Spekkens & Sellwood
2007). The distribution of̃Am shows that no harmonic component is strongly favored, although the
second and fourth order show somewhat larger amplitudes than the others.

NGC 3031

For NGC 3031 (top panels of Fig. 3.4), the radial averaging ofÃm and Ãr is restricted tor ≤ 800′′.
Additionally, the data points at radii between 300′′ and 370′′of the fifteenth order harmonic decom-
position had to be removed manually, as these are heavily affected by sparsely filled tilted-rings (cf.
Fig. 3.19). The distribution of̃Am shows that the first five harmonic orders contain the largest amount
of non-circular motions; higher harmonic orders (m> 5) contribute only very little to the total amount
of the non-circular motions.

NGC 3198

The results for NGC 3198 (middle panels of Fig. 3.4) show thatfor radii smaller than 450′′, all har-
monic decompositions show well-defined radial trends. The median amplitude of the non-circular
motions increases from̃Ar ∼ 4 kms−1 to Ãr ∼ 6 kms−1, if one increases the maximum fit order from
N = 3 to N = 9 (or N = 15). The panel containing̃Am shows that the largest non-circular motions are
found in the first five harmonic orders.
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IC 2574

For IC 2574 (bottom panels of Fig. 3.4), them= 2 component is clearly the dominant one. As already
discussed in the previous chapter,Ar(r) shows a clear maximum atr ∼ 250′′, which is probably caused
by the supergiant shell in the north-east of IC 2574 (Walter et al. 1998). It is again striking that the
inner 1 kpc contain only very small non-circular motions, regardless of whether one performs a third
or a fifteenth order harmonic decomposition.

NGC 3521

For NGC 3521, the radial averaging is confined to radii withr ≤ 350′′. The results are shown in the
top panels of Fig. 3.5 and show that the largest non-circularmotions are found in the second-to-fifth
order. The radial trends in the distribution ofAr(r) can be traced in all decompositions, although for
radii larger than 200′′, the results of the different harmonic decompositions start to diverge slightly.

NGC 3621

In NGC 3621 (middle panels of Fig. 3.5), most harmonic components show similarly small ampli-
tudes. The radial trends seen in the distribution ofAr(r) are visible for all harmonic decompositions,
with a steady increase in amplitude as one includes higher and higher orders. The radial averaging is
restricted tor ≤ 500′′, thus excluding the outer deviant data points.

NGC 3627

The harmonic decompositions of NGC 3627 (bottom panels of Fig. 3.5) are heavily affected by its
asymmetry and its bar. As shown in the previous chapter, NGC 3627 contains the highest non-circular
motions in the sample. It was not possible to decompose the velocity field up to the fifteenth order
and even the harmonic decompositions withN = 5 andN = 9 show unrealistic large values for some
radii (much larger than the rotation velocity), indicatingthat a harmonic decomposition up to third
order is already at the limit of what makes sense. Given theseproblems, NGC 3627 is disregarded in
the subsequent analysis.

NGC 4736

NGC 4736 has an inner and an outer disk. The latter is only sparsely filled (cf. the velocity field shown
in Fig. 3.25), which results in a large scatter of the derivedamplitudes of the non-circular motions (see
top panels of Fig. 3.6). While the third order harmonic decomposition can still somewhat cope with
these sparsely filled tilted-rings, the higher order decompositions can not. Therefore, the values of
Ãm and Ãr are averaged overr ≤ 175′′ only. For this inner disk, the radial trends of the different
distributions ofAr (r) are all similar in shape. The highest amount of non-circular motions is found in
them= 2 andm= 3 component.

NGC 5055

Like NGC 4736, NGC 5055 also shows sparsely filled outer regions (cf. Fig. 3.26) and the averaging
of Ãm and Ãr is therefore restricted tor ≤ 450′′. Within this radial range, the different harmonic
decompositions (see middle panels of Fig. 3.6) show similarradial trends and differ only in amplitude.
The distribution ofÃm shows that no harmonic component is preferred.
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NGC 6946

The results for NGC 6946 (bottom panels of Fig. 3.6) are affected not only by sparsely filled tilted-
rings (cf. velocity field in Fig. 3.27), but also by its low inclination, which on the one hand results
in large correction terms, and on the other hand makes it moredifficult to unambiguously separate
the rotational signal from turbulent motions. Due to these problems, it was not possible to perform
a fifteenth order harmonic decomposition of the velocity field of NGC 6946. Because of the large
uncertainties and scatter at large radii, only tilted-rings with r ≤ 250′′ are considered for the averaging
of Ãm andÃr . Most harmonic orders show similar amplitudes of about 3 - 4 kms−1. The differences
between the amplitudes of them= 1 component for the 3rd and 5th order harmonic decompositions on
the one hand, and the 9th order decomposition on the other hand, suggests that the latter is already at
the edge of what is feasible.

NGC 7331

The results for NGC 7331 in the top panels of Fig. 3.7 show thatthe second harmonic order contains
the largest amount of non-circular motions and that only very small power is in them= 1 andm= 3
terms. The amplitudes of the fourth-to-sixth harmonic orders are approximately 3 kms−1. Increasing
the maximum fit orderN has therefore a noticeable effect onÃr , which is almost doubled when
changingN from N = 3 to N = 15. The values of̃Am and Ãr are averaged over tilted-rings with
r ≤ 240′′.

NGC 7793

In NGC 7793 (bottom panels of Fig. 3.7), the largest amount ofnon-circular motions is found in the
second and third harmonic order. All other orders contain only small non-circular motions. This is
also apparent in the value of̃Ar , which changes by only 2 kms−1 when increasing the maximum fit
order fromN = 3 to N = 15. It is again noticeable that the lowest amount of non-circular motions is
found in the inner parts of the galaxy.

3.1.2 Residuals of the higher order decompositions

Residual velocity fields are created by subtracting a model from the original data. In the previous
chapter, an analysis of the residual velocity fields of the third order harmonic decompositions has
been presented (cf. Section 2.6.4.1). Here, I will apply thesame method to the residual velocity
fields based on higher order harmonic decompositions. In particular, this means creatingabsolute
residual velocity fields and using their median values for the subsequent analysis. The result is shown
in Fig. 3.8, where the median amplitudes are plottedvs. the maximum fit order of the harmonic
decomposition. The data points of each galaxy are connectedby a line. The (dwarf) galaxies with
absolute magnitudes ofMB > −18.5 mag are shown in gray, more luminous galaxies in black. Two
things are directly apparent: firstly, dwarf galaxies generally show the smallest residuals, regardless
of the maximum fit order. Secondly, even though the median amplitude of the residuals decreases
if one performs a higher order harmonic decomposition, the gain is usually only of the order of 1
kms−1. Even for the third order harmonic decomposition, the median values of most absolute residual
velocity fields are below the velocity resolution of the data(for 14 out of 18 galaxies). For the ninth
order decompositions, the same holds for all galaxies but NGC 6946, which is the only galaxy in the
sample with a velocity resolution of 1.3 kms−1. Only for very few galaxies do the residuals change
significantly if N is increased fromN = 3 to N = 15. One of these galaxies is NGC 3521, which
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FIG. 3.2: Different order harmonic decomposition of NGC 925 (top), NGC 2366 (middle), and NGC 2403 (bottom). The
layout of the panels is identical to Fig. 3.1. See text for more information about the galaxies shown here.
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FIG. 3.3: Different order harmonic decomposition of NGC 2841 (top), NGC 2903 (middle), and NGC 2976 (bottom).
The layout of the panels is identical to Fig. 3.1. See text formore information about the galaxies shown here.
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FIG. 3.4: Different order harmonic decomposition of NGC 3031 (top), NGC 3198 (middle), and IC 2574 (bottom). The
layout of the panels is identical to Fig. 3.1. See text for more information about the galaxies shown here.
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FIG. 3.5: Different order harmonic decomposition of NGC 3521 (top), NGC 3621 (middle), and NGC 3627 (bottom).
The layout of the panels is identical to Fig. 3.1. See text formore information about the galaxies shown here.
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FIG. 3.6: Different order harmonic decomposition of NGC 4736 (top), NGC 5055 (middle), and NGC 6946 (bottom).
The layout of the panels is identical to Fig. 3.1. See text formore information about the galaxies shown here.
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FIG. 3.7: Different order harmonic decomposition of NGC 7331 (top) and NGC 7793 (bottom). The layout of the panels
is identical to Fig. 3.1. See text for more information aboutthe galaxies shown here.

shows the highest residuals of the sample forN = 3, but only average residuals forN = 15. This is
because NGC 3521 contains relatively large fourth and fifth order harmonic components (cf. Fig. 3.5).
However, for the majority of the galaxies presented here, a third order harmonic decomposition is able
to quantify most of the non-circular motions.

3.1.3 Discussion

The results presented in Section 3.1.1 all show that increasing the maximum fit orderN does result in
somewhat larger non-circular motions. However, due to the increased number of free parameters, the
number of galaxies suitable for this kind of analysis decreases. A harmonic decomposition of high
order precludes the analysis of regions with sparsely filledtilted-rings. Galaxies showing a patchy
velocity field with many HI holes and sparsely filled tilted-rings (like NGC 925, NGC 5055, and
NGC 6946) prove largely unsuitable for high (i.e.,N = 9 or N = 15) order harmonic decompositions.
Nevertheless, for the galaxies where, e.g., the ninth orderharmonic decomposition shows results of
satisfying accuracy, one can still ask: does the inclusion of non-circular motions of higher harmonic
order change the conclusions from Chapter 2?
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FIG. 3.8: Median value of the absolute residual velocity fields for harmonic decompositions of different order. Dwarfs
(MB > −18.5 mag) are shown in gray, all other galaxies in black.

To address this question, emphasis is placed again on the four dwarf galaxies withMB > −18.5
mag (NGC 2366, NGC 2976, IC 2574, and DDO 154), as all of these are inconsistent with an NFW
profile but are better approximated with a cored profile (de Blok et al. 2008; Oh et al. 2008). Includ-
ing only third order harmonic terms, the four galaxies show non-circular motions with median am-
plitudes ofÃr ∼ 1.2− 2.2 kms−1 in their inner 1 kpc, with an average value of 1.6 kms−1. Including
higher order harmonic terms (e.g., up toN = 9) increases the median values toÃr ∼ 1.6− 4.5 kms−1

with an average of 2.9 kms−1. These non-circular motions are significantly smaller thanthe 15-20
kms−1 which are needed in order to reconcile the different densityslopes (see de Blok et al. 2003;
Hayashi & Navarro 2006; Kuzio de Naray et al. 2008).
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However, one might argue that the absolute amplitudes of thenon-circular motions are not very
meaningful, but that they have to be normalized by the local rotation velocity. This has been done
for the third order harmonic decompositions in Figs. 2.10 and 2.11 in Chapter 2. It has been shown
(in Section 2.6.2), that for three out of the four dwarfs in the sample, the non-circular motions in the
inner 1 kpc contribute less than ten percent to the local rotation velocity. Only IC 2574 shows larger
non-circular motions of about 26 percent. Including non-circular motions of higher harmonic order
increases the contribution of the non-circular motions (relative to the local rotation velocity) by 3.4
percent on average. This means that even with the inclusion of high order non-circular motions, these
contributions are much smaller than the> 50 percent which Hayashi et al. (2004a) need to invoke in
order to explain the differences between the theoretical predictions and the observations.

This clearly shows that the quantification of non-circular motions of higher harmonic order does
not change the conclusions from Chapter 2.

3.2 Harmonic decomposition of artificial velocity fields

The results of the previous section show that taking non-circular motions of higher harmonic order
into account does not change the conclusions from Chapter 2.In this section, I test the effectiveness of
the harmonic decomposition by analyzing artificial velocity fields. In particular, this means creating
artificial velocity fields with a certain (and most importantly known) amount of non-circular motions,
adding noise and other “disturbances” to the artificial VFs,and finally performing a harmonic decom-
position of them. By comparing the detected non-circular motions with the inserted ones, one can
estimate the efficiency of the fitting-routine.

3.2.1 Creating the artificial velocity fields

For the creation of the artificial velocity fields, a modified version of the GIPSY taskVELFI has been
used. VELFI can create model velocity fields with circular motions and istherefore often used to
visualize the results from a tilted-ring fit withROTCUR. In order to create model velocity fields which
include non-circular motions, I had to modify the existing taskVELFI by changing the line-of-sight
velocity from one based on circular motions (Eq. 2.4) to one including non-circular motions as well
(cf. Eq. 2.3 on page 12). This modified version ofVELFI (hereafter calledNONCIRC) accepts harmonic
terms up to ninth order. Allowing for the inclusion of higherorder harmonic terms would have been
possible, but is generally unnecessary (cf. analysis in Section 3.1).

For testing the effectiveness of theRESWRI routine, it does not matter which radial variation of
what assortment of harmonic components is used for the creation of the artificial velocity field —
as long as the values make sense. It is important that one creates model velocity fields which are
comparable to real velocity fields, meaning that the model velocity fields should also contain, e.g.,
the wiggles which are typically associated with spiral arms. The best resemblance with a real galaxy
is in the genuine galaxy itself. Therefore, the results of the harmonic decompositions presented in
Chapter 2 are used to create model velocity fields which contain non-circular motions of the first,
second, and third harmonic order. These model velocity fields are shown for all galaxies in the sample
in the top-right panels of Figs. 3.13 - 3.29 in the Appendix 3.A. The small amplitudes in the residual
velocity fields (bottom-right panels of Figs. 3.13 - 3.29), which are created by subtracting the model
velocity fields from the original data show that these modelsare a good approximation to the real
velocity fields (top-left panels of Figs. 3.13 - 3.29).
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FIG. 3.9: Extended summary panel for DDO 154. The velocity fieldsin the first (i.e., top) row and in the entire left
column (i.e., panels 1, 2, 3, 5, and 7) share the same color bar, shown rightwards of the first row. The contour levels are
also identical: the thick black contour represents the systemic velocity atVsys = 375.9 kms−1 and the velocity contours are
spaced by 12.5 kms−1 with white contours marking the approaching side and black contours the receding side, respectively.
The individual panels contain the following maps:(1): Original hermite velocity field; the beam is indicated in thebottom
left corner;(2): Model velocity field of the third order harmonic decomposition; (3): Clipped version of the model velocity
field in panel (2), derived by using the original velocity field in panel (1) as a mask;(4): Residual velocity field, derived by
subtracting the model velocity field in panel (2) from the original data in panel (1). The color bar is indicated to the right
of the panel;(5): Model velocity field which is the sum of the velocity fields in panels (3) and (6), i.e., containing non-
circular motions up to ninth order;(6): Velocity field showing only the fourth-to-ninth harmonic components (quantified in
Section 3.1.1. The color bar is indicated rightwards of the panel;(7): Model velocity which is the sum of panels (5) and (8),
i.e., containing non-circular motions up ninth order as well as noise;(8): The noise which was added to create the velocity
field in panel (7). The noise assumed here follows a uniform noise distribution with values of− 1

2Vdisp ≤ x≤ + 1
2Vdisp, where

Vdisp is the average velocity dispersion along the tilted-rings (derived during the harmonic decomposition).
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However, it is oversimplifying to directly use these modelsfor a harmonic decomposition. The
model velocity fields consist solely of harmonic components, without any noise or turbulence or
deviations, as one might expect in a real galaxy. Therefore,several steps in order to create suitable
model velocity fields for the testing of the fitting routine have been undertaken. These are described
here for one galaxy (DDO 154) in detail. The first (i.e., top) row of Fig. 3.9 show the original hermite
velocity field (left) and the model velocity field from the third order harmonic decomposition (right).
One characteristic of the model velocity field is that its tilted-rings are all fully filled. This is not
necessarily the case for real galaxies. Therefore, the model contains signal at positions where there is
no information in the original velocity field. For DDO 154, this applies mostly to the outer regions
only, but, e.g., for NGC 6946, the situation is different (see Fig. 3.27). Therefore, the model velocity
fields are clipped with the GIPSY taskCONDIT, using the original data as a mask. The result of this
is shown in panel 3 of Fig. 3.9 for DDO 154, and in the bottom-left panels of Figs. 3.13-3.29 for all
other galaxies in the sample.

The results of Chapter 2 and Section 3.1 show that in most cases, a third order harmonic decompo-
sition approximates the velocity field well. Nevertheless,a real velocity field will not agree perfectly
with any kind of model. Even for DDO 154, the galaxy with the smallest non-circular motions and
residuals in the sample, the residual velocity field (panel 4of Fig. 3.9) still shows some small-scale
residuals for which the third order harmonic decompositioncould not account for. Therefore, a model
velocity field used for testing the efficiency of the fitting routine should also contain some signal
which the algorithm can not fit. In order to do so, I used the ninth order harmonic decompositions
presented in Section 3.1 (see the red data points in Fig. 3.1 for DDO 154) and created a map contain-
ing harmonic components of fourth-to-ninth order only (panel 6 of Fig. 3.9). By adding this map to
the model velocity field from the third order harmonic decomposition (panel 3), a new model velocity
field with non-circular motions up to ninth order is created (cf. panel 5 of Fig. 3.9).

However, these additions are of systematic nature only. Real data will also contain some noise
and random deviations from harmonic components. Within thetilted-ring analysis,RESWRI also
measures the velocity dispersion along each tilted-ring. This velocity dispersion,Vdisp, can be used as
an indicator for the uncertainty of the derived rotation velocity. Here, it is used to create noise maps. I
determine the radial average of the velocity dispersion foreach galaxy (cf. Col. (7) of Table 3.1) and
create a map containing uniform noise of amplitudesx with −1

2Vdisp≤ x≤ +1
2Vdisp. The noise map for

DDO 154 is shown in panel 8 of Fig. 3.9. Adding this noise to thevelocity field from panel 5 results
in the model velocity field used for the further analysis (panel 7 of Fig. 3.9).

This procedure has also been applied to the other galaxies ofthe sample, with a few modifications
as described in the following. Firstly, while DDO 154 has a very regular velocity field which allows a
ninth order harmonic decomposition even in its outer parts (cf. Fig. 3.1), other galaxies have not. A
ninth order harmonic decomposition comes with an increasednumber of free parameters (compared
to a third order decomposition). Therefore, the former is much more affected by sparsely filled tilted-
rings in the outskirts of galaxies. For example, the amplitudes of the ninth order decomposition of
NGC 2403 (red data points in the bottom panels of Fig. 3.2) deviate from the ones of the third order
decomposition (blue data points) for radii larger than 800′′. As the amplitudes of the ninth order
harmonic decomposition are used as a “disturbance term” in the artificial velocity fields, the results
should not be affected by these deviant data points. Therefore, the harmonic decomposition of the
artificial velocity fields is restricted to a maximum radius,which is identical to the maximum radius
used in Section 3.1 for the averaging ofÃm and Ãr . This is fully appropriate, providing that one
restricts the analysis of the original velocity field (i.e.,the inserted non-circular motions) to the same
radius. This way, one compares the amplitudes of the non-circular motions detected in an artificial
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TABLE 3.1: Harmonic decomposition of artificial velocity fields

Name ÃOrig
r ÃModel

r
ÃModel

r

ÃOrig
r

ÃModel
r − ÃOrig

r Rmax Vdisp

kms−1 kms−1 kms−1 ′′ kms−1

(1) (2) (3) (4) (5) (6) (7)

NGC 2366 2.67 2.08 0.78 −0.58 · · · 3.9
NGC 2403 4.27 3.84 0.90 −0.43 800 5.5
NGC 2841 3.08 2.88 0.93 −0.20 325 10.3
NGC 2976 1.93 1.85 0.95 −0.09 110 3.9
NGC 3031 9.11 9.97 1.09 0.86 800 7.6
NGC 3198 4.01 3.97 0.99 −0.03 450 5.1
IC 2574 3.75 3.47 0.92 −0.28 · · · 4.6
NGC 3521 7.45 7.40 0.99 −0.05 350 11.0
NGC 3621 2.90 2.72 0.94 −0.18 500 4.2
NGC 4736 8.36 8.23 0.98 −0.13 175 5.6
DDO 154 1.59 1.53 0.96 −0.06 · · · 2.1
NGC 5055 4.11 4.09 1.00 −0.02 450 6.0
NGC 6946 6.53 7.27 1.11 0.73 250 5.5
NGC 7331 5.99 5.66 0.94 −0.33 240 9.1
NGC 7793 4.67 4.89 1.05 0.22 · · · 4.1

NOTES: (1): the name of the galaxy; (2): the median amplitude of thenon-circular motions inserted
into the artificial velocity field (̃AOrig

r ); (3): the median amplitude of the non-circular motions detected
in the artificial velocity field (̃AModel

r ); (4): recovery-rate, i.e.,̃AModel
r divided byÃOrig

r ; (5): difference
between the detected and inserted non-circular motions (i.e.,ÃModel

r − ÃOrig
r ); (6): the maximum radius

used for averaging̃AOrig
r andÃModel

r ; (7): average velocity dispersion of the tilted-ring analysis. The
noise which was added to the model velocity fields has amplitudesx of −1

2Vdisp≤ x≤ +1
2Vdisp.

velocity field with the inserted ones (initially detected ina real velocity field)within the same radial
range.

For the individual galaxies, the maximum radius is listed inCol. (6) of Table 3.1 and is also
indicated by the dotted lines in the right panels of Figs. 3.1-3.7. Note that if no maximum radius is
given in Table 3.1, the harmonic analysis extends to the entire radial range (i.e., the range as plotted
in Figs. 3.1-3.7).

Additional to the aforementioned restriction, three galaxies (NGC 925, NGC 2903, and NGC
3627) are excluded entirely from this analysis, as none of them shows a maximum radius inwards of
which the ninth order harmonic decomposition produces results of acceptable quality. NGC 925 for
example shows unrealistic high (and uncertain) amplitudesthroughout a large part of its disk. It would
of course be possible to refrain from including higher orderharmonic terms into the velocity fields of
these three galaxies, but for the sake of consistency, this possibility is not approved.

Therefore, the subsequent analysis is restricted to 15 galaxies which are all listed in Table 3.1.

3.2.2 Harmonic decomposition of the artificial velocity fields

The harmonic decomposition of the artificial velocity fieldsis done using the same initial estimates as
for the decomposition of the original velocity fields, whoseanalysis has been presented in Chapter 2.
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FIG. 3.10: Results from the harmonic decomposition of the artificial velocity field of DDO 154 (black dots) together
with those from the original velocity field (gray crosses). The agreement between the inserted (gray) and detected (black)
non-circular motions is excellent.

Analogous to the analysis presented in the previous chapter, the center position is kept fixed at the
position listed in Table 2.2 and the artificial velocity fields are decomposed up to the third order.
For DDO 154, the results of this harmonic decomposition are shown in Fig. 3.10, where the gray
data points are based on the original velocity field (i.e., these non-circular motions wereinserted
into the artificial VF) and the black data points are based on the artificial velocity field (i.e., these
non-circular motions weredetectedin the artificial VF). The agreement between the inserted (gray)
and the detected (black) non-circular motions is very good.The difference of the radially averaged
“total power” of the non-circular motions (i.e.,̃Ar) is less than 0.1 kms−1. As DDO 154 shows the
smallest non-circular motions of the entire sample, one might argue that the good agreement is just
a coincidence. That it is not is demonstrated by Fig. 3.11, which shows the harmonic decomposition
of NGC 3198. This galaxy has non-zero harmonic components which show distinct radial variations.
Nevertheless, the amplitudes of the harmonic decomposition of the artificial velocity field (black)
trace the inserted non-circular motions (gray) extremely well, except for the outermost two or three
data points. The discrepancy for the data points at the largest radii has a simple reason. The artificial
velocity field is somewhat less extended than the original velocity field, which results in boundary
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FIG. 3.11: Results from the harmonic decomposition of the artificial velocity field of NGC 3198 (black dots) together
with those from the original velocity field (gray crosses). The detected (black) non-circular motions trace the radial trends
of the inserted (gray) non-circular motions very well.

problems when decomposing the very outer parts of the artificial velocity field. Therefore, and also
due to the problems discussed in the previous section, the radial averaging ofAr(r) — both for the
inserted non-circular motions as well as for the detected ones — is restricted to radii smaller than a
maximum radius (450′′ for NGC 3198, cf. Col. (6) in Table 3.1).

Rather than showing detailed plots like Figs. 3.10 or 3.11 for all 15 galaxies, the results of the
harmonic decomposition of the artificial velocity fields arediscussed in a more general way. The
median amplitudes of theinsertednon-circular motions (i.e., those that were initially detected in the
original velocity field) are referred to as̃AOrig

r and are listed in Col. (2) of Table 3.1. The median
amplitudes of therecoverednon-circular motions (i.e., those that were detected in themodel velocity
field) are referred to as̃AModel

r and are given in Col. (3) of Table 3.1. The left panel of Fig. 3.12 shows
a histogram of the so-called “recovery-rate”, i.e.,ÃModel

r divided byÃOrig
r (cf. Col. (4) of Table 3.1).

For twelve out of the fifteen galaxies (i.e., 80 percent), themedian amplitudes of the recovered non-
circular motions differ by less then ten percent from the inserted non-circular motions. For one galaxy
(NGC 6946), the recovered non-circular motions are 1.11 times as large as the inserted ones, and
for two galaxies (NGC 2366 and NGC 2403), the recovery rates are below 90 percent. Although
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FIG. 3.12:Left: Histogram of the recovery-rate of the harmonic decomposition of the artificial velocity fields. In 12 out
of 15 galaxies, the non-circular motions detected in the artificial velocity fields are within ten percent of the ones inserted
into the artificial velocity fields (i.e., those that have been previously detected in the original data). Only three galaxies show
larger deviations.Right: Detected amplitudes of the non-circular motions (ÃModel

r ) vs. inserted amplitudes (̃AOrig
r ). The

dashed line indicates the line of unity. The deviations froma one-to-one relation are small (< 1kms−1 for all galaxies).

a deviation of more then ten percent sounds quite high at firstglance, one has to keep in mind the
absolute numbers as well. In the right panel of Fig. 3.12,ÃModel

r is plottedvs. ÃOrig
r . The dashed

line indicates a one-to-one correlation (i.e., a recovery-rate of 1.00). The individual data points are all
very close to the line of unity, showing that the difference between the amplitudes is small on absolute
scales. As can be seen in Col. (5) of Table 3.1, the differenceis below 1 kms−1 for all galaxies in the
sample, and thus smaller than the velocity resolution of thedata.

The average recovery-rate is 0.97±0.08, i.e., on average, only three percent of the non-circular
motions within the model velocity fields were not re-detected. This value is, however, somewhat
affected by those galaxies for whichRESWRI detected larger non-circular motions than have been
inserted. Being conservative and excluding these galaxiesfrom the calculation of the mean results
in an average recovery-rate of 0.94±0.06. Doing the same with the difference betweenÃModel

r and
ÃOrig

r (Col. (5) of Table 3.1) results in an average difference of−0.04±0.39 kms−1 when including
all galaxies or−0.20± 0.18 kms−1 when excluding those galaxies where the detected non-circular
motions exceed the inserted ones. Whether one approaches this analysis in a statistical way, or on a
case-by-case basis, the results are unchanged. The harmonic decomposition of the artificial velocity
fields is able to detect most of the non-circular motions previously inserted into said velocity fields.
The differences are of the order of five percent, or 0.2 kms−1. This large recovery-rate strongly
indicates that the harmonic decomposition withRESWRI is able to detect most non-circular motions
within a galaxy.

3.3 Conclusions

This chapter was dedicated to probe whether the velocity fields of the galaxies in the sample contain
any non-circular motions which have been missed by the analysis in Chapter 2. Special emphasis has
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been laid on the influence of non-circular motions of higher harmonic orders — which would have
been undetected in the previous analysis — and on the detection efficiency of theRESWRI routine.

The work presented in Section 3.1 showed that increasing themaximum fit orderN from N = 3
up toN = 15 does result in a modest increase of the detected non-circular motions. Only few galaxies
contain significant terms of higher (m> 3) harmonic order and harmonic components withm> 5
are usually negligible in all galaxies. Focussing on the dwarf galaxies, i.e., the galaxies where the
cusp/core problem is most apparent, it has been shown that including non-circular motions up to ninth
order does not alter the conclusion from the previous chapter: the non-circular motions in the centers
of the galaxies are too small to reconcile cuspy DM density profiles with non-circular motions. Given
these results, it seems sufficient to decompose the velocityfields up to third order, because if one
increases the maximum fit order, one also increases the number of free parameters and thus enhances
the problems when dealing with galaxies having sparsely filled tilted-rings like, e.g., NGC 925 or
NGC 6946.

In Section 3.2, artificial velocity fields have been created and analyzed. These artificial velocity
fields contain the same amount of first-to-third order non-circular motions as initially quantified in
Chapter 2. Additionally, uniform noise and fourth-to-ninth order harmonic terms were added to the
velocity fields. The velocity fields were then decomposed up to third order and the detected non-
circular motions have been compared with the inserted ones.The results show that the recovered
non-circular motions deviate on average by 0.2 kms−1 from the inserted ones. In relative terms, the
average difference is about 5 percent. Therefore, I conclude thatRESWRI is able to quantify almost all
non-circular motions in the velocity field of a galaxy. I havedemonstrated that the velocity fields of
the galaxies in this sample do not contain large non-circular motions which have been undetected by
the analysis in Chapter 2. Therefore, the work presented in this chapter strengthens the results from
the previous one. Non-circular motions are small, especially in the centers of dwarf galaxies and can
not explain why observers fail to see the cuspy density profiles characteristic for CDM halos.
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3.A Appendix: Velocity fields

In this section, the summary panels for all galaxies of the sample are presented, except for DDO 154,
whose summary panel is shown in Fig. 3.9. Each of the summary panels contains four sub-panels,
whose content and layout is identical to panels 1 - 4 of Fig. 3.9: (1) the original hermite velocity
field (top left), (2) the model velocity field (top right),(3) the clipped model velocity field where the
original hermite velocity field was used as a mask (bottom left), and(4) the residual velocity field
(bottom right), derived by subtracting the clipped model velocity field from the original data. Sub-
panels (1) - (3) share the same color bar, indicated rightwards of sub-panel (2). The residual velocity
field is shown on a different color scale indicated by the color bar rightwards of sub-panel (4).

FIG. 3.13: Summary panel for NGC 925. The velocity contours are spaced by 25 kms−1and the thick black contour
indicates the systemic velocity atVsys = 552.5kms−1. See text for further details.
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FIG. 3.14: Summary panel for NGC 2366. The velocity contours arespaced by 12.5 kms−1and the thick black contour
indicates the systemic velocity atVsys = 100.0kms−1. See text for further details.

FIG. 3.15: Summary panel for NGC 2403. The velocity contours arespaced by 25 kms−1and the thick black contour
indicates the systemic velocity atVsys = 133.1kms−1. See text for further details.
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FIG. 3.16: Summary panel for NGC 2841. The velocity contours arespaced by 50 kms−1and the thick black contour
indicates the systemic velocity atVsys = 635.2kms−1. See text for further details.

FIG. 3.17: Summary panel for NGC 2903. The velocity contours arespaced by 25 kms−1and the thick black contour
indicates the systemic velocity atVsys = 555.6kms−1. See text for further details.
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FIG. 3.18: Summary panel for NGC 2976. The velocity contours arespaced by 12.5 kms−1and the thick black contour
indicates the systemic velocity atVsys = 2.6kms−1. See text for further details.

FIG. 3.19: Summary panel for NGC 3031. The velocity contours arespaced by 50 kms−1and the thick black contour
indicates the systemic velocity atVsys = −39.8kms−1. See text for further details.
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FIG. 3.20: Summary panel for NGC 3198. The velocity contours arespaced by 25 kms−1and the thick black contour
indicates the systemic velocity atVsys = 661.2kms−1. See text for further details.

FIG. 3.21: Summary panel for IC 2574. The velocity contours are spaced by 12.5 kms−1and the thick black contour
indicates the systemic velocity atVsys = 48.6kms−1. See text for further details.
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FIG. 3.22: Summary panel for NGC 3521. The velocity contours arespaced by 50 kms−1and the thick black contour
indicates the systemic velocity atVsys = 798.2kms−1. See text for further details.

FIG. 3.23: Summary panel for NGC 3621. The velocity contours arespaced by 25 kms−1and the thick black contour
indicates the systemic velocity atVsys = 730.1kms−1. See text for further details.
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FIG. 3.24: Summary panel for NGC 3627. The velocity contours arespaced by 25 kms−1and the thick black contour
indicates the systemic velocity atVsys = 717.3kms−1. See text for further details.

FIG. 3.25: Summary panel for NGC 4736. The velocity contours arespaced by 25 kms−1and the thick black contour
indicates the systemic velocity atVsys = 307.6kms−1. See text for further details.
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FIG. 3.26: Summary panel for NGC 5055. The velocity contours arespaced by 50 kms−1and the thick black contour
indicates the systemic velocity atVsys = 499.3kms−1. See text for further details.

FIG. 3.27: Summary panel for NGC 6946. The velocity contours arespaced by 25 kms−1and the thick black contour
indicates the systemic velocity atVsys = 43.5kms−1. See text for further details.
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FIG. 3.28: Summary panel for NGC 7331. The velocity contours arespaced by 50 kms−1and the thick black contour
indicates the systemic velocity atVsys = 815.6kms−1. See text for further details.

FIG. 3.29: Summary panel for NGC 7793. The velocity contours arespaced by 25 kms−1and the thick black contour
indicates the systemic velocity atVsys = 227.2kms−1. See text for further details.



Chapter 4
The baryonic Tully-Fisher relation and its
implication for dark matter halos∗

ABSTRACT

The remarkably small scatter of the baryonic Tully-Fisher relation (BTF) places strong constraints on
the tri-axiality of cold dark matter (CDM) halos. Recent attempts to solve the cusp/core problem (i.e.,
to reconcile the inferred density slopes from CDM simulations and observations) include the effect
a tri-axial halo has on the motion of the gas. As the cusp/coreproblem is most apparent for dwarf
galaxies, we test if extremely low-mass dwarf galaxies follow the same (tight) BTF relation as high-
mass galaxies. We obtained HI synthesis data of 11 dwarf galaxies and derived several independent
estimates for the maximum rotation velocity. Constructinga BTF relation using data from the liter-
ature for the high-mass end, and the highest-quality galaxies from our sample for the low-mass end
results in a BTF with a scatter of 0.28 mag. This scatter constrains the ellipticities of the potentials
in the plane of the disks of the galaxies to an upper limit of 0-0.06, making it unlikely that tri-axiality
can fully address some of the current small-scale problems of Cold Dark Matter.

4.1 Introduction

The Tully-Fisher (TF) relation (Tully & Fisher 1977), the relation between the luminosity and rotation
velocity of a galaxy, has been extensively used to estimate extragalactic distances (e.g., Pierce & Tully
1988; Sakai et al. 2000; Tully & Pierce 2000). In the usual “classical” interpretation, luminosity is a
proxy for the stellar mass, which in turn depends on the total(visible and dark) mass and through it on
the rotation velocity. The slope and zero point of this classical TF relation do not depend on the cen-
tral surface brightness of galaxies (Zwaan et al. 1995), though for very low mass dwarf galaxies, the
slope tends to steepen (e.g., Matthews et al. 1998; McGaugh et al. 2000). Low-mass dwarf galaxies
are apparently underluminous given their rotation velocity and therefore fall below the TF relation as
defined by the high mass galaxies. A single linear relation can be restored if one replaces the luminos-
ity (or stellar mass) with the baryonic disk mass, thus including the gas mass as well (McGaugh et al.
1999, 2000). This relation is called the baryonic Tully-Fisher (BTF) relation and has been studied by

∗C. Trachternach, W.J.G. de Blok, S.S. McGaugh, J.M. van der Hulst, and R.-J. Dettmar, subm. to A & A
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many authors in the last few years (e.g., Bell & de Jong 2001; Verheijen 2001; Gurovich et al. 2004;
McGaugh 2004, 2005; Geha et al. 2006; De Rijcke et al. 2007; Noordermeer & Verheijen 2007).

The baryonic Tully-Fisher relation seems to be a universal and remarkably tight relation.
This places severe constraints on galaxy formation and evolution theories (cf. Eisenstein & Loeb
1996; McGaugh & de Blok 1998a,b; Mo et al. 1998; Steinmetz & Navarro 1999; Blanton et al. 2007).
Franx & de Zeeuw (1992) for instance note that the observed scatter of the TF relation places an
upper limit on the elongation of the dark matter halos. Note that they investigated the TF rela-
tion, not the BTF relation, but since the BTF is an even tighter correlation than the stellar TF re-
lation (e.g., McGaugh 2005), their reasoning is valid for the BTF as well. From the scatter of the
TF relation, Franx & de Zeeuw (1992) argue that the ellipticity of the potential in the plane of the
disk is most likely between 0 and 0.06. This is in good agreement with what (Trachternach et al.
2008a, Chapter 2 of this thesis) found observationally for asample of 18 dwarf and spiral galaxies
from the THINGS survey (Walter et al. 2008; de Blok et al. 2008), but in disagreement with results
from theoretical CDM simulations which predict more elongated potentials (e.g., Frenk et al. 1988;
Hayashi & Navarro 2006).

This discrepancy contains important implications for the so-called “cusp/core” debate. The
cusp/core debate is about the density profiles of dwarf and low surface brightness galaxies, whose
innermost parts of their rotation curves generally do not show the steep central “cusp”, characteristic
for CDM-consistent density profiles like the NFW profile (Navarro et al. 1996, 1997), but are better
approximated by a constant-density “core”, as deduced froma pseudo-isothermal halo profile (cf.
McGaugh & de Blok 1998b; de Blok et al. 2001a,b; Marchesini etal. 2002; de Blok & Bosma 2002;
Gentile et al. 2004; de Blok 2005; Kuzio de Naray et al. 2008).A recent, well-motivated explanation
for the discrepancy of the inferred slopes of the density profiles has been given by Hayashi & Navarro
(2006) and Hayashi et al. (2007), who argue that CDM halos aretri-axial and that this tri-axiality in-
duces large non-circular motions, which makes it impossible to distinguish an intrinsic “cusp” from
a constant-density “core”. Reconciling the different slopes in the density profiles needs non-circular
motions of about 15 - 20 kms−1 over a large part of the disk (de Blok et al. 2003; Hayashi et al. 2004a;
Kuzio de Naray et al. 2008). However, extensive non-circular motions of this order have not been ob-
served, yet (cf. Schoenmakers et al. 1997; Gentile et al. 2004; Trachternach et al. 2008a). We refer,
e.g., to Hayashi & Navarro (2006), de Blok et al. (2008), and Trachternach et al. (2008a) for a more
extensive discussion of this topic.

In this context, it is important to check whether the BTF relation holds and remains tight even
for extreme dwarf galaxies, because then the conclusions ofFranx & de Zeeuw (1992) — which were
largely based on observations of high-mass galaxies — wouldalso apply to low-mass galaxies, and
thus constrain the range of ellipticities of the potentialsof dwarf galaxies, too.

The low mass end of the BTF relation has also been studied by Geha et al. (2006) and Kovac
(2007). They measure line widths and after correcting thesefor broadening due to turbulent motion
of the HI gas, they find that the extreme dwarf galaxies of their samplefollow the same BTF relation
as the high mass galaxies, albeit with a larger scatter. Thisincreased scatter, however, is most likely
a result of their use of theW20 profile. Verheijen (1997) already pointed out that using themaximum
rotation velocity from a resolved rotation curve significantly decreases the scatter in the (B)TF relation
as compared to one using line width measurements.

In this chapter, we therefore attempt to determine several independent estimates for the maximum
rotation velocity (Vmax) for a sample of extremely low-mass dwarf galaxies. Doing this, we can check
whether these galaxies follow the same tight correlation between baryonic disk mass and rotation
velocity as their high mass counterparts. As a reference, weuse the sample of McGaugh (2005), for
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TABLE 4.1: Mapping/Noise parameters for the entire sample.

ID Date length Bmaj Bmin BPA noise/channel pixel size channel width
of Obs. of Obs. ′′ ′′ ◦ mJy b−1 ′′ kms−1

(1) (2) (3) (4) (5) (6) (7) (8) (9)

D500-2 01-05-2002 12h 25.0 10.6 0.0 1.0 5 4.12
D500-3 03-05-2002 12h 33.0 12.3 0.0 0.6 5 4.12
D512-2 16-05-2004 12h 28.9 13.4 0.6 0.9 4 2.10
D564-8 08-05-2002 12h 36.4 12.8 0.0 0.6 5 4.12
D572-5 10-05-2004 12h 86.6 24.0−0.2 1.2 4 2.10
D575-1a 07-05-2004 12h 48.2 18.4 0.2 0.9 4 2.10
· · · 12-05-2004 12h · · · · · · · · · · · · · · · · · ·
D575-2b 09-05-2004 12h 45.6 14.0 −3.5 0.6 4 2.10
· · · 13-05-2004 10h · · · · · · · · · · · · · · · · · ·
· · · 17-10-2004 7h · · · · · · · · · · · · · · · · · ·
D575-5 05-05-2004 12h 37.5 11.3−0.1 1.1 4 2.10
D631-7 04-11-2004 12h 57.7 12.0 0.2 1.1 4 2.10
D640-13 10-11-2004 12h 70.8 11.5−0.1 1.1 4 2.10
D646-7 11-05-2004 12h 133.8 20.6 0.6 1.4 4 2.10

aThe data for D575-1 is combined from two individual observations
bThe data for D575-2 is combined from three individual observations

NOTES: (1): galaxy identifier; (2): Date of observations; (3): length of observations; (4, 5) major
(minor) axis diameter of the robust weighted beam in arcsec;(6): position angle of the beam (in
degree), measured counter-clockwise from the north; (7): noise per channel in mJy beam−1; (8): pixel
size in arcsec; (9): velocity resolution in kms−1

which well-determined estimates forVmax exist. For a thorough description of the comparison sample,
the reader is referred to McGaugh (2005) and references therein.

The chapter is organized as follows: in Section 4.2 we describe the observations and the data
reduction, which is followed by a description of the different methods in estimatingVmax in Section
4.3. We comment the individual galaxies in Section 4.4, and present further analysis and our results
in Section 4.5. We summarize our results and give our conclusions in Section 4.6. The Appendix 4.A
contains moment maps, position-velocity diagrams and channel maps of our sample galaxies.

4.2 The data

In this section, we describe the observational set-up, the basic data reduction from the raw data to the
data cubes, and the moment map creation and other “post-reduction” steps.
Our sample was selected from the larger sample of Schombert et al. (1997), which is one of the largest
samples of extreme field dwarf galaxies for which both line width measurements and HI masses
(Eder & Schombert 2000), as well as optical photometry (Pildis et al. 1997) exist. The galaxies were
chosen to be relatively nearby (vhel< 1400kms−1), have suitable optical inclinations (45≤ iopt ≤ 75),
and to haveV- andI -band photometry available.

4.2.1 Observations

Observations were carried out at the Westerbork Synthesis Radio Telescope (WSRT) in maxi-short
configuration, in the 21-cm line of neutral hydrogen. We use both polarizations and sample 1024
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channels with a bandwidth of 10 MHz or 20 MHz (corresponding to velocity resolutions of 2.10 or
4.12 kms−1). The sample integration time was set to 60 seconds. Furtherobservational details are
summarized in Table 4.1.

4.2.2 Data reduction

Here, we describe the steps used to obtain the data cubes fromthe rawuv-data. The calibration and
data reduction of the data is performed using standard routines in MIRIAD1. We use the taskUVFLAG

to flag data affected by shadowing of the dishes and inspect the uv-data by eye to remove data points
showing any kind of interference (taskTVFLAG). The data are calibrated using one of the standard
primary calibrators used at the WSRT (3C48, 3C147, 3C286, J2052+362). The primary calibrators
are also used for the bandpass and gain corrections (tasksMFCAL , GPCOPY).

After determining the line-free channels in the data sets (i.e., the channels containing only contin-
uum emission), we fit the continuum with second order polynomials using the taskUVLIN and average
the continuum into one 2D map (the so-calledchannel0map). This map is then self-calibrated. The
self-calibration consists of four steps:

1. Firstly, the taskINVERT is used to create a dirty continuum map of theuv-data. We set the
sidelobe suppression area to the size of the field being mapped (i.e., to uniform weighting).

2. This dirty map is cleaned with the taskCLEAN.

3. Using the taskRESTOR, we check if the cleaned map looks satisfactory.

4. Finally, we perform the self-calibration of the phases with the taskSELFCAL, initially using a
calibration interval of five minutes, but decreasing this down to the original data interval of one
minute for the last iterations.

These four tasks are called iteratively, in order to improvethe gain solutions, always using the result
from the previous iteration as a starting point for the next iteration. The stop condition for theCLEAN

task has to be adjusted between the iterations. RunningCLEAN for the first time, we stop cleaning
when the first negative component is encountered. During thenext few major iterations (i.e., cycles
through steps Nos. 1 - 4), we slowly increase the number of minor iterations (i.e., the iteration within
CLEAN) from 1 000 to 10 000. Once this is done, we run a few more major iterations, gradually
decreasing the cutoff condition from three times the noise to one time the noise. After the map is
sufficiently cleaned, we go once more through steps 1 - 4, thistime performing both a phase and an
amplitude self-calibration withSELFCAL.

The gain solutions are then copied to the line data using the taskGPCOPY. Afterwards, we subtract
the continuum emission from the line data, again usingUVLIN with second order polynomials. Having
done this, we create the image cube using the taskINVERT. We use the robust weighting scheme
(Briggs 1995) with a robust parameter ofrobust=0 for all galaxies. In a last step, the tasksCLEAN

andRESTORare used to clean and restore the image cube, using a cutoff level of∼ 1σ for theCLEAN

task. For a list of the beam sizes and noise levels, see Table 4.1.
We additionally created Hanning smoothed data cubes, whichwere used for the creation of the HI

profiles and the derivation of the velocity widths.

1MultichannelImageReconstruction,ImageAnalysis andDisplay (Sault et al. 1995)
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4.2.3 Post-reduction

In this section, the steps undertaken to create moment maps from the data cubes are described.
Using the GIPSY2 taskMOMENTS, we create 0th, 1st, and 2nd moment maps of all galaxies (i.e.,

the HI total intensity map, the velocity field, and a map of the velocity dispersion). In order to
isolate significant signal, we smoothed the data cubes to twice the original resolution and only retain
pixels with values> 2.5 times the (smoothed) rms. Spurious pixels were then blotted by hand. This
smoothed and blotted data cube was used as a mask for the original data cube. Once this is done,
we determine the number of channels with significant emission for each pixel of the unsmoothed
data cube and create a map containing the signal-to-noise (S/N) of each pixel. Using this map, we
determine which average flux in the 0th moment map corresponds to a S/N = 3, and clip all moment
maps using this flux limit. Channel maps and moment maps are presented in the Appendix 4.A.

4.3 Estimating the maximum rotation velocity

In order to construct a (baryonic) Tully-Fisher relation, one needs to estimate the maximum rotation
velocity (Vmax) of a galaxy. There are several ways in which this can be done,which are described
below in increasing order of preference.

4.3.1 HI velocity profile

The simplest way is to use the width of the HI velocity profile at the 20 (50) percent level of the
maximum intensity, the so-calledW20 (W50). The advantage in using the profile width is that it is
easy to measure and can be derived even using low resolution data. The drawback is that one can not
distinguish rotation and turbulence. This uncertainty matters little for the overall rotation of large, fast
rotating spiral galaxies. However, as one goes to smaller and more slowly rotating galaxies, turbulent
motions will result in a significant broadening of the HI profiles (cf. Verheijen 1997). In our analysis,
we use the velocity profiles from the Hanning smoothed data cubes and correct them for instrumental
broadening and turbulent motion. The corrections applied are addressed and discussed more fully in
Section 4.5.2.

4.3.2 Major axis position-velocity diagram

A more sophisticated way to derive Vmax is to make use of the major axis position-velocity (pV) di-
agram. For a galaxy with a flat rotation curve, the major axispV-diagram has a pronounced s-shape
(see, e.g., Fig. 4.10 in the Appendix 4.A). Using the GIPSY task XGAUPROF, we fit Gaussians to the
velocity profiles at the flat parts of the rotation curve. The maximum rotation velocity is then calcu-
lated by subtracting the line-of-sight velocity of the approaching side from the one of the receding
side, dividing it by two, and correcting for inclination:

Vpv =
Vreceding−Vapproaching

2 sin(i)
(4.1)

As the use of thepV-diagram gives a better approximation to the maximum rotation velocity than the
W20,W50 values do (Verheijen 2001), we will prefer the former where possible.

2GIPSY, the Groningen Image Processing SYstem (van der Hulstet al. 1992)
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4.3.3 Tilted-ring fit with ROTCUR

The most sophisticated method presented in this chapter is the tilted-ring fit, in which the kinematics
of a galaxy are described using a set of concentric rings of a width ∆r. Each of these rings can have
its own center position (x0, y0), systemic velocityVSYS, rotation velocityVROT, inclination i, and
position angle PA. However, the galaxy has to have a convenient inclination of i >∼ 40◦ (Begeman
1987, 1989), and a well-resolved velocity field. For the galaxies in our sample which meet these two
criteria, we derive rotation curves using the GIPSY taskROTCUR. This algorithm assumes that the
gas moves on circular orbits. The line-of-sight velocity can then be expressed as

V(x,y) = Vsys+Vrot(r)sin(i)cos(θ). (4.2)

Here,θ is the azimuthal distance from the major axis in the plane of the galaxy and is linked to the
position angle of the galaxy by

cos(θ) =
−(x− x0)sin(PA) + (y− y0)cos(PA)

r
(4.3)

and

sin(θ) =
−(x− x0)cos(PA) − (y− y0)sin(PA)

r cos(i)
. (4.4)

The PA is measured counter-clockwise from the north to the major axis of the receding side of the
galaxy.

As positions along the major axis of a galaxy carry more rotational information as positions near
the minor axis, we weight the individual data points by|cos(θ)|. The derivation of a rotation curve is
generally an iterative process involving the consecutive fixing of parameters. Following is a general
description of the procedure applied here. In order to get good initial estimates fori, PA, and the center
position, we fit isophotes at varying intensity levels to theHI total intensity maps with the GIPSY task
ELLFIT, taking care that the results are not affected by small-scale structures. As initial estimates for
VSYS andVROT, we use the central velocity of theW50 profile and1

2 W50, respectively.
In a firstROTCURrun, we determine the systemic velocity by keeping all parameters exceptVSYS

(andVROT) fixed. In a second fit withROTCUR, we derive the position of the dynamical center leaving
only x0 andy0 unconstrained. In a third fit, we determine the position angle by runningROTCURwith
PA andi as free parameters. As we sample the rotation curves in most cases with relatively few tilted-
rings (∼ 10), we approximate the fitted values either by a constant or linearly changing PA. Once the
PA is modeled in such a way, we runROTCUR once again with onlyi as free parameter and derive
the inclination of the galaxy. We do not model any radial trends for the inclination. In a last fit with
ROTCUR, we determine the rotation curve by keeping all parameters exceptVROT fixed to their best
determined values. The maximum rotation velocity, derivedin such a way, will be referred to asVv f

hereafter.
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TABLE 4.2: Derived parameters for the profile width sub-sample, i.e., the galaxies having neither aVpv, nor aVv f , but onlyW20 andW50.

ID α2000 δ2000 Vsys D MV (V-I) MHI W20 W50 W20, turb W50, turb i
(h m s) (◦ ′ ′′) kms−1 Mpc mag 107 M⊙ kms−1 kms−1 kms−1 kms−1 ◦

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

D572-5 11 48 16.4 +18 38 33 994 14.6−14.56 0.52 8.55 77 62 68 55 50a

D575-1 12 51 46.1 +21 44 07 600 10.0−14.22 0.70 3.76 38 24 30 18 53
D575-5 12 55 41.4 +19 12 34 437 7.7 −13.21 0.44 4.27 28 19 16 10 50
D640-13 10 56 13.9 +12 00 41 958 13.4−14.36 0.55 4.53 38 25 30 18 48a

D646-7 12 58 40.4 +14 13 03 233 2.1b −12.52 0.84 0.37 35 23 26 16 55a

aoptical inclination from Pildis et al. (1997)
bdistance as given in Karachentsev et al. (2003)

NOTES: (1): galaxy identifier; (2, 3): central position taken fromNED; (4): systemic velocity derived from the central velocity of the W50 profile; (5): distance in Mpc. If no reference is given, the

distance is based onVsys (column 4) and a Hubble flow usingH0 = 75kms−1Mpc−1, including the correction for Virgocentric infall (Mould et al. 2000); (6): absoluteV-band magnitude as given in

Pildis et al. (1997), corrected to our distance estimates; (7): V-I color from Pildis et al. (1997); (8): total HI mass (in units of 107M⊙); (9): uncorrected width of the HI profile at the 20 percent level of

the maximum intensity. The values listed here forW20 are derived using the Hanning smoothed data cube; (10): likecolumn 9, but for theW50 profile; (11): width of theW20 profile, corrected for the

finite velocity resolution, and turbulent motion of the HI gas; (12): as column 11, but for theW50 profile; (13): adopted inclination angle. The velocity widths in Cols. (9) - (12) are not corrected for

inclination effects.

TABLE 4.3: Derived parameters for the rotation curve sub-sample,i.e., the galaxies having not only the velocity width as estimate ofVmax, but at least one additional, independent
estimate (i.e.,Vpv or Vv f ).

ID α2000 δ2000 Vsys D MV (V-I) MHI W20 W50 W20, turb W50, turb i 〈PA〉 Vv f Vpv

(h m s) (◦ ′ ′′) kms−1 Mpc mag 107 M⊙ kms−1 kms−1 kms−1 kms−1 ◦ ◦ kms−1 kms−1

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

D500-2∗ 10 31 43.0 +25 18 33 1259 17.9 −16.38 0.42 87.08 135 120 119 105 57± 6 345 68 68
D500-3 10 05 59.5 +23 52 04 1327 18.5 −15.74 0.31 6.58 96 83 84 72 55a ± 6 · · · · · · 45
D512-2 14 33 20.2 +26 59 54 840 14.1 −15.22 0.80 6.96 88 74 78 65 56± 10 40 35 37
D564-8∗ 09 02 54.0 +20 04 28 478 6.5 −12.64 0.93 1.58 62 48 54 42 63± 7 13 25 29
D575-2∗ 12 52 21.9 +21 37 46 774 12.2 −15.15 0.78 31.51 146 119 129 104 57± 5 220 74 · · ·
D631-7∗ 07 57 01.8 +14 23 27 311 5.5b −14.50 0.55 14.68 113 89 100 78 59± 3 324 58 53

aoptical inclination from Pildis et al. (1997)
bdistance as given in Karachentsev et al. (2003)

NOTES: Cols. (1) to (12) contain mostly the same information as theones in Table 4.2, with the only exception that for the starred galaxies, the center position andVsys were derived kinematically;

(13) inclination angle (optical inclination for D500-3, kinematic inclination otherwise). The uncertainties given for the kinematic inclination angles represent the scatter of the values of the individual

tilted-rings. For D500-3, the given uncertainty is the average uncertainty of the kinematic inclination estimates; (14) average position angle of the rotation curve analysis, measured counter-clockwise

from north to the receding side of the galaxy; (15) maximum rotation velocity from the tilted-ring analysis of the velocity field, corrected for inclination effects; (16) maximum rotation velocity from

the position-velocity diagram, corrected for inclinationeffects.
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4.4 Comments on individual galaxies

In this section, we present our results for the individual galaxies. Unless mentioned otherwise, the
distances given in the following sections are calculated bycorrecting the systemic velocities of the
galaxies for Virgo infall (following the formalism presented in Mould et al. 2000), and assuming a
Hubble flow with a Hubble constant ofH0 = 75kms−1 Mpc−1.

We split our sample into two sub-samples (the “profile width”sub-sample and the “rotation curve”
sub-sample). The profile width sub-sample contains the galaxies for which we have to rely on the
profile width as an indicator forVmax as it was impossible to derive a maximum rotation velocity
from either the tilted-ring analysis (i.e.,Vv f ) or from the position-velocity diagram (i.e.,Vpv). Their
properties are summarized in Table 4.2. The rotation curve sub-sample contains the galaxies, for
which we were able to deriveVv f and/orVpv (in addition toW20 andW50). Their properties are given
in Table 4.3. In the Appendix 4.A, we show for all galaxies presented in this chapter a summary
panel consisting of moment maps, major and minor axis position-velocity diagrams and the global HI

profile. We additionally show channel maps for the galaxies of the rotation curve sub-sample.

We also observed D565-5. The WSRT observations do not detectany emission at the position of
D565-5. We do, however, see strong emission from the nearby galaxy NGC 2903 at the edge of the pri-
mary beam. The agreement of the apparent velocity of this emission with that of the Schombert et al.
(1997) detection suggests that the latter detection was simply NGC 2903 emission that was picked up
with the larger single-dish beam.

4.4.1 D500-2 (Data presented in Figs. 4.10 and 4.21)

D500-2 is also known as UGC 05716 and is classified as an Sm galaxy for which we assume a distance
of 17.9 Mpc. The global HI profile of D500-2 (cf. Fig. 4.10) shows the double-horned profile typical
for spiral galaxies, and its velocity field indicates that D500-2 is clearly dominated by rotation. We fit
ellipses at a few representative intensity levels using theGIPSY taskELLFIT. The inclination of the
HI disk, as obtained withELLFIT and corrected for the beam, isiHI ∼ 57◦. The parameters from our
ellipse-isophote fits are used as initial estimates for the tilted-ring analysis withROTCUR. The spacing
of the tilted-rings is set to 11′′. The systemic velocity is derived in the first fit withROTCUR and
shows only small radial variation. Its mean value isVsys≈ 1259km s−1, and is in excellent agreement
with the central velocity of theW50 profile (1258.6kms−1). Fixing the systemic velocity, we derive
the dynamical center in a newROTCUR fit by averaging thex0, y0 values over the entire radial range.
The resulting central position (cf. Table 4.3) is in good agreement with the optical center from NED
and with that from our ellipse fits withELLFIT. Keeping the center position fixed for the subsequent
ROTCUR runs, we derive the PA and inclination angle. The position angle shows a linear decrease
from 350◦ in the center to 340◦ in the outer parts.

The inclination is then determined in an additionalROTCURfit by averaging the inclination values
for r ≥ 35′′, i.e., by excluding the three deviant data points in the inner part of D500-2. The resulting
kinematic inclination isikin ∼ 57◦±6◦, which agrees very well with the (beam corrected) inclination
of the HI disk. In a last fit withROTCUR, we derive the rotation velocity by keeping all parameters
exceptVROT fixed to their previously derived values. After a gentle inner rise, the rotation curve of
D500-2 reaches a flat part at a rotation velocity ofVv f ∼ 68kms−1. The rotation curve, as well as the
radial distributions for PA andikin are shown in Fig. 4.1. The maximum rotation velocity from the
pV-diagram isVpv ∼ 68kms−1.
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FIG. 4.1: Tilted-ring analysis of D500-2. From top to bottom, the radial distributions of the rotation velocity, the
inclination angle, and the position angle are shown. The data points in the center and bottom panel indicate the values
derived fori and PA as free parameters. The solid lines indicate the values adopted to derive the rotation curve shown in the
top panel.

4.4.2 D500-3 (Data presented in Figs. 4.11 and 4.22)

D500-3 is a dwarf irregular (dI) at a distance of 18.5 Mpc. Itsvelocity field (cf. Fig. 4.11) indicates
solid-body rotation throughout the entire disk, and the major axis pV-diagram also shows only a
linearly rising rotation curve. We fit isophotes to different intensity levels to derive, e.g., the inclination
of the HI disk (iHI ∼ 42◦). This value is somewhat smaller than the optical inclination of iopt ∼ 55◦ as
given in Pildis et al. (1997). Due to the large beam size, we consider the optical inclination superior
to the HI inclination and use it in our further analysis. Because of the solid-body rotation, and also
due to the few resolution elements, it is not possible to derive a well-determined rotation curve with
ROTCUR. We are, however, able to get an estimate for the maximum rotation velocity by using the
position-velocity diagram (Vpv ∼ 45kms−1).

4.4.3 D512-2 (Data presented in Figs. 4.12 and 4.23)

D512-2 is a galaxy of Hubble type Sm and we assume a distance of14.1 Mpc. The HI profile has a
fairly low signal-to-noise. The velocity field of D512-2 shows signs of solid-body rotation in its inner
parts. We useELLFIT to fit ellipses at a few representative intensity levels and derive an inclination of
the HI disk of iHI ∼ 48◦ (corrected for the beam size). Because the apparent size of D512-2 is small,
we do not fit the center position or the systemic velocity withROTCUR. For the former, we adopt the
center estimate fromELLFIT, which is in good agreement with the optical center from NED.For the
latter, we use the central velocity of theW50 profile. Keeping the center and the systemic velocity
fixed, we derive the position angle of D512-2 by averaging thevalues for all tilted-rings withr > 0′′,
while choosing the width of the tilted-rings to be 13′′. The resulting PA (40◦) is then kept fixed for a
subsequentROTCUR fit to estimatei. Averaging the inclination values over all tilted-rings results in a
kinematic inclination ofikin ∼ 56◦±10◦, which is consistent with the values discussed above. Using
the kinematic inclination, we determine the rotation curvein a lastROTCUR run leaving onlyVROT

unconstrained. The rotation curve (cf. Fig. 4.2) confirms what was already suggested by the velocity
field: a solid-body rotation in the inner parts and a flat part in the outer regions. The rotation velocity
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of the flat part of the rotation curve isVv f ∼ 35kms−1. Although thepV-diagram shows no plateaus,
we estimate the (inclination corrected) maximum rotation velocity to beVpv ∼ 37kms−1.

FIG. 4.2: Tilted-ring analysis of D512-2. The layout is identical to that of Fig. 4.1.

4.4.4 D564-8 (Data presented in Figs. 4.13 and 4.24)

For the dwarf irregular D564-8, we assume a distance of 6.5 Mpc. The global HI profile of D564-8
is asymmetric with its peak shifted to the receding side of the galaxy. The asymmetry of the global
HI profile can be traced also in thepV-diagram. ThepV-diagram of D564-8 represents a mixture
between the s-shape typical for spiral galaxies having a flatrotation curve and the linearly increasing
position-velocity diagram usually seen for dwarf galaxies. The maximum rotation velocity, obtained
from thepV-diagram is,Vpv ∼ 29kms−1. Analogous to the other galaxies, we useELLFIT to derive
initial estimates for our tilted-ring fit withROTCUR. For the rotation curve analysis, we set the width
of the tilted-rings to 12′′. In the firstROTCURfit, we derive the systemic velocity toVsys≈ 478kms−1,
which coincides very well with the central velocity of theW50 profile. In a subsequent fit, we derive the
dynamical center by averaging the values forx0 andy0 over the entire radial range. The resulting center
(cf. Table 4.3) agrees to within a few arcseconds with the optical center from NED. In two consecutive
fits with ROTCUR, we derive the PA and inclination by averaging the individual measurements over
the radial range, while excluding the innermost (deviant) data point. The resulting inclination (ikin ∼
63◦±7◦) is larger than both the one from the HI disk (iHI ∼ 50◦), and the optical inclination (iopt∼ 35◦,
Pildis et al. 1997). However, an inclination of 50◦, or even 35◦ can be ruled out by our kinematic data.
Keeping all parameters except the rotation velocity fixed totheir best estimates, we derive the rotation
curve of D564-8. The maximum rotation velocity isVv f ∼ 25kms−1 (see Fig. 4.3).

4.4.5 D572-5 (Data presented in Fig. 4.14)

D572-5 is an irregular galaxy at an assumed distance of 14.6 Mpc. Our HI data of this galaxy is barely
resolved (see, e.g., the moment maps in Fig. 4.14), which severely affects the apparent value of the
HI inclination. For comparison, the optical inclination as given by Pildis et al. (1997) isiopt ∼ 50◦,
whereas the one of the HI disk is iHI ∼ 65◦ (uncorrected) oriHI ∼ 61◦ (corrected for the size of the
beam). Therefore, we use the optical inclination for the further analysis. The low resolution causes the
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FIG. 4.3: Tilted-ring analysis of D564-8. The layout is identical to that of Fig. 4.1.

large velocity range in the minor axispV-diagram. Given these problems, we refrain from deriving a
rotation curve or aVpv from the major axis position-velocity diagram. The only usable indicators for
the maximum rotation velocity areW20 andW50.

4.4.6 D575-1 (Data presented in Fig. 4.15)

D575-1, also known as IC 3810, is classified as an Sm/Irr galaxy. We assume a distance of 10.0 Mpc.
Its global HI profile is well described by a Gaussian. The 1st moment map and the position-velocity
diagrams show only a small velocity range and it was not possible to estimate eitherVv f or Vpv. The
inclination of the HI disk (derived usingELLFIT and corrected for the beam size) isiHI ∼ 53◦ and in
reasonable agreement with the optical inclination (iopt ∼ 61◦) from Pildis et al. (1997).

4.4.7 D575-2 (Data presented in Figs. 4.16 and 4.25)

D575-2, or UGC 8011, is a galaxy of the Hubble type Im, for whose distance we assume 12.2 Mpc.
It was not possible to estimateVpv from the position-velocity diagram. Although the iso-velocity
contours in the first moment map indicate a flat rotation curvein the outer parts, the global HI profile
of D575-2 lacks the double-horned profile often seen for suchgalaxies. The galaxy is kinematically
lopsided, which can be seen in the differences in the velocity contours between the approaching and
receding side. We determine the inclination of the HI disk with ELLFIT to be iHI ∼ 52◦, which is
somewhat less inclined than what Pildis et al. (1997) found optically (iopt ∼ 63◦). Using the results
from our isophote fits withELLFIT as initial estimates for a tilted-ring analysis and a width of the tilted-
rings of 14′′, we determine the systemic velocity (Vsys∼ 774kms−1). This agrees to within 2kms−1

with the center of theW50 profile. Fixing the systemic velocity again, we estimate thedynamical center
of D575-2 to the position listed in Table 4.3, which is in excellent agreement with the optical center as
given by NED. Leaving PA andi unconstrained, we find a gradual decrease of the position angle from
∼ 230◦ in the inner parts to∼ 210◦ in the outskirts of D575-2. Fixing the PA to these values, we derive
the inclination by averaging over all data points withr > 0′′. The resulting inclination (ikin∼ 57◦±5◦)
is halfway between the optical inclination and the one from the HI disk. Keeping the inclination fixed
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to the kinematic estimate, we derive the rotation curve of D575-2 (see Fig. 4.4). After a linear increase
in the inner parts of the galaxy, the rotation velocity reaches a flat part at around 74kms−1.

FIG. 4.4: Tilted-ring analysis of D575-2. The layout is identical to that of Fig. 4.1.

4.4.8 D575-5 (Data presented in Fig. 4.17)

D575-5 is classified as a dwarf irregular at an assumed distance of 7.7 Mpc. Its global HI profile
has a Gaussian shape and itsW50 is the smallest of our sample (W50 ∼ 19kms−1 for the Hanning
smoothed data cube). Pildis et al. (1997) estimated the optical inclination toiopt ∼ 66◦, which is
somewhat higher than the (beam corrected) inclination of the HI disk, which we derive toiHI ∼ 50◦.
An inclination of that order is usually considered as being optimal for a dynamical analysis. However,
neither the 1st moment map, nor the major axispV-diagram show clear signs of rotation. The minor
axispV-diagram shows even more emission than the major axis one. Itwas therefore not possible to
estimate a maximum rotation velocity from either the velocity field, or from the major-axis position-
velocity diagram. The 2nd moment map shows velocity dispersions of 6-8 kms−1 throughout the
entire disk. Given all these indications, we can only assumethat D575-5 is rather face-on and that
a relatively large fraction of the profile width is caused by turbulence. For the inclination-correction
of the W20 andW50, we use the inclination of the HI disk as the appearance of D575-5 excludes the
optical inclination ofiopt ∼ 66◦.

4.4.9 D631-7 (Data presented in Figs. 4.18 and 4.26)

D631-7 is also known as UGC 4115 and is classified as a dwarf irregular. Karachentsev et al. (2003)
estimated its distance to 5.5 Mpc using the luminosity of thetip of the red giant branch stars. The
global HI profile of D631-7 is single-peaked and its velocity field is well-resolved and shows clear
signs of rotation. The major axispV-diagram shows the indication of a flat rotation curve in the
outer parts of the galaxy, and it is possible to estimate a maximum rotation velocity (Vpv ∼ 53kms−1)
usingXGAUPROF. The inclination of the HI disk is obtained withELLFIT (iHI ∼ 57◦) and theELLFIT

results are used as initial estimates for the rotation curvederivation withROTCUR. The width of
the tilted-rings in our analysis withROTCUR is set to 12′′. In the first tilted-ring fit, we derive the
systemic velocity toVsys∼ 311kms−1, which agrees very well with the center of theW50 profile. The
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dynamical center is fitted in the second run withROTCUR. The resulting center position is given in
Table 4.3, and agrees to within 1′′ with the optical center as given by NED. The PA of D631-7 is
obtained in a subsequent fit withROTCURand shows a gradual increase from∼ 318◦ in the inner parts
to ∼ 330◦ in the outer parts. Fixing the PA to these values, we derive the kinematic inclination of
D631-7 toikin ∼ 59◦±3◦ by averaging the individual tilted-ring values for 50′′ ≤ r ≤ 150′′. This is
in good agreement with the inclination of the HI disk (iHI ∼ 57◦), and still in reasonable agreement
with the optical inclination (iopt ∼ 66◦, derived by Pildis et al. 1997). Keeping all parameters except
VROT fixed, we determine the rotation curve of D631-7 (see Fig. 4.5). It shows the typical solid-body
rotation in the inner parts, but reaches a flat part atVv f ∼ 58kms−1.

FIG. 4.5: Tilted-ring analysis of D631-7. The layout is identical to that of Fig. 4.1.

4.4.10 D640-13 (Data presented in Fig. 4.19)

D640-13 is an Im/Sm type galaxy for whose distance we adopt 13.4 Mpc. Its global HI profile has
a Gaussian shape. Comparing the size and the shape of the beamwith that of the moment maps of
the galaxy shows that D640-13 is barely resolved. This heavily affects the inclination of the HI disk
(iHI ∼ 71◦) which is much higher than the optical inclination (iopt ∼ 48◦) by Pildis et al. (1997). We
therefore use the optical inclination for the further analysis. As neither the position-velocity diagrams,
nor the first moment map show a clear sign of rotation, only thewidths of theW20 andW50 profiles
remain as a proxy for the maximum rotation velocity, which wecorrect using the optical inclination.

4.4.11 D646-7 (Data presented in Fig. 4.20)

D646-7 (or UGC 8091) is classified as an irregular dwarf galaxy for which Karachentsev et al. (2003)
estimated a distance of 2.1 Mpc, using the tip of the red giantbranch. The global HI profile of D646-
7 has a clear Gaussian shape. The galaxy lacks clear signs of rotation, either in the first moment
map, or in the major-axis position-velocity diagram. Thus,only W20 andW50 remain as indicators for
the maximum rotation velocity. The optical inclination of D646-7, derived by Pildis et al. (1997), is
iopt ∼ 55◦, which is in good agreement with the (uncorrected) inclination of the HI disk (iHI ∼ 51◦).
However, given that the galaxy is not well resolved, we use the optical inclination for the subsequent
analysis.
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4.5 Analysis

In the previous section, we have derived several estimates for the maximum rotation velocities of
the galaxies in our sample. Before using them to construct a BTF, we discuss our choices for the
stellar mass-to-light ratios (Υ∗), describe the corrections applied to the line width measurements and
estimate the uncertainties of our observables. After that,we present and discuss the baryonic Tully-
Fisher relation for our sample.

4.5.1 The choice of the stellar mass-to-light ratioΥ∗

One of the largest contributors to the vertical scatter in the (baryonic) Tully-Fisher relation is the as-
sumed stellar mass-to-light ratio (Υ∗) and its uncertainty. Fortunately, the effect of the chosenΥ∗

becomes less important when dealing with low-mass galaxies, as their stellar mass generally con-
tributes less to the total baryonic mass than the gas mass does. TheΥ∗ values used here are derived
on the basis of two different population synthesis models using two different Initial Mass Functions
(IMFs). The first model is from Bell & de Jong (2001) and uses a scaled Salpeter IMF (Salpeter
1955). The second population synthesis model discussed here uses a Kroupa IMF (Kroupa 1998) and
is taken from Portinari et al. (2004). Figure 4.6 shows the derived stellar (I-band) mass-to-light ratios
for the two population models.

FIG. 4.6: Stellar I-band mass-to-light ratio (Υ∗)
vs. (V-I) color for two different population synthe-
sis models. The circles are based on the models from
Bell & de Jong (2001) with a scaled Salpeter IMF, the tri-
angles on Portinari et al. (2004) models with a Kroupa
IMF. Note that D631-7 and D640-7 have the same color,
and their values forΥ∗ are thus identical; therefore, we do
not show the data point (and label) of D640-13 for clarity
reasons.

FIG. 4.7: The baryonic mass whereΥ∗ from the models
of Bell & de Jong (2001) was used to determine the stellar
massvs. the baryonic mass whereΥ∗ from the models of
Portinari et al. (2004) has been used. The solid line indi-
cates the line of unity.

It is immediately apparent that theΥ∗ from Bell & de Jong (2001) are consistently larger than the
ones from Portinari et al. (2004). Although this differencecan amount to a factor close to three, the
impact on the baryonic mass (i.e., the sum of the stellar massand the gas mass) is rather small, as
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TABLE 4.4: StellarΥ∗ assuming different stellar population synthesis models.

ID Υ
I
∗ (Bell) Υ

I
∗ (Portinari) 〈ΥI

∗〉
(1) (2) (3) (4)

D500-2 0.35 0.12 0.24± 0.12
D500-3 0.26 0.09 0.18± 0.09
D512-2 0.90 0.37 0.64± 0.27
D564-8 1.24 0.54 0.89± 0.35
D572-5 0.44 0.16 0.30± 0.14
D575-1 0.70 0.28 0.49± 0.21
D575-2 1.07 0.45 0.76± 0.31
D575-5 0.36 0.13 0.25± 0.12
D631-7 0.48 0.18 0.33± 0.15
D640-13 0.48 0.18 0.33± 0.15
D646-7 0.99 0.41 0.70± 0.29

NOTES: (1): galaxy identifier; (2): stellarI-band mass-to-light ratio based on Bell & de Jong (2001);
(3): stellar I-band mass-to-light ratio based on Portinari et al. (2004);(4): average (I-band) Υ∗

between columns (2) and (3). The subsequent analysis is based on these mass-to-light ratios. For
the uncertainty ofΥ∗, we assume half the difference between the mass-to-light ratios of the two
population models.

can be seen in Fig. 4.7, where we plot the baryonic mass based on Υ∗ from the Bell & de Jong (2001)
modelsvs. the baryonic mass derived using the Portinari et al. (2004) models. The data points are
usually very close to the line of unity. In the subsequent analysis we will adopt the average values of
the two models. The mass-to-light ratios are listed in Table4.4.

4.5.2 Line width corrections

TheVmax estimates from either the major-axispV-diagram (Vpv) or from the tilted-ring analysis of
the velocity field (Vv f ) only need to be corrected for inclination effects. The estimates derived using
the profile widthsW20, W50, however, need additional corrections. To correct for the instrumental
resolution, which results in a broadening of the measured profiles, we use the approach of Verheijen
(1997), who assumes a turbulent motion of the gas with a velocity dispersion of 10 kms−1:

Wx = Wobs
x −Cx ·
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(

R
23.5
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− 1



 , (4.5)

where the subscriptx refers to the chosen profile width (i.e.,x = 20 for W20 andx = 50 for W50), R is
the instrumental resolution in kms−1(cf. Col. (9) in Table 4.1), andCx is a constant factor, which is
C20 = 35.8 for theW20 profile andC50 = 23.5 for theW50 profile. The superscriptobsin Wobs

x denotes
the observed profile width (given in Cols. (9) and (10) of Tables 4.2 and 4.3).

Additionally to the broadening due to finite resolution, we correct the velocity widths for broad-
ening due to turbulent motion of the neutral gas. Following Tully & Fouque (1985), we use
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The subscriptx again denotes the profile width at 20 or 50 percent of the peak flux. TheWx used
here is theW20 (or W50) which was corrected for instrumental resolution according to Eq. 4.5. The
Wc,x represent the velocity widths where the shapes of the velocity profiles change from boxy to
Gaussian profiles and the values ofWt,x indicate the amount by which turbulent motion of the neutral
gas broadens the HI profile. For the choice ofWc,x andWt,x, we follow Verheijen (1997) and use
his best values ofWt,20 = 22 kms−1 andWt,50 = 5 kms−1, as well as the commonly adopted values
of Wc,20 = 120 kms−1 andWc,50 = 100 kms−1 (see Chapter 5 of Verheijen (1997) for an extensive
discussion of these correction terms). The resulting corrected profile widths are given in Cols. (11)
and (12) of Tables 4.2 and 4.3. Note that the profile widths listed in Tables 4.2 and 4.3 are not corrected
for inclination.

4.5.3 Sources of uncertainties

Here we discuss the uncertainties of the individual quantities and their contribution to the total uncer-
tainty in the two parameters for the BTF — maximum rotation velocity and baryonic mass.

4.5.3.1 Uncertainty ofVmax

The uncertainty ofVmax depends on two individual uncertainties. Firstly, on the uncertainty in the
velocity estimate (i.e., width of the velocity profile, fit with ROTCUR, etc.) and secondly on the error
of the derived inclination. Given that profile widths can be measured quite accurately and because
our estimates ofVv f are usually based on the rotation velocities of several tilted-rings, we assume an
uniform uncertainty of 4 kms−1 (of order of the velocity resolution) for the uncertainty ofVmax. For
the uncertainty in the derived inclination angle, we distinguish between galaxies with a kinematically
derived inclination, and those where we used the optical inclination or that of the HI disk. For the
former, i.e., the five galaxies with a fullROTCUR analysis, we calculate the scatter of the inclination
values of the individual tilted-rings (see middle panels inFigs. 4.1-4.5) and use this scatter as the
uncertainty in the derived inclination (see Col. (13) of Table 4.3). For the other six galaxies (D500-3,
D572-5, D575-1, D575-5, D640-13, D646-7), we use the mean uncertainty of the kinematically de-
rived inclinations (i.e., 6◦) as a global uncertainty of their inclination angles. The absolute uncertainty
of the (inclination-corrected) maximum rotation velocityis then calculated assuming Gaussian error
propagation.

4.5.3.2 Uncertainty of the baryonic mass

The baryonic mass is the sum of the stellar mass and the gas mass:

Mbar = Mstars+ Mgas. (4.7)

The stellar mass is calculated through

Mstars= Υ
I
∗10−0.4[MV −(V−I)−4.02], (4.8)

whereΥ
I
∗ is the stellar mass-to-light ratio in theI-band,MI = MV − (V − I ) is the absoluteI-band

magnitude, and 4.02 is the magnitude of the Sun in theI-band. The absolute magnitude of a galaxy
depends through the distance modulus on its apparent magnitude and its distance. Thus, the stellar
mass depends on three quantities: stellar mass-to-light ratio, distance, and apparent magnitude. For the
uncertainty of the mass-to-light ratio, we use the difference between the two stellar population models
which were discussed in Section 4.5.1. For the uncertainty of the distances, we distinguish between
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FIG. 4.8: The baryonic Tully-Fisher relation using four different estimates forVmax, namelyVv f from the tilted-ring
analysis of the velocity fields (top left),Vpv from the major-axis position-velocity diagram (top right), VW20, i.e., half theW20

(middle and bottom left), andVW50, i.e., half theW50 (middle and bottom right). As a reference, we show the BTF relation
of the analysis of (McGaugh 2005, dashed line), as well as hisindividual data points (gray stars). The filled circles in the
panels showing a BTF based onW20 and W50 are based on the turbulence-corrected velocity widths. Theopen triangles
in these panels make use of the corresponding uncorrected velocity widths and are shown merely to illustrate the effect of
the turbulence correction. The bottom panels showVW20 andVW50 for all galaxies in the sample, including those which are
either barely resolved or face-on (enclosed by the ellipse). The top and middle panels contain only galaxies having either a
Vv f or aVpv (the rotation curve sub-sample), i.e., what is referred to in the text as thecleanBTF.
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galaxies for which we use an independent distance estimate (D631-7 and D640-13) and those where
we use the Hubble flow distance. For the former, we adopt the uncertainties given in the corresponding
source paper (i.e., Karachentsev et al. 2003), and for the latter, we assume a ten percent uncertainty
in the distance estimates. The apparent magnitudes of the galaxies in our sample were determined by
Pildis et al. (1997), who report a photometric accuracy of 0.05 mag. This is insignificant compared
to the influence of the uncertainties in the distance and in the stellarΥ∗, and we therefore ignore the
uncertainties ofmV for the uncertainty of the stellar mass.

The second term contributing to the baryonic disk mass isMgas, the mass of the gas, which is
given by:

Mgas= 1.4MHI = 1.4·2.36·105D2
∫

Sdv, (4.9)

whereMHI is the total HI mass,D is the distance in Mpc,S is the total flux in mJybeam−1, anddv
is the velocity resolution in kms−1. The constant factor 1.4 corrects the HI mass for the presence of
helium and metals. Note that since H2/HI, the ratio between the molecular and the neutral hydrogen,
is much lower in dwarf galaxies compared to luminous spirals(Taylor et al. 1998; Leroy et al. 2005),
we do not apply correction terms to account for molecular hydrogen. The uncertainty of the HI mass
depends on the uncertainty of the total flux, and quadratically on the distance uncertainty. We focus
again on the uncertainty in the distance, which is the dominant source of uncertainty here.

Inserting Eqs. 4.8 and 4.9 into Eq. 4.7, we determine the uncertainty of the baryonic mass by
assuming a Gaussian error propagation of the individual uncertainties discussed above.

4.5.4 The baryonic Tully-Fisher relation

In this section we present the baryonic Tully-Fisher relation for the galaxies of our sample, using
different estimates forVmax. As a reference, we also show the BTF as constructed by McGaugh
(2005). He investigated the baryonic Tully-Fisher relation for galaxies with well-determined rotation
velocities between 50 kms−1 and 300 kms−1, and tested several methods to determine stellar mass-
to-light ratios. The one yielding the smallest scatter in the BTF is based on the mass-discrepancy-
acceleration relation (MDAcc, see McGaugh 2004). The resulting BTF relation has the following
form:

Mbar = 50V4
max, (4.10)

with the baryonic mass inM⊙ and the maximum rotation velocity in kms−1.
For the construction of a BTF relation, we use four differentestimates forVmax:

(a)Vv f , obtained from the tilted-ring analysis of the velocity fields

(b) Vpv, estimated withXGAUPROF from the major-axis position-velocity diagrams

(c) VW20 = 1
2 W20, the rotation velocity as derived from half the width of the HI profile at the 20

percent level of the maximum flux

(d) VW50 = 1
2 W50, the rotation velocity as derived from half the width of the HI profile at the 50

percent level of the maximum flux

All estimates are corrected for inclination effects. Additional corrections have been applied toVW20

andVW50 (as described in Section 4.5.2). In Fig 4.8, we show the baryonic Tully-Fisher relation
for the galaxies of our sample. The uncertainties are discussed and quantified in Section 4.5.3. In
order to visualize the effect of the turbulence correctionsapplied to the velocity widths, we also
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FIG. 4.9: The baryonic Tully-Fisher relation withVpv as an indicator forVmax. The galaxies from McGaugh (2005) are
shown as a reference (gray stars), and the long-dashed line is the fit through these data points. Including our data points
(filled circles) to the ones from McGaugh (2005) and re-deriving the BTF relation results the fit indicated by the short-dashed
line, which is barely distinguishable from the original fit of McGaugh (2005).

include data points based on the uncorrected profile widths (open triangles). As these are shown for
illustration purposes only, we do not display uncertainties for these data points. The galaxies in the
panels making use ofVv f andVpv are labelled. A few galaxies of our sample are located above the
BTF relation (indicated in the bottom panels of Fig. 4.8 by anellipse). However, these are the galaxies
with the poorest data quality and are usually only barely resolved (see, e.g., Figs. 4.19 and 4.20 for
the moment maps of D640-13 and D646-7). Others like D575-5 are well-resolved, but are almost
face-on and therefore not dominated by rotation (cf. 1st moment map shown in Fig. 4.17). Given
the known problems with these galaxies, we will disregard them in the further analysis and construct
a cleanBTF including only galaxies from our rotation curve sub-sample (top and middle panels of
Fig. 4.8). It is directly apparent that the galaxies from ourrotation curve sub-sample agree well with
the BTF relation as found by McGaugh (2005), irrespective ofwhetherVv f , Vpv, or VW50 is used as
an estimate forVmax. UsingVW20 results in a slight overestimate inVmax, as has also been reported by
other authors (e.g., Broeils 1992; Verheijen 1997). It is clear that the BTF relation also holds for these
extreme dwarf galaxies. In the next section, we will addressthis in a more quantitative way.
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4.5.5 The scatter of the BTF

The panels in Fig. 4.8 clearly show that the new data points from our sample fall almost perfectly on
the BTF relation from McGaugh (2005). Based on his sample alone, the BTF is tightly correlated
(R = 0.99) and has a mathematical form as given in Eq. 4.10. Increasing his sample by the five
galaxies from our sample which have a well-definedVpv, we re-derive the optimum BTF relation by
applying a least-square fit. Following McGaugh (2005), we assign each galaxy with equal weight.
The resulting BTF has the following form:

Mbar = 40V4.04
max (4.11)

and is equally well-determined (R = 0.99) as the BTF from McGaugh (2005). The two BTFs (Eq. 4.10
and Eq. 4.11) have an almost identical slope (4vs.4.04), but a somewhat different normalization
(50vs.40). The latter is due to the fact that the low-mass dwarf galaxies constrain the normaliza-
tion coefficient more strongly than the high-mass galaxies.The overall difference between the two
BTF relations is, however, marginal, as can be seen in Fig. 4.9, where we show the BTF relation
together with the fit according to Eq. 4.10 (long-dashed line) as well as the fit following Eq. 4.11
(short-dashed line).

We will now come back to the conclusions of Franx & de Zeeuw (1992), who used the scatter
of the TF relation to put constraints on the ellipticity of dark matter halos. They argue that if the
potential in the plane of the disk is elongated, then the different viewing angles will cause scatter
in the TF relation. In return, the scatter of the (B)-TF relation can be used to put an upper limit on
the ellipticity of the potential in the plane of the disk. According to Franx & de Zeeuw (1992), a TF
relation with a scatter of 0.31 mag (0.46 mag when photometric inclinations are used) constrains the
ellipticities of the potentials to be below 0.10. As it is unlikely that all the scatter in the TF relation is
due to different viewing angles, they argue that an elongation between 0-0.06 is more reasonable.

Since the work of Franx & de Zeeuw (1992), the quantity and quality of the data has improved
significantly and we can now trace the BTF relation over a large range of galaxy masses and rotation
velocities. The scatter in the optimum BTF from McGaugh (2005) is σ = 0.098 dex, or 0.25 mag.
Including our galaxies results in a slightly larger scatter(σ = 0.11 or σM = 0.28 mag) — mainly
because the distances to our galaxies are less well-determined. However, the scatter in our BTF
relation is still smaller than the scatter on which Franx & deZeeuw (1992) based their upper limits
for the ellipticity of the potentials in the disk plane.

Therefore, their argumentation — based initially on the TF relation of largely high mass galaxies
— is also valid for the BTF relation of extreme dwarf galaxies. The fact that even extremely low-mass
dwarf galaxies as presented here follow the BTF relation implies that (i) the BTF relation must be a
fundamental relation which all rotationally dominated galaxies follow, and (ii) that there is not much
room for a large ellipticity of the potentials in the disk plane of the galaxies.

The second point puts important constraints on properties of galaxy halos within the CDM con-
text. It is well-known that CDM models produce density profiles which are too steep to fit the
rotation curves of dwarf and low surface brightness galaxies (cf. Moore 1994; Flores & Primack
1994; Navarro et al. 1996; McGaugh & de Blok 1998b). But, as these galaxies are dark matter dom-
inated at all radii (e.g., de Blok & McGaugh 1997; Verheijen 1997; Swaters et al. 2000), one would
naturally think that CDM models should work best for them, asthe contribution of stars in these
galaxies is small. Current and well-motivated attempts to reconcile CDM models and the obser-
vations involve halo tri-axiality and the effects of non-circular motions (e.g., Hayashi et al. 2004a;
Hayashi & Navarro 2006; Hayashi et al. 2007). As CDM halos aretri-axial (see also Frenk et al.
1988; Dubinski & Carlberg 1991; Capuzzo-Dolcetta et al. 2007), the ellipticity of the potential can
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induce large non-circular motions in the central regions ofthe simulated galaxies, which should then
blur the derived rotation velocities, thus letting an intrinsic “cusp” (i.e., a cuspy, steep inner den-
sity profile) appear as a constant-density “core” (i.e., a flat, constant inner density profile). Non-
circular motions have been measured by several groups (e.g., Schoenmakers et al. 1997; Wong et al.
2004; Gentile et al. 2005; Trachternach et al. 2008a), but none of these authors report large enough
non-circular motions to account for the different slopes inthe density profiles. In the few cases
where relatively large non-circular motions are found, they are generally associated with a bar (cf.
Spekkens & Sellwood 2007).

In addition to quantifying non-circular motions, Trachternach et al. (2008a) also put constraints
on the elongation of the potential in the plane of the disk. Their results, derived for a sample of 18
spiral and dwarf galaxies from the THINGS survey (Walter et al. 2008; de Blok et al. 2008), show that
all galaxies in that sample are consistent with having a round potential and that the average elongation
is small (0.017±0.020, cf. Chapter 2 of this thesis), particularly when compared to what is found in
CDM simulations (cf. Frenk et al. 1988; Hayashi & Navarro 2006). Trachternach et al. (2008a) also
find that the elongation does not decrease towards the centerof the galaxies. The tightly correlated
BTF relation constructed here therefore constrains the ellipticity of galaxy potentials independently
from the analysis of Trachternach et al. (2008a), but results in consistent limits.

Valenzuela et al. (2007) use a different approach to the cusp/core problem. They reason that non-
circular motions, together with projection effects and gaspressure support from hot gas cause a severe
underestimate of the central velocities which creates the illusion of a constant-density core. Although
these effects might reconcile the different density slopes, they would lead to a (B)TF relation with a
much larger scatter than observed.

4.6 Conclusions

We explore the baryonic Tully-Fisher (BTF) relation over a large range of galaxy masses and rotation
velocities. We present and discuss several estimates forVmax, the maximum rotation velocity. The
different estimates show a good agreement and the BTF relation based on them are equally well-
constrained. We discuss the choice of stellar mass-to-light ratio (Υ∗) and show that its choice is
not crucial for the extreme dwarf galaxies in our sample, since for them, the stellar mass generally
contributes less to the total baryonic mass as it is the case for luminous high-mass galaxies. Our
results furthermore show that some of these dwarf galaxies are not rotationally supported, although
better spatial resolution might reveal some rotation even for them.

Including the sample of McGaugh (2005), the galaxies presented here show rotation velocities
of 25 kms−1 ≤ Vmax ≤ 300 kms−1. The BTF holds over this large range with a remarkably small
scatter ofσM = 0.28 mag. This small scatter puts strong constraints on the ellipticity of the potential
in the plane of the disk of the galaxies. Following the argumentation of Franx & de Zeeuw (1992),
we conclude that the ellipticities are likely to be between 0-0.06, which is in contrast to ellipticities
from recent theoretical simulations, which predict much higher elongations of the order of 0.1-0.3
(cf. Hayashi & Navarro 2006). Our results confirm those from Franx & de Zeeuw (1992), Franx et al.
(1994), and Trachternach et al. (2008a), indicating that, at least in the plane of the disk, galaxy halos
are round.
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4.A Appendix: Atlas

The Appendix contains summary panels for all galaxies of oursample (Figs. 4.10-4.20) and channel
maps for the galaxies from the rotation curve sub-sample (Figs. 4.21-4.26).

The summary panels consist of two rows with three panels each, and contain the following maps:
Top row: Left panel:0th moment map with grayscales. Grayscales run from a column density of

nHI = 1·1019 cm−2 (white) tonHI = 2·1021 cm−2 (black). The 3σ level is indicated by the black contour.
Middle panel:1st moment map. The systemic velocity is indicated by the thick contour, the contours
are spaced by 10 kms−1 (unless mentioned otherwise). The approaching side can be identified by
the light grayscales and black contours, and the receding side by dark grayscales and white contours.
Right panel:2nd moment map. Grayscales run from 2 to 40 kms−1. Unless mentioned otherwise, the
contours levels are given at 5, 10, and 15 kms−1. For all moment maps, the beam size is indicated in
the bottom right corner. Additionally, if the center of the galaxy has been derived kinematically with
theROTCURanalysis, the resulting center is indicated in all moment maps by a cross.

Bottom row: Left panel: Major axis position-velocity diagram. The position angle of the slice
is generally indicated in the top-left corner of the panel. Grayscales run from 2σ to 30σ, and contour
levels are given at 2σ + n×4σ (i.e., 2,6,10,14,18σ). The dashed line indicates the systemic velocity.
If a Vpv has been derived withXGAUPROF, the resulting velocities at either side of the rotation curve
are indicated by arrows.Middle panel: Minor axis position-velocity diagram. Grayscales and con-
tours are identical to the major axis position-velocity diagram. Right panel:Global HI profile of the
Hanning smoothed data cube.

FIG. 4.10: Summary panel for D500-2. A general description of the panels and levels is given at the beginning of the
Appendix 4.A. The 3σ contour in the 0th moment map corresponds to a flux of 5.09 mJy, which translatesto a column
density limit ofnHI = 8.8 ·1019 cm−2.
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FIG. 4.11: Summary panel for D500-3. A general description of the panels and levels is given at the beginning of the
Appendix 4.A. The 3σ contour in the 0th moment map corresponds to a flux of 4.51 mJy, which translatesto a column
density limit ofnHI = 5.2 ·1019 cm−2.

FIG. 4.12: Summary panel for D512-2. A general description of the panels and levels is given at the beginning of the
Appendix 4.A. The 3σ contour in the 0th moment map corresponds to a flux of 5.50 mJy, which translatesto a column
density limit ofnHI = 3.3 ·1019 cm−2.
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FIG. 4.13: Summary panel for D564-8. A general description of the panels and levels is given at the beginning of the
Appendix 4.A. The 3σ contour in the 0th moment map corresponds to a flux of 4.99 mJy, which translatesto a column
density limit ofnHI = 4.9 ·1019 cm−2.

FIG. 4.14: Summary panel for D572-5. A general description of the panels and levels is given at the beginning of
the Appendix 4.A. Grayscales in the 0th moment map run from a column density ofnHI = 1 · 1019 cm−2 (white) to nHI =
8 · 1020 cm−2 (black). The 3σ contour in the 0th moment map corresponds to a flux of 12.47 mJy, which translates to a
column density limit ofnHI = 1.4 ·1019 cm−2. The velocity contours in the 1st moment map are spaced by 5 kms−1.
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FIG. 4.15: Summary panel for D575-1. A general description of the panels and levels is given at the beginning of the
Appendix 4.A. The 3σ contour in the 0th moment map corresponds to a flux of 9.81 mJy, which translatesto a column
density limit ofnHI = 1.3·1019 cm−2. The velocity contours in the 1st moment map are spaced by 5 kms−1, and the contours
in the 2nd moment map are given at 7.5 kms−1 and 9 kms−1.

FIG. 4.16: Summary panel for D575-2. A general description of the panels and levels is given at the beginning of the
Appendix 4.A. The 3σ contour in the 0th moment map corresponds to a flux of 5.58 mJy, which translatesto a column
density limit ofnHI = 2.0 ·1019 cm−2.
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FIG. 4.17: Summary panel for D575-5. A general description of the panels and levels is given at the beginning of the
Appendix 4.A. The 3σ contour in the 0th moment map corresponds to a flux of 8.82 mJy, which translatesto a column
density limit ofnHI = 0.6·1019 cm−2. The velocity contours in the 1st moment map are spaced by 5 kms−1, and the contours
in the 2nd moment map are given at 6 kms−1 and 7.5 kms−1.

FIG. 4.18: Summary panel for D631-7. A general description of the panels and levels is given at the beginning of the
Appendix 4.A. The 3σ contour in the 0th moment map corresponds to a flux of 11.06 mJy, which translates to a column
density limit ofnHI = 3.7 ·1019 cm−2.
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FIG. 4.19: Summary panel for D640-13. A general description of the panels and levels is given at the beginning of the
Appendix 4.A. The 3σ contour in the 0th moment map corresponds to a flux of 11.49 mJy, which translates to a column
density limit ofnHI = 3.3·1019 cm−2. The velocity contours in the 1st moment map are spaced by 5 kms−1, and the contours
in the 2nd moment map are given at 7.5 kms−1 and 10 kms−1.

FIG. 4.20: Summary panel for D646-7. A general description of the panels and levels is given at the beginning of the
Appendix 4.A. The 3σ contour in the 0th moment map corresponds to a flux of 7.92 mJy, which translatesto a column
density limit ofnHI = 0.7·1019 cm−2. The velocity contours in the 1st moment map are spaced by 5 kms−1, and the contours
in the 2nd moment map are given at 7.5 kms−1 and 9 kms−1.
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FIG. 4.21: Channel maps of D500-2. Grayscales run from -0.02 to 7mJy. Every second channel is shown.
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FIG. 4.22: Channel maps of D500-3. Grayscales run from -0.02 to 5mJy. Every channel is shown.
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FIG. 4.23: Channel maps of D512-2. Grayscales run from -0.02 to 8mJy. Every second channel is shown.
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FIG. 4.24: Channel maps of D564-8. Grayscales run from -0.02 to 7mJy. Every channel is shown.
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FIG. 4.25: Channel maps of D575-2. Grayscales run from -0.02 to 10 mJy. Every fourth channel is shown.
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FIG. 4.26: Channel maps of D631-7. Grayscales run from -0.02 to 25 mJy. Every second channel is shown.



Chapter 5
Summary and Conclusions

5.1 Summary

The motivation for this thesis is to confront the results from cosmological cold dark matter simulations
with new observations. The thesis addresses the cusp/core problem, i.e., the differences between the
predicted and observed slopes of the density profiles in the centers of (especially) dwarf galaxies.
While the density profiles from CDM simulations show steep central cusps, the observed density
profiles of dwarf galaxies show flat inner cores. What causes this discrepancy is still a matter of
debate. Recent attempts to explain why observations fail todetect cuspy density profiles often include
the effect of non-circular motions (e.g., Rhee et al. 2004; Hayashi et al. 2004a; Hayashi & Navarro
2006; Valenzuela et al. 2007). As the dark matter halos from CDM simulations are tri-axial (e.g.,
Frenk et al. 1988; Dubinski & Carlberg 1991; Hayashi et al. 2007), the elongation of the potential
can cause large deviations from circular rotation, which, according to Hayashi & Navarro (2006) can
“hide a cusp in a core”.

The first part of this thesis deals with a sample of 19 galaxiesfrom “The HI Nearby Galaxy
Survey” (THINGS, Walter et al. 2008; de Blok et al. 2008). In Chapter 2, various center positions
are estimated for these galaxies, including photometric centers as well as kinematic centers. The
results discussed in Section 2.6.1 show that for the large majority of the galaxies in the sample, the
kinematic and photometric center estimates agree well. No indications for genuine offsets between
photometric and kinematic centers are found. The second part of Chapter 2 deals with the harmonic
decomposition of the velocity fields of the galaxies in the sample (following the formalism presented
in Schoenmakers et al. 1997 and Schoenmakers 1999). The velocity fields are decomposed up to
the third harmonic order and the amplitudes of the non-circular motions in the THINGS galaxies
are quantified. The results presented in Sections 2.6.2 and 2.6.3 show that the absolute amplitudes
of the non-circular motions are smallest in the dwarf galaxies, especially in their inner parts. Large
non-circular motions in the centers of the galaxies are preferably found in luminous and/or barred
galaxies, which might lead to speculations that the non-circular motions in these galaxies are caused
by baryonic features and not the DM halo. Within the sample, the average amplitude of the non-
circular motions is̃Ar = 4.8±4.0 kms−1 for the inner 1 kpc and̃Ar = 6.7±5.9 kms−1 when averaged
over the entire radial range of the galaxies. However, non-circular motions of the order of 20 kms−1

over a large fraction of the disk are needed in order to sufficiently blur a cuspy density profile so
that it will look cored (de Blok et al. 2003; Kuzio de Naray et al. 2008). The results presented in this
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thesis therefore clearly show that the amount of the non-circular motions is too small to explain the
cusp/core problem by invoking non-circular motions.

Although the dwarf galaxies in the sample show the smallest non-circular motions in absolute
terms, they also have the smallest rotation velocities. Normalizing the non-circular motions in the
central regions of the galaxies by the local rotation velocity therefore enables one to quantify the
amount of non-circular motions relative to the circular motions. For the THINGS galaxies, the results
show that even though the non-circular motions in the dwarfsare small, the non-circular motions are
— in relative terms — not necessarily much smaller than thosein galaxies of higher luminosity. At
a radius of 1 kpc, Hayashi et al. (2004a) propose non-circular motions as high as 50 percent of the
local rotation velocity. The non-circular motions quantified in this thesis are generally far smaller.
Averaged over the sample, the median amplitude of the non-circular motions in the inner 1 kpc is
8±3 percent of the local rotation velocity. Only three galaxies out of 18 show non-circular motions
which are larger than 20 percent of the local rotation velocity. Two of these galaxies are barred, again
suggesting that large non-circular motions are associatedwith baryonic features. The subsample of
THINGS which is studied in this thesis contains four dwarf galaxies (NGC 2366, NGC 2976, IC
2574, and DDO 154); all of them showing a density profile whichis inconsistent with an NFW
profile, but better approximated with a constant–density core (see de Blok et al. 2008; Oh et al. 2008).
Only one dwarf galaxy, IC 2574, shows rather large non-circular motions of 26 percent of the local
rotation velocity in its inner 1 kpc. However, Oh et al. (2008) have shown that even after the removal
of the non-circular motions by means of creating a so-calledbulk velocity field, IC 2574 remains
inconsistent with a cuspy density profile. The non-circularmotions in the centers of the other three
dwarf galaxies in the sample are of the order of 10 percent (orless) of the local rotation velocity.
This is far smaller than what Hayashi et al. (2004a) and Hayashi & Navarro (2006) predict in order
to reconcile the differences in the density slopes by invoking non-circular motions. The small non-
circular motions for these galaxies show that the mass models presented in de Blok et al. (2008) and
Oh et al. (2008) are not significantly affected by non-circular motions, and that the density profiles of
these galaxies are likely to be truly cored.

The results of the harmonic decomposition can also be used toestimate the ellipticities of the
potential in the plane of the disk of the galaxies, apart froman unknown viewing angleϕ2. The grav-
itational potential in the simulations of Hayashi & Navarro(2006) is elongated in the inner parts as
〈ǫpot〉 = 0.2±0.1. For the galaxies studied here, the average elongation of the gravitational potential
and its scatter, both statistically corrected for the unknown viewing angleϕ2, is 〈ǫpot〉 = 0.017±0.020.
This is significantly lower than the predictions from cosmological simulations. The individual elonga-
tion measurements show that the large majority of the galaxies in the sample have elongations which
are systematically below the CDM predictions. The elongations of all galaxies in the sample are con-
sistent with a round potential, although some galaxies havelarge enough uncertainties to make them
also (marginally) consistent with the lower end of the predicted range for CDM halos. Furthermore,
the results do not suggest that the elongations increase towards the centers of the galaxies. The work
presented in this thesis shows therefore no indication for asignificant tri-axiality within the HI disks
of the THINGS galaxies.

The results from Chapter 2 are double-checked in Chapter 3, where emphasis is placed on non-
circular motions not quantified by the previous analysis. This includes non-circular motions of higher
harmonic order, as well as the detection efficiency of the fitting routine. The velocity fields of the
galaxies from the THINGS survey are decomposed using a fifth,ninth, and fifteenth order harmonic
decomposition and the results are compared with those from the third order decomposition presented
in Chapter 2. The analysis presented in Section 3.1 shows that though increasing the maximum fit
order does result in somewhat larger non-circular motions,the amplitudes are still far too small to
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reconcile the different density profiles. Furthermore, theincreased number of free parameters for a
high-order harmonic decomposition results in a decreased number of galaxies suitable for this kind of
analysis. Focussing again on the dwarf galaxies, the increase of the non-circular motions (with respect
to the local rotation velocity) is 3.4 percent on average. The non-circular motions in three out of the
four dwarfs in the sample are therefore of the order of 13 percent of the local rotation velocity, and thus
still far smaller than what is predicted, e.g., by Hayashi etal. (2004a) or Hayashi & Navarro (2006). In
Section 3.2, artificial velocity fields with a known amount ofnon-circular motions have been created
and analyzed. The harmonic decomposition of the artificial VFs shows that in 80 percent of the
galaxies, the amplitudes of the detected non-circular motions differ by less then ten percent from the
ones that have been inserted into the artificial VFs. The so-called recovery-rate (i.e., the ratio between
the detected and the inserted non-circular motions) is 95 percent on average. In absolute numbers,
the differences between the inserted and the detected non-circular motions are below 1 kms−1 for all
galaxies in the sample, with an average of 0.2 kms−1. The analysis presented in Chapter 3 therefore
shows thatRESWRI is able to quantify most non-circular motions within a velocity field of a galaxy
and that the contribution of harmonic terms of high order is small. This implies that the velocity fields
of the galaxies studied in this thesis do not contain large amount of unquantified non-circular motions
and that the conclusions from Chapter 2 remain unchanged.

In the second part of this thesis (Chapter 4), the baryonic Tully-Fisher relation for a sample of
11 extremely low-mass dwarf galaxies is studied. Several different estimates forVmax, the maxi-
mum rotation velocity are presented and discussed. The different BTF relations generally show good
agreement. Furthermore, it is shown that the choice of the stellar mass-to-light ratio has only little
effect on the baryonic (gas + stars) mass of these extreme dwarf galaxies. By combining the highest-
quality galaxies from sample presented in Section 4.2 (the so-called “rotation-curve sub-sample”)
with high-quality data from McGaugh (2005), a BTF relation spanning four orders of magnitude in
baryonic mass with rotation velocities of 25 kms−1 ≤ Vmax ≤ 300 kms−1 is constructed. The dwarf
galaxies from the sample presented in this chapter fall almost exactly onto the BTF relation as con-
structed using the high-mass galaxies from the sample of McGaugh (2005). This indicates that the
BTF relation is a fundamental and extremely tight relation which all rotationally supported galaxies
seem to follow. The scatter of the (baryonic) Tully-Fisher relation can be used to constrain the el-
lipticities of the gravitational potential in the plane of the disk. As the halos of CDM simulations
are supposed to be tri-axial (e.g., Frenk et al. 1988; Dubinski & Carlberg 1991; Hayashi et al. 2007;
Capuzzo-Dolcetta et al. 2007), the mixture of viewing angles will cause some scatter in the (B)-TF
relation. Franx & de Zeeuw (1992) analyzed the Tully-Fisherrelation for a sample consisting mostly
of high-mass galaxies. They conclude that if all the scatterin the TF relation (0.46 mag in their analy-
sis) is due to a mixture of viewing angles, the elongation of the potential is confined to be smaller than
0.1. However, as it is highly unlikely that there is no other source of scatter, they assume that half of
the scatter in the TF relation is due to different viewing angles, which then constrains the ellipticity of
the gravitational potential to be between 0 and 0.06. While the analysis of Franx & de Zeeuw (1992)
was restricted to high-mass galaxies, the data presented inChapter 4 covers many different galaxies
ranging from dwarf galaxies to high-mass spirals. The baryonic Tully-Fisher relation presented in
Section 4.5.5 has a scatter of 0.28 mag, which indicates thateven with the inclusion of the extreme
dwarf galaxies, the ellipticities of the DM halos are likelybetween 0-0.06, but certainly below 0.1.
These limits are consistent with what has been found in Chapter 2, but inconsistent with predictions
from CDM simulations.
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5.2 Future prospects

Baryonic Tully-Fisher relation

The work on the baryonic Tully-Fisher relation can be continued and improved in several ways.
Firstly, the low-mass end of the BTF relation (presented in this thesis) is relatively sparsely popu-
lated, future work could focus on increasing the sample. More importantly, however, is to reduce the
scatter due to observational/instrumental reasons, e.g.,by obtaining HI data of high sensitivity and
spatial resolution. For instance, a number of these dwarf galaxies could be observed in the same way
as the galaxies from the THINGS survey have been observed (i.e., VLA BCD-arrays). This would
result in better resolved velocity fields and thus allow a more detailed modelling of the rotation curves
of these galaxies. As an increased spatial resolution wouldresult in better-constrained kinematic in-
clinations, the scatter which is due to inclination uncertainties would decrease. Work in this direction
is done by Hunter et al. (2007) with the so-called “LITTLE THINGS” survey. The largest source of
scatter in the BTF relation, however, is the galaxies’ distance. Obtaining independent distance es-
timates would therefore produce a much cleaner BTF relation. Altogether, it would be desirable to
minimize the part of the scatter which is due to observational uncertainties, as this would significantly
improve the assessment of the elongation of the gravitational potential.

Non-circular motions in cold dark matter halos

Future work on non-circular motions and cold dark matter halos can be threefold: (i) bigger, better,
deeper observations; (ii) additional/other methods of analysis; (iii) modifications of CDM.

The HI data analyzed in Chapters 2 and 3 are of the highest data quality currently available.
Nevertheless, a higher resolution would allow to study the non-circular motions in the central parts
of the galaxies in an even greater detail. It is currently planned to observe some of the THINGS
galaxies with the A-array of the VLA. Combining these data sets with the existing sets of the BCD-
array would lead to far smaller beam sizes and thus an improved spatial resolution. It has been
already mentioned several times that the cusp/core problemis most apparent for dwarf galaxies. As
the sample studied here contains only four dwarfs, increasing their number would put the results on a
firmer statistical footing. Work to increase the sample is currently undertaken by observing galaxies
from the southern hemisphere with the Australia Telescope Compact Array (ATCA). Once this survey
(called THINGS-South) is fully observed and reduced, the harmonic decomposition can be extended
to more dwarf galaxies. Furthermore, with the advent of a newgeneration of radio telescopes like
the Square Kilometre Array (SKA), it will be possible to observe galaxies at much larger distances,
which also allows to study evolutionary effects.

As a second point, one could think of refining the analysis. Itwas shown in Chapter 3, that
RESWRI is capable of detecting almost all non-circular motions inserted into avelocity field. However,
a velocity field is already processed data, where each pixel is given a “representative” velocity. The
best way to test for the detection efficiency ofRESWRI would therefore consist of modelling a data
cube with a certain (known) amount of non-circular motions,create a velocity field from the data
cube and analyze this. It is also imaginable to work directlyon the data cubes, e.g., with the program
TiRiFiC (Tilted-Ring-Fitting Code, Józsa et al. 2007). Though this program has great potential, more
work on the speed and stability of the fitting routine should show whether it is also applicable to high
resolution data cubes as those from the THINGS survey.

Although modifications of the analysis are possible, and improvements on the size of the sample
and the data quality are always appreciated, the main focus of the future work lies with the CDM
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simulations. The work presented in this thesis clearly shows that the non-circular motions are not large
enough to “hide a cusp in a core”. Therefore, the cored density profiles found, e.g., by de Blok et al.
(2008) and Oh et al. (2008) are most likely truly cored. This implies that there is a strong need for a
modification of CDM simulations.
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