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Chapter

Introduction

Science is always an interplay between theory (or the@letimdels) and experiments/observations.
Experimentalists observe something yet unknown or not nstaled and as such, they need a theory
to put their results in a physical context. A good theory dthaien not only explain the status quo,
but also make testable predictions. These predictions ean-land usually are — tested again with
new experiments/observations, which in turn can stremgthe theory, falsify it, or show the need for
modification. The latter may be of the sort of restricting #pplication range of the theory (e.g., to
starburst galaxies only), by revealing the necessity tlude physical processes yet unaccounted for,
or by showing the need to modify the handling of already immated physical processes. Once a
theory has withstood many experiments and has made sessted tpredictions, 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 theproposes
that our Universe is dominated by matter which does not eladt®-magnetic radiation (therefore
it is called “dark”), and can only be detected through its/gedional influence on the visible matter.
The luminous matter that we can see, e.g., in stars and gasbcoes only very little to the total

energy budget of the Universe (elg., Spergel kt al.|20037)200

1.1.1 The need for dark matter

The first indication for DM was given hy Zwicky (1933, 1937)havmeasured velocity dispersions in
the Coma cluster and concluded that large amounts of coldndatter are required to bring the obser-
vations into agreement with the virial theorem. These tedwdve been confirmed by many different
authors (e.gl, Abell 1977; Kent & Gunn 1982; Colless & Dun8d% okas & Mamon 2003).

Other evidence for the existence of dark matter within $jgiedaxies came from the analysis of
their rotation curves. In a system with a central potentizle expects a Keplerian decline of the
rotation curve. However, Babcack (1939) and Obrt (1940)yaea the rotation curves of M 31 and
NGC 3115 and both found that the rotation velocities in theeoparts do not show a Keplerian
decline, but are higher than expected from the visible atetiass alone. This lead Babcock and
Oort to the speculation that the outer regions either shawngtdust absorption, or have very high
mass-to-light ratios.




2 1. INTRODUCTION

The ultimate proof that there must be something unaccouotdd.g., large amounts of dark mat-
ter, but see SeE._1.1.2) came from the observation of néwytdabgen with radio synthesis telescopes
such as the Westerbork Synthesis Radio Telescope (WSR&¥eTielescopes provided, in contrast
to previously used single-dish telescopes, both the $éthsiind the resolution to perform detailed
studies of the dynamics of galaxiés. Bokia (1978, 1981a@b}he first to extensively study the kine-
matics and mass distribution for a larger sample of 25 spaixies. His results showed that the H
rotation curves of the majority of the galaxies remain flatldhe last measured point, far beyond the
optical radius. If one assumes that Newton’s law of gra\stgarrect — and excludes the possibility
that the stellar mass-to-light ratios rise to values-&00 within the outskirts of the galaxies — these
results imply large amounts of dark, unobserved matter énotliter regions of the galaxies. Many

other authors have observed flat rotation curves as well, ' 11978 F er
1979 Rubin et . 1982, 1985; van Albada é{ al. 1985; sl 1966; Begendan 1987),
thus supporting the view that galaxies contain large ansohtlark matter and that the dynamics in
the outer regions of spiral galaxies are dominated by thik aeatter.

The cosmological model currently in favor is the Lambda Colatk Matter A\CDM) model.
Within ACDM, the Universe has a cosmological constantvhich allows for the accelerating expan-
sion of the Universe. The DM in th&CDM model is dark, cold, dissipationless, and collisiosles
Although there are also other cosmological models, e.ingusot dark matter (HDM) or warm dark
matter (WDM), the CDM picture is at the moment the most pramgiof all models using any form
of dark matter.

1.1.2 Alternatives to dark matter?

All explanations invoking dark matter assume that Newtdans of gravity (or General Relativity on
cosmological scales) is correct. However, this might bengroAfter all, for everyday purposes, a
Galilei transformation is adequate to transform one inésiystem of reference into another. We know,
however, that for processes approaching the speed oftighGalilei transformation breaks down and
one has to use the Lorentz transformation instead. Thedbakinsformation is only a special case
of the Lorentz transformation for small velocities. The samight be true for the law of gravity,
which lead to thoughts about alternative theoﬂiﬂ_Mﬂd(n.&B&H%ﬂc) propose that Newtonian grav-
ity breaks down at low accelerations and formulated anradtere theory of gravity (MOdified Newto-
nian Dynamics, MOND). MOND has been very successful in é@rjlg the shapes of rotation curves
without the need for unobservable, mysterious dark madter (Sandeils 1996; Sanders & Verheijen
11998;| McGaugh & de Blok 1998¢; Sanders & McGaugh 2002). MON#D gredicts the baryonic
Tully-Fisher relation with a slope that is in excellent agrent with what has been found by recent
studies (e.gl, McGaugh etlal. 2000; McGalgh 2005; Trachtiret all 2008b, Chaptlr 4 of this the-
sis). However, MOND is — or until recentiwas— merely an empirical fitting formula without a
real physical basis. Recent work by Bekenstein (2004,2p08) MOND on a firmer basis and also
tries to include general relativity.

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

1.1.3 Successes and problems 4CDM

'Spergel et 411 (2007) have used thkinson Microwave Anisotropy Prolf@VMAP) to show that we
live in a Universe in which non-baryonic matter density asus for only 22 % of the energy budget,
whereas 74 % of the total energy density is in the form of aKaarergy”. Only 4 % are in the form
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of baryonic matter and of that, just a small fraction can Heedduminous (e.gl_Walker et El. 1991;
PPersic & Saluchi 1992).

ACDM has been very successful in explaining the large-sdalestsre of the Universe. The
structure and substructure of the “cosmic web” from simoiet like the Millennium Simulation
(Springel et dl. 2005) shows a remarkable similarity withl diata from large redshift surveys like the
Sloan Digital Sky Survey (SDSS, cf._Stoughton €f al. 2002elAwn-McCarthy et al. 2006). While
the big successes AfCDM are on large scales, its challenge is on galactic scdl@s.well-known
problems ofACDM are the “missing satellites” problem and the “cusp/tqmblem.

The former is based on the discrepancy between the numbdrseined and predicted small
satellite galaxies: the N-body simulations usually predidarge number of dark matter substruc-
tures which survive over a long time. The number of obsenadllge galaxies, however, is an
order of magnitude smaller than what is predicted by the CDMefs (e.g.. Kauffmann etlal. 1993;
Klypin et alll1995| Moore et al. 1999; Bullock efl al. 2000; Ben et all 2002).

This thesis focuses on the most prominent problem of CDMstiealled cusp/core problem,
which is about the slope of the inner part of galactic densitfiles: ACDM models predict that all
galaxies share a universal mass density profile. A commaosiy empirical approximation to the
mass density distribution in CDM halos is the so-called NF\wfite byINavarro et 411(1996, 1997).
The analytical form of the NFW profile is

— Ps

pNFW(r) (r/rs)(1+r/rs)2, (11)
wherers is the scale radius of the halo apdis related to the density of the Universe at the time of
the collapse. At large radii, the NFW profile can be approx@dawith a power law withp ~ r=3,
whereas at small radii, it is described by a r™ power law; this is the so-called “cusp”. The CDM
simulations show that cusps form naturally in a DM universd that once they have been created,
they will not dissolve. Therefore, if the NFW profile is thergert approximation, the Universe should
be full of “cuspy” density profiles. Unfortunately, the dgsiccessible galaxies (i.e., the bright, high-
mass spirals) are not suitable for settling this issue,@sahtribution of an uncertain stellar mass-to-
light ratio makes their modelled mass density profiles ciaat with a broad range of density profiles
(see, e.gl,_de Blok etlal. 2008), including the cuspy NFW [erafs well as “cored” profiles like the
pseudo-isothermal halo:

pool) = Ty (1.2)

wherepg is the central density of the halo angdis the core radius of the halo. The pseudo-isothermal
halo profile contains no central cusp, but a so-called catstansity core.

For an unambiguous decomposition of the rotation curvethmalifferent mass components (i.e.,
stars, gas, and dark halo), one would like to concentrateatexigs with as little stars as possi-
ble, in order to minimize the effects from an uncertain atethass-to-light ratio. Fortunately, such
galaxies do exist. We know nowadays that large numbers ofslaface brightness (LSB) galaxies
exist (e.g., Impey et al. 1988; de Blok ef al. 1995, 1996; Magr1995; Trachternach efl 06;
Haberzettl et al. 2007). These LSB galaxies are — as well asfdyalaxies — considered to be
dark matter dominated at all radii_(de Blok & McGaligh 1997rhésien| 1997! Swaters etlal. 2000),
and thus should be the ideal test cases for dark matter moégeever, it was noted very early
that the density profiles from CDM simulations are too steefittthe rotation curves of dwarf and
LSB galaxies (e.gl. Moare 1994; Flores & Primlack 1994; Navat all 1996/ McGaugh & de Blbk

). Many authors have noted that the central parts afehsity profiles of dwarf and LSB galax-
ies are better approximated by a constant-density core [t @lok et all 20015, b; Marchesini ef al.

),
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2002;| Gentile et al. 2004: de Blok 2005; Zackrisson &t al.62@entile et all 2007; Oh etlal. 2008).
This is rather unexpected, because one would naturallk thiait (cold) dark matter models should
work best for these dark matter dominated galaxies.

Therefore, several attempts have been made to explainfiaeedices of the inferred slopes of the
inner density profiles. Many of the early observational Esidnade use of Hobservations, which
— at that time — possessed only modest spatial resolutioanfbizes typically 1% 30"). It was
therefore argued that these data could be affected by beaarisig, which tends to artificially flatten
the slopes of the inferred density profiles_(Swaters 1998:dem Bosch et al. 2000; Swaters et al.
M). Subsequent high-resolution observations, howehewed that only a small fraction of the
original Hi data suffered from these effects and thatrétation curves agree well with those from
Ha long-slit spectroscopy (e.d.. McGaugh ef al. 2001; de Biak| bl Marchesini etlal. 2002;
de Blok & BosmA 2002; Gentile etlal. 2004; Spekkens Et al.|[p08&hough beam-smearing is not
an issue for kb long-slit spectra,_Swaters et al. (2003a) argue that thate abuld be affected by
several other systematic effects, which all lead to an wexlienate of the central slope of the density
profile. One of these effects is a slit offset with respecth tenter of the galaxy. If the slit is
not placed through the center of the galaxy, the inferrecsitieprofile will miss a potential central
density cusp. However, some galaxies have been observethkt@mes independently by different
groups using data from different instruments. Given thas¢hmultiple results all point towards cored
profiles suggests that (i) all observers have missed thercehthe galaxy, or (ii) slit offsets do not
play a significant role.

Since the advent of optical 2D velocity fields, this probleam de circumvented completely.
Nevertheless, 2D velocity fieldsavebeen used to demonstrate that slit offsets were not redgensi
for the shallow density profiles (e.q., Kuzio de Naray ef 806). Most of the recent studies using
2D velocity fields seem to prefeored profiles (e.g.l_Simon et £l 2003, 2005; Kuzio de Naray et al.
2006, 2008; Kuzio de Naray 2007; Spano e 008), althaufghv are consistent with a variety of
slopes ranging fronsuspyto coredprofiles (e.g.._Swaters etlal. 2003b).

Why do the density profiles from high resolution 2D velocisidis still differ from the predicted
profiles? Neither low resolution, nor offsets from the cemtd the galaxies are an issue for these data.
Does the disagreement show the need for a radical modificatiaCDM or are there still systematic
issues which might possibly affect the observations? @tlgremost theoreticians propose the latter
and this thesis addresses the last remaining bastion pngtedCDM against a modification.

1.2 This thesis

As already mentioned by Frenk ef al. (1988) and Dubinski 4196DM halos are not spherical, but
tri-axial (see alsb_Hayashi etlal. 2004b, 2007). Therefioreas noted (e.g., by Hayashi ef al. 2004a;

IHayashi & Navario 2006) that gas moving in such an elliptjpatential will not move on circular
orbits, but show significant non-circular motions as weltcérding to these authors, the non-circular
motions are largest in the centers of the galaxies (up to t&epeof the maximum rotation velocity
or 50 percent of the local rotation velocity) and therefartiieially flatten the inferred density pro-
file, thus “hiding a cusp in a core” (direct quote from_Haya&hilavarrol2005). Large non-circular
motionscan create the illusion of a constant-density core, but one si@ed-circular motions of the
order of~ 20 kms? over a large fraction of the disk in order to do 5o (de Blok EPAD3).
Non-circular motions have been quantified by several grdeps,|Schoenmakers ef al._1997;
Wong et al| 2004; Gentile etlal. 2005), but none of them refsoge enough non-circular motions

to reconcile the cusp/core problem. However, most of theipus studies measuring non-circular
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motions were either limited to a small sample (€.g., Geatilall2005), or were based on data with
moderate resolution (e.d., Schoenmakers /et al.| 1997). Bie presented in this thesis has none of
these drawbacks.

In ChapteR, high resolution iHlata from the THINGS survey (ThelHNearby Galaxy Survey,
Walter et al| 2008;_de Blok et dl. 2008) are used to measuradhecircular motions in a sample of
19 spiral and dwarf galaxies. Before doing so, emphasisidsda estimating the dynamical and
photometric centers of the galaxies. After that, the nooutar motions are quantified by performing
a harmonic decomposition of the velocity fields of the gataxiAdditionally, the elongation of the
potential in the plane of the disk (i.e., the source of th&joted non-circular motions) is constrained,
and a number of consistency checks to test the results aghffesent systematic effects are pre-
sented. In Chaptéd 3, further tests are applied to the daiedir to verify and support the previous
conclusions. The analysis described in this chapter imsutie decomposition of artificial velocity
fields in order to test the effectiveness of the fitting-noeii

A different approach towards the cusp/core problem is ptesin Chaptell4, where the scatter of
the baryonic Tully-Fisher relation is used to derive firm eplimits for the ellipticity of the potential
in the plane of the disk. As this ellipticity is believed to e main source of the (large) non-circular

motions (cf. Hayashi et al. 2004a; Hayashi & Navdrro 2006pstraining the ellipticity constrains

the non-circular motions as well. Finally, the main resolftshe thesis are summarized in Chaghller 5.







Chapter

Dynamical centers and non-circular motions
In THINGS galaxies: implications for dark
matter halos

ABSTRACT

We present harmonic decompositions of the velocity fieldd®falaxies from THINGS (The H
Nearby Galaxy Survey) which quantify the magnitude of tha-niscular motions in these galaxies
and yield observational estimates of the elongations otidre matter halo potentials. Additionally,
we present accurate dynamical center positions for thdssigs. We show that the positions of the
kinematic and photometric centers of the large majorityhef galaxies in our sample are in good
agreement. The median absolute amplitude of the non-airecnbtions, averaged over our sample,
is 6.7 kms™, with ~ 90 percent of the galaxies having median non-circular metiof less than
~9kms?. As a fraction of the maximum rotation velocity this trarieiinto 45 percent on average.
The non-circular motions in the centers of the galaxiesresged as a fraction of the local rotation
velocity, are 8 percent on average. The mean elongatioreajrthvitational potential, after a statistical
correction for an unknown viewing angle, i0Q7+ 0.020, i.e., consistent with a round potential.
Our derived non-circular motions and elongations are sm#ian what is needed to bring Cold Dark
Matter (CDM) simulations in agreement with the observagiom particular, the amplitudes of the
non-circular motions are not high enough to hide the stegpralenass-density profiles predicted by
CDM simulations.

2.1 Introduction

Cosmological cold dark matter (CDM) simulations predictttall dark matter halos share a universal
mass density profile. A well-known empirical approximattorthe mass density distribution in CDM

halos is the so-called NFW profile by Navarro et al. (1996 .709%he NFW profile has the following
form:

Ps
(r/rs)(1+r/rs)?

*C. Trachternach, W.J.G. de Blok, F. Walter, E. Brinks, and.RKennicutt Jr., subm. to AJ

pNFw(r) = (2.1)
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At large radii, it can be approximated with a power law witk r=3. At small radii, it can be described
with ap ~ r! power law; this is the so-called “cusp”. This cusp has causked of debate. Although
it was noticed early on that CDM models produce profiles wtdoh too steep to fit the rotation
curves of dwarf and low surface brightness (LSB) galaxieg (Mooré 1994; Flores & Primdck 1994
INavarro et all_1996; McGaugh & de Blok 1998b), the origin dé thiscrepancy is still a matter of
debate. As LSB galaxies are dark matter dominated at ali (edj., de Blok & McGaugh 1997;
Verheijen 1997; Swaters etlal. 2000), one would naturallyktthat CDM models should work best
for those galaxies, as the contribution of stars is small.nyistudies using either IHnapping or
Ha long-slit spectroscopy have concluded that the kinematiagsost LSB and dwarf galaxies are
inconsistent with steep mass density profiles, and insteadansistent with shallow “cored” inner
profiles. These profiles are usually approximated by thedisé&othermal halo:

pso) = T (2.2)

Esee, e.gl. de Blok et!al. 2001d.b; Marchesini Bt al. 200BIde & Bosma 2002} Gentile et I 2004;

,%QELZa@kﬁssgn_eﬂMdﬁ;_G_enﬂ&dLa[jOO?)wb&mr, as the original Hobservations
possessed only modest spatial resolution (beamsizesaliypis’- 307), it was initially suggested
that these data could be affected by beam smearing, whidl terartificially flatten the slopes of the
inferred density profiles_(Swaters 1999; van den Boschl @0810; Swaters et 5l. 2000). Subsequent
high-resolution observations_(de Blok & Bosima_2002), hasveshowed that only a small fraction
of the original H data suffered from these effects. Although beam smearimgtsan issue for
Ha long-slit spectra, they could be affected by several otlystesnatic effects, which all lead to
an underestimate of the central slope (see, .g., Swatak$2803a). One of these effects is a slit
offset with respect to the galaxy center. This effect hasiin been tested using 2D optical velocity
fields, and was found to play no significant role (see, WG). Itis, however,
conceivable that the photometric and kinematic centeréddoe physically offset from each other,
which would lead to a similar flattening effect if the “wrongénter is chosen as the basis for a
dynamical analysis. The possible presence of such photioneetd kinematic center offsets can
be investigated directly with 2D velocity fields as thesebdmane to pinpoint the kinematic center
without having to rely on optical centers.

Most of the studies using 2D veIOC|ty flelds carried out in e few years seem to prefeored
profiles (e.g. m al. 2008), though a few
are consistent with a variety of slopes ranglng fnmmpyto coredproflles (e.gl_Swaters etlal. 2003b).

But even if 2D velocity fields are used, systematic issuesinemhich potentially could affect the
derived rotation curves. One which has been discussed by edhors is the effect of non-circular
motions. These deviations from circular rotation could Aesed by bars (Rhee e]@b%) or a tri-
axial halo (Hayashi et 8l. 2004a; Hayashi & Navarro 2006;ashyet all 2007). Hayashi & Navafrro

) proposed that the ellipticity of the dark matter halduces large non-circular motions in the
inner part of galaxies (up te& 15 percent of the maximum rotation velocity), thus makingrdrnnsic
cuspydensity profile appeatored |de Blok et al. [(2003) simulated rotation curves and showetl t
non-circular motions of the order ef 20 kms? over a large fraction of the disk are needed to make
them consistent with CDM halos (see M,zm, reach similar conclusions from an
observational perspective).

Deviations from purely circular motions can have differeatises, including chaotic non-circular
motions induced for example by star formation (as inveggigian detail for two THINGS dwarf galax-
ies in@l@&, or systematic non-circular motiorad tklate to the potential (e.g., spiral arms,
tri-axiality of the halo). Here, we will focus on the systdinanon-circular motions. One way to
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quantify these is to make a harmonic decomposition of thecitgl field (VF). An extensive descrip-
tion of the harmonic decomposition technique is given ind@rimakels (1999). Several groups have
measured non-circular motions in disk galaxies using ttnique (e.gl, Schoenmakers ét al. 1997;
Wong et all 2004; Gentile etlal. 2005). However, none of thesis report non-circular motions that
are high enough to successfully “hide a cusp in a core” asqzeg by Hayashi & Navairo (2006).

Choosing the correct position of the galaxy center is imgurnot only for deriving the mass
density slope of the dark matter halo, as discussed above)dmufor a correct appraisal of the non-
circular motions derived by performing a harmonic decoritjmrs (cf. \Schoenmakets 1999).

We will use the THINGS survey (Walter etlal. 2008) to study @pth some of the aspects men-
tioned above. THINGS is an unique dataset to address thesesidbecause of its high spatial and
spectral resolution, and also because of its homogenaedty tfge following section for more details
on THINGS). The chapter is organized as follows. After afodiescription of the sample in Sec-
tion[Z2, we extensively discuss the various ways in which can define the center of a galaxy in
Sectio 2B, and present our best determinations of théignusiof the true kinematic centers of our
sample galaxies. These center positions are used as imguuisiif harmonic decompositions of the
observed velocities, as described in Sediioh 2.4. Weilitesthe procedure and show the results for
one case-study galaxy in detail in Section 2.5. Resultshierést of the sample are presented in the
AppendixZA. Our results and several quality checks arsgimed and discussed in Secfiod 2.6, and
the conclusions are summarized in Sechion 2.7.

2.2 Sample and data

For our analysis, we used THINGS (The Nearby Galaxy Survey), anitspectral line survey of
34 nearby disk galaxies obtained at the NRAZLA in B, C, and D arrays. THINGS contains a
wide range of galaxy types, i.e., high and low surface brnighs galaxies, grand design spirals and
dwarf irregulars, barred and non—barred galaxies, allmwkseat high spatial~ 10’ for the natural
weighted data cubes) and velocity 5.2 kms™) resolution (for a detailed description of THINGS, see
Walter et all 2008). The great advantage of THINGS is thajaltixies have been observed, reduced,
and analyzed in a homogeneous manner. The large range iic@hyoperties enables one to study
trends with, e.g., Hubble type. Furthermore, as THINGS wesigthed to overlap with the SINGS
survey (Spitzer Infrared Nearby Galaxies Surm. ), we can use its IRAC 3.0
images (which give a virtually dust-free view of the stelliisk) to directly compare photometric and
kinematic centers.

In this chapter, we will study the kinematics of galaxies. Nerefore use the sub-sample of
THINGS for whichlde Blok et a1/ (2008) derived accurate rotatcurves. This sample includes all
rotationally dominated THINGS galaxies with inclinatiolesger than 40, as well as NGC 6946,
which, despite its lower inclination proved suitable foe titerivation of a rotation curve. Basic prop-
erties of the galaxies of our sample are given in Tablé 2.1Ir. oo analysis, we used the velocity
fields which were created by fitting hermite polynomials te trelocity profiles from the natural
weighted data cubes (as described in detdil in de Blok 6088 Additionally, we made use of the
radio continuum maps from THINGS (Walter etlal. 2008), ad aelthe 3.6:m images from SINGS

(Kennicutt et all 2003).

1The National Radio Astronomy Observatory is a facility af thational 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 rog Mg i PA Viot Ar My Imean Type
Mpc kpc mag ° ° kms! 7 1M, magarcse®
1) @ @O 4 () (6) () 9) (10) (11)
NGC 925 9.2 142 -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 -2093 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 9.3 139 -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 75 11.4 -20.63 65 121 150 5.0 55 20.7 2
NGC5055 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 giveh in Walterl. (2008); (3): radius of the
major axis of the galaxy at thes = 25magarcseé isophote level, taken from LEDA (LEDA.UNIV-
LYON.FR); (4): absoluteB-band magnitude as givenlin Walter et al. (2008): (5): awetaglination
as given in_de Blok et all (2008); (6): average position amgieyiven i I 8); (7):
total rotation velocity (used for the normalization of thenrcircular motions); (8): adopted spacing
of the tilted-rings; (9): H mass as listed in Walter etlal. (2008); (10): mean surfaggbress from
LEDA (LEDA.UNIV-LYON.FR); (11): morphological type from EDA (LEDA.UNIV-LYON.FR).

2.3 Estimating galaxy centers

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

Ideally, these different determinations should all caieciLarge discrepancies can indicate strong
disturbances, caused, e.g., by spiral arms or strong baesgenuine offset between the kinematic
and photometric center. For the majority of our galaxiesltipia center estimates can be derived,
namely kinematic centers derived from the velocity fieldswall as photometric centers as deduced
from the 20-cm radio continuum maps taken from THINGS anthftbe Spitzer3.6 :m images.
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As will be shown in the subsequent analysis, for most gasaitie kinematic center position
agrees with the position of the radio continuum source arti® center as derived from the IRAC
image within the uncertainties. In those cases where the&opteiric and kinematic centers agree,
we have generally adopted one of the photometric centersiabeast center position, given that
the photometric centers usually have smaller uncertainfidote that it is still important to evaluate
any possible differences between the two types of centees, when both are well-defined. This will
enable a better understanding of possible systematideffdwerent in the method, which is important
for the interpretation of the results from galaxies wherdbnters may not be as well-defined.

Below follows a description of the methods used to deterntiigevarious center estimates. An
application of these methods is given for one “case-stu@dyaxy in Sectiof . 2]5. Detailed and more
technical descriptions are then given for all galaxies ipémdixZA.

2.3.1 Radio continuum

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

2.3.2 SpitzefIRAC 3.6 um image

We make use of the high-resolution 3.6 images from SINGS (Kennicutt et!al. 2083These allow
an almost dust-free view of the predominantly old stellgsyations, though we note that the 3.
band can also contain some trace emission from hot dust, BAH&GB stars.

For all galaxies in our sample, we determined the centrgl.@\@osition by fitting ellipses using
the GIPSY taskELLFIT, taking care that the ellipse fits were not affected by sneallesstructures.
For those galaxies which also show a well-defined nuclearcceadn the 3.6:m image, we additionally
derived the central position by fitting a Gaussian to thera¢sburce. The two different center esti-
mates generally agree very well. However, as the centetiposierived by fitting a Gaussian to the
central source is usually better constrained as the censterdLLFIT, we only list the former (where
available) in Tabl€Z]2. Because of the homogeneous andstemisy 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, la@ @erive kinematic centers using the
GIPSY taskroTCUR This task fits a set of tilted rings of a given width to the ity field of
a galaxy and determines their central positions, rotatioth systemic velocities, inclinations and
position angles. We use the best available center positien4 central continuum source, if present,
otherwise a nuclear source in the g1 image and as a last resort the center as derived asirAIT)
as an initial center estimate feoTcur and make a fit with all parameters left free (including the

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

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

The determination of the positions of all centers are dbedrin Appendi{ZA, and all center
estimates are summarized in Tabl€el 2.2, where our adopteécceeter positions are shown in bold
face.

2.4 Harmonic decomposition

We perform a harmonic decomposition of the velocity fieldsdegomposing the velocities found
along the tilted-rings into multiple terms of sine and cesin

FollowinglSchoenmakers (1999), we describe the line-gtitsielocity, vios, as:

N
Vios(r) = Veyd1) + > _ Cn(r) COSMY) + $o(r) sinm, (2.3)
m=1

whereN is the maximum fit order used,is the radial distance from the dynamical centeiis the
azimuthal angle in the plane of the disk, argk is the 0" order harmonic componertg. Initial tests
showed that a decomposition of the velocity fields up to thidkr (i.e. N = 3) is sufficient to capture
most of the non-circular signal, as is described in Se€li62].

The usual description of the apparent velocity, under tearaption of purely circular motion can
be retrieved by only includingh=0 andm= 1 terms in EqZ]3, i.e.,

Vios(r) = Vsys(r) +C1(r) cosy +s1(r) sine, (2.4)

and by ignoring streaming (radial) motions (i.e.,= 0). The circular rotation velocity corresponds
therefore toc;. Note that the dependence on inclination is included inghend s, terms. For
the following discussion it is worthwhile to repeat a fewesllof thumb which apply to harmonic
decompositions as given lin Schoenmakers let al. (1997) amoe8makerd (1959):

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

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

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

1+2g? +5q*
ca(l-g?) 7

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

(4) Velocities induced by a global elongation of the potentidl vesult in a constant offset in
epot SiN 2p5. Velocities induced by spiral arms occur on much smalletescand will therefore only
lead to perturbations (“wiggles”) around this offset.

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

We use the GIPSY taskeswRL This task performs a tilted-ring fit assuming circular tiata,
creates a model velocity field, subtracts this from the oabivelocity field, and does a harmonic
expansion of the residualrEswRIdoes not down-weight velocities along the minor axis aslisls

€pot SIN 2p2 = (S3—51) (2.5)
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done in standard rotation curve analysis. For the width efahnuli (cf. Col (8) of Tabl€211), we
chose half the beam width; neighboring rings are thus n&peddent.
We calculate the quadratically added amplitude (“powest)dach order of the harmonic decom-

position using
Au(r) =/S(), (2.6)

for m=1 (note that; corresponds to the circular velocity and is not included#dalculation of the
amplitude ofA(r)), and

An(r) = /() +s53(r), (2.7)

form> 1.
Additionally, we calculate the quadratically added amylé of all (i.e., up td\ = 3) non-circular
harmonic components (“total power”):

A(r) = \/Sf(f) +C5(1) +5(r) +G3(r) +s5(1). (2.8)

The radial variation ofAy(r) andA:(r) can be checked for coincidence with visible features in
the galaxies. To quantify the power of the non-circular wrsiin a compact way, we also ubg,
the median ofAn(r) defined for each value af, andA,, the median of\(r). We derive two values
for An andA,, one for the entire radial range and one for the inner 1 kpcttfose galaxies where
sufficiently high signal-to-noise Hs present in the inner parts). The 1 kpc choice is motivaied b
the fact that the distinction between a cusp and a core candole most clearly at radii less than
~ 1 kpc (de Blok et dl. 20014 de Blok 2004), and it is therefanpartant to separately quantify the
non-circular motions in this inner region. Note that wherewe use the term “entire radial range”,
we refer to all radii over which our analysis extends. Theepudius of this “entire radial range” is
usually limited by the sensitivity of the IHdata. The outer regions of galaxies often show sparsely
filled tilted-rings. Although these may still be used to estie a rotation curve assuming circular
motions (e.g., witrROTCUR), a harmonic decomposition has more free parameterstfiec and
s) and is therefore more sensitive to sparsely filled tiliedis. We have restricted our analysis to
radii for whichRESWRIwas able to produce reasonable and stable results (thusleglilted-rings
showing, e.g., a rotation velocity of 1000 kit ®r a harmonic component of zero amplitude, but with
a 100 kms! uncertainty).

Additional to discussing the amount of non-circular mosion absolute terms, we will express
the magnitude of the non-circular motions as a fraction efldtal rotation velocity/(r) and as a
fraction of the total rotation velocity,;. The latter is defined as the rotation velocity of the flat part
of the rotation curve, or as the maximum rotation velocityh#é rotation curve is still rising in the
outermost point.

RESWRIcreates a residual velocity field which can be used as anatatior those non-circular
motions that are not captured with the harmonic decompos{as will be shown in Sectidn Z.6.4.1).
As the residual velocity fields contain only values whichtsraaround a mean zero level, we use
absoluteresidual velocity fields in our analysis.

Finally, as mentioned ih_Schoenmakers (1999), the centsitipo should be kept fixed during
the harmonic decomposition. This is because a galaxy wtashréal, physicat, ands, terms in its
velocity field would, in the case of an unconstrained centeitipn, appear to have a center which
drifts in such a way as to minimize these terms. Moreoveldhaparying center positions at small
radii (with offsets larger than the relevant ring radii) bano physical basis.
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2.5 NGC 3198 — A case-study

In this section, we present the results from our two analysesamely the derivation of the center
estimates and the harmonic decomposition — in detail forgalaxy. The purpose of this section
is to explain the conventions and notations used and denad@stiur methods for one galaxy in our
sample. A complete description and discussion of all gakkiom our sample is given in the Ap-
pendix(IZA.

2.5.1 Center estimates

The 3.6um IRAC image of NGC 3198 shows two well-defined spiral armsaeating from a promi-
nent bulge. The central component has a nuclear point seamnbedded, which has a counterpart in
the radio continuum. The IRAC and continuum centers agreegitttin 1”. For ease of reference,
and in order to have a compact notation for the center pasitiwe will in our discussion frequently
refer to positions with respect to the pointing center (stetl in_Walter et al. 2008). This pointing
center has no physical meaning, and merely provides a cmmtezero-point. We will refer to the
offsets from the pointing center aX (positive in the direction of decreasing right ascensiamjoY
(positive in the direction of increasing declination). Baire expressed in arcseconds. Note that we
list the full coordinates of all center positions we derinéabldZ.P (with the position used for further
analysis shown in bold face).

In our determination of the kinematic center of NGC 3198, taet svith an unconstraineRloTCUR
fit with the position of the radio continuum centeiX= -1”4, §Y= -0/1) as an initial estimate.
Fig.[Z1 shows the variation of the center position from RaoacuR fit over the radial range of the
galaxy, together with our best photometric center. As cagdam by the variation ofX anddY, the
outer partsi(> 150") of NGC 3198 are strongly affected by the spiral arms. Fodgwévation of the
dynamical center, we therefore restrict the averaginganddY to radii with r < 100’ (indicated
in Fig.[Z by the vertical lines at these radii). The dynah@enter derived in such a way is offset
from the pointing center byX =-1"74+1"7,5Y =-07242"1 (i.e., to the south-east).

To put our estimates for the center positions in context, mmvsthem together with the IRAC
and radio continuum map (where available) overlaid on thrae150 x 150’ of the H total in-
tensity map (cf. Fig—2]2). Also shown are the central postgiof the individual tilted-rings. As can
be seen, all center positions agree well within the uncaiés and to within one natural-weighted
beam (hereafter referred to as “the beam”) and we therettoptdhe 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 therhanic decomposition of NGC 3198 are
shown in FigCZB. The PA of NGC 3198 rises swiftly within tim@ér 200, and then slowly declines.
The inclination varies in the inner parts over a range of abee degrees, but shows a steady increase
beyondr ~ 450, indicating that the outer disk is warped. Ttyterm is small for all radii, meaning
that the fitted inclination is close to the intrinsic inclifa of the disk. Although there is no global
offset from zero forc, ands,, they show small deviations at radii coinciding with thedtions of
spiral arms in the 3.6m image of NGC 3198, or in the totalithap presented In Walter efldl. (2008).
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FiG. 2.1: Radial variation of the center positions of the indixal tilted-rings derived in an unconstrained fit wRbTCUR
The center positions are given as an offset from the poirganger (in arcseconds). The two vertical lines at0” and
r = 100" denote the radial range over which the center positions @aegeaged in order to derive a kinematic center. The
resulting kinematic center (together with its standardiaten) is indicated by the black solid (dotted) lines. Owsb
center position (in this case from the radio continuum) didated by the dashed horizontal line, which is howeverlpare
distinguishable from the kinematic estimate because ofjtieel agreement between these two.

Thes; andsz terms are best described as wiggles caused by spiral arnop @ & slight offset. The
amplitudes of all non-circular components,(cs, 1, S, S) are generally only a few kms.

In Fig.[Z4, we show derived parameters which were caladlatzording to Eq4-25-2.8. The
median amplitudes of the individual harmonic componengsivdd following Eqs[2]6 and 3.7, are
similar in amplitude, ranging fromM, ~ 2—-3 km s (when averaged over the entire radial range),
or < 2 percent ol For the inner 1 kpc, the amplitudes are even smafer< 1.5kms?). The
distribution of A (r) (cf. Eq. [Z8) shows that the amplitude of the non-circulastions isA(r) <
8 kms™ for most radii. The median amplitudeAs ~ 4.5 kms™ when averaged over the entire radial
range, and\, ~ 1.5 kms?® when averaged over the inner 1 kpc only.

The elongation of the potentiadpo Sin(2p2), derived according to E.2.5 is small over most
of the radial range, but shows traces of the same spiral atmhwause the variation in, e.g., the
component. Inwards af~ 30’, the elongation is rather unconstrained — mainly becautieedairger
uncertainty in the derived inclination, which enters irtte tincertainty irpo: as a fourth power. The
weighted mean elongation of the potential is fairly smallhwiepot Sin(202)) = 0.017+ 0.020, and
within the uncertainties consistent with zero.

As mentioned in Sectidn d.®ESWRIcreates residual velocity fields, which can be used to quan-
tify the signal which was not captured in the harmonic expansFor NGC 3198, we find a median
absolute value of 2.6 kms™, showing that a harmonic decomposition up to third ordeajsable of
capturing most non-circular motions. This is addressederfudly in Sectiol2Z.6.411.

The results from the harmonic decompositions are sumnth(foe all galaxies) in TablEZ213 and
detailed descriptions for all galaxies are given in AppzEda.
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FIG. 2.2: This figure shows the inner 5 150" of NGC 3198. The integrated natural-weightedriap is shown in
grayscales. The beam is indicated in the bottom-left cofftee black contours show iso-velocity contours from thenhitr
velocity field. The thick black contour is shown at 663 Kihand represents the systemic velocity givemet al.
M). The other velocity contours are spaced by 25 KrriEhe thin black contours overlaid on the thick white congour
represent the 3,6m IRAC image. They are drawn at 2, 5, 10, 20, and 50 percenteofrtaximum intensity level. The
white contours represent the THINGS radio continuum mag,aae drawn at 10, 20, and 50 percent of the peak intensity.
The black dots indicate the individual center positionsrifoTCURand the black cross represents the derived dynamical
center together with its uncertainty. The derived centemfthe 3.um image is shown as a gray, filled triangle, whereas
the one from the radio continuum is shown as a black, opengiéalnset: To better highlight the different center estimates,
we show an inset of the innermost”1® the upper-right corner. For clarity reasons we do not stiewH grayscale and
velocity field contours here. The contours from the 6 image are shown in black and are given at the same intensity
levels as in the main plot. The same holds for the radio cantincontours, which are shown here in gray. The individual
center estimates frormoTCURare shown as small crosses. In the inset, the beam is indibgtéhe 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 ithat galaxies in AppendikZ]A, we show
how the center positions are derived and present the resfuttee harmonic decompositions. The
different center estimates are summarized in Table 2.2revng adopted positions are shown in bold
face. The results from the harmonic decomposition are suimethin TabldZB.

In this section, we will put these results in context and adslisome of the astrophysical questions
discussed in the Introduction. Sectlon216.1 will deal whité results of the center estimates, whereas
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FiG. 2.3: Left: circular 1), and non-circulard, cs, S1, S, S3) harmonic components (derived according to[Ed. 2.3), all
corrected for inclination and plottac. radius. The dashed vertical line in the panel showing theeibligion of c; indicates
the radius corresponding to 1 kpRight: systemic velocityco, inclination and position angle, plottac. radius. The
dashed horizontal lines represent the error weighted meékms inclination and position angle are from the tiltedgriit
assuming circular rotation. The error bars shown in all fgaoEthis figure are the formal uncertainties fr&eBSWRL
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FIG. 2.4: Left: An, the median amplitudes of the individual harmonic comptsetterived following Eq4_216 afid 2.7,
plottedvs. harmonic numbem. The error bars denote the upper and lower quartile of thteaition of An(r). We have
calculated the median amplitudes twice: once for the entidéal range (filled circles), and once for the inner 1 kpcefop
circles). Note that in the case of NGC 3198, the median foiirther 1 kpc has no error bars, as the inner 1 kpc contains
only one data pointMiddle: A (r), the quadratically added amplitude of all non-circulampmnents (derived following
Eq.[ZB)vs. radius. The errors were estimated assuming Gaussian eopagation. For most radii, the amplitude is
A(r) < 8kms™. Right: the radial distribution of the elongation of the potential; sin(2p2), derived according to EF_2.5.
The uncertainties are also estimated assuming Gaussianpeapagation. The elongation is fairly unconstrainedhia t
inner~ 30", mainly because of the large uncertainty in the inclingtishich enters into the uncertainty gf,: as a fourth
power. The weighted mean elongation (and its standard titavjeare represented by the horizontal dotted (and dashed)
lines. The weighted mean elongation of NGC 3198&ejs: sin(2p2)) = 0.017+ 0.020, and thus consistent with a round
potential.
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TABLE 2.2: Center positions for the galaxies in the sample.

Name kinematicROTCUR) center 3.6:m center radio continuum center
Q2000 02000 Q2000 02000 Q2000 02000
(hms) ) (hms) ') (hms) '

NGC925 0227 16.5-0.7 +333443.54.1 022717.0 +333442.4
NGC 2366 07 2853.9-0.7 +691237.4-7.8 072853.4 +691240.8
NGC 2403 07 3651.10.9 +653602.9%4.2 073651.06 +653602.% ...
NGC 2841 092202460.1 +505835.3-1.0 092202.7 +505835.4 092202.7 +505835.4
NGC 2903 0932104£80.2 +213002.5-2.2 093210.1 +213004.9 093210.1 +213004.3
NGC 2976 0947 14905 +675500.8-1.4 0947153 +675500.0 ---
NGC 3031 09553350.6 +690352.6-:3.9 095533.3 +690354.6 095533.1 +690354.7
NGC 3198 101955480.2 +453259.2-2.0 101955.0 +453259.1 101955.0 +453258.9
IC 2574 1028 27.5-2.7 +682458.#410.4 ---
NGC 3521 110548460.1 -000208.4-1.4 110548.6 -000209.2
NGC 3621 111816460.2 -324848.56.5 111816.5 -3248509 .-
NGC 3627 112015:80.2 +125922.74.8 112015.0 +125929.2 112015.0 +125929.6
NGC 4736 125053480.2 +4107 14.2:2.0 125053.1 +410711.9 125053.0 +4107 13.2
DDO 154 125405.20.2 +270909.9-3.4
NGC 4826 1256 4360.1 +214059.3-0.8 125643.6 +214059.2 125643.6 +214100.3
NGC 5055 131549:80.2 +420145.%#1.3 13.1549.3 +420145.5 131549.2 +420145.3
NGC 6946 20345240.6 +600911.859 2034523 +600914.3 2034522 +6009 14.4
NGC 7331 22370440.1 +342454.4-22 223704.1 +3424565 ---
NGC 7793 235749480.2 -323525.22.1 235749.7 -323527.9

2Derived by fitting ellipses WitlELLFIT
®The center coordinates of IC2574 were derived using a bubkcitg field cleared of non-circular motions as presented

inlOh et al. [2008)

NOTES The uncertainties in theROTCUR centers are given in units of seconds (for right ascension)
and arcseconds (for declination). The center positionatéar subsequent analysis is shown in bold

face.

SectionZ6R deals with the results of the harmonic decaitipps. In Sectiof 2613, we compare
the latter with predictions from CDM simulations. In Sectl26.3, 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 @enter positions. An intrinsically cuspy
density profile can be mistaken for a flat, constant-density, @ possible offsets between the kine-
matic and the photometric center of a galaxy are ignoredndJgie photometric center to derive a
rotation curve or a mass model in the presence of such art effdeesult in a less steep rotation
curve and density profile. A potential cusp could then appsar core-like density profile.

As we have determined the kinematic and photometric cenfdise galaxies in our sample, we
can directly test if such offsets exist. This is shown in &@, where we show the offsets between
the dynamical and the best (photometric) center estimatdhd 15 galaxies in our sample with well-
constrained photometric centers. For 13 out of the 15 gadastiown in Fid 215, the dynamical center
differs by less than the size of one beam from the best (phetiich center — and for 10 galaxies the
agreement is even better than half the size of the beam. @algalaxies (NGC 3627 and NGC 6946)
show moderate offsets of between one and two beam sizesn Gigethe former galaxy is extremely
asymmetric and the latter has a low inclination which makigisdi tilted-rings more difficult, these
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TABLE 2.3: Derived quantities from the harmonic decomposition.

Name A Actkoe A /Vmax  (€potSiN(2p2))  Mresid  Imax
kms? kms!  percent kmst 7
(1) (2) (3) (4) (5) © @)
NGC 925 630'163  9.45'954 55 0.000+0.046 3.0 282
NGC 2366 204138 117332 5.3 0.004+0.066 2.4 252
NGC 2403 403133 2601952 3.0 -0.022+0.025 2.9 950
NGC 2841 671132, 26 -0.001+0.014 35 635
NGC 2903 610°38F 13557279 3.2 0.006+0.028 2.8 602
NGC 2976 281272 218 35 -0.010+0.018 2.1 147
NGC 3031 914+208 o= 46 0.007+0.045 3.0 840
NGC 3198 4492390 1.50° 3.0 0.016+0.020 2.6 565
IC 2574 37518 13658 54 0.012£0.047 2.7 505
NGC 3521 8301385  3.12712%7 42 0.017£0.019 45 415
NGC 3621 B61YH 552951 24 0.002£0.022 23 600
NGC 3627 284911051 14.7 -0.024+£0.071 3.6 165
NGC 4736 10138 87918 8.3 -0.055+0.149 25 400
DDO 154 161042 1.43%14 34 0.024£0.033 1.2 325
NGC 5055 417381 8.3giile 2.2 -0.003+0.025 3.1 450
NGC 6946 728312 3.6 0.004+0.069 3.4 420
NGC 7331 504*1-6° 2.6 -0.003+0.017 4.2 297
NGC 7793 508929,  3.41:5%4 39 -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 29 0.013 0.8

&This value has no upper or lower quartile as the inner 1 kpc®ENB198 contain only one data point.
NoTES (1): the name of the galaxy; (2)A, the median of the quadratically added amplitude of
the non-circular motions, averaged over the entire radiabe. Error bars indicate the lower and
upper quartile; (3): same as (2) but averaged over the infkec bnly; (4): the percentage the non-
circular motions contribute to the maximum rotation velpci(5): the weighted mean elongation
of the potential and its uncertainty; (6): the median of thedute residual velocity field after the
harmonic decomposition; (7): maximum radius for the avieq@f A, and €pot- The bottom two
rows contain the mean values and their rms over the entir@lsarforepqy, this value represents the
weighted mean.

outliers can be understood and do not necessarily suggestl affset between a dynamical and a
photometric center.
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The strength of the agreement we find does depend on how aredlr@ained the dynamical center
estimates are. A tightly constrained kinematic centertmosiwvhich agrees with a well-determined
photometric center allows one to draw strong conclusionaeAkly constrained kinematic center less
S0, as the increased uncertainties allow agreement wittoéewainge of photometric centers, as long
as they are located somewhere near the kinematic centeesiithe strength of our conclusions we
therefore determine for each galaxy the offsets betweendhters of individual tilted-rings and the
best center estimate. As the outer parts of the galaxiestoelnel affected by warps and asymmetries,
we restrict this analysis to the data points in the inner diadfach galaxy (i.e., those with< 0.5 max,
wherernax is the maximum radius to which our analysis extends, cf. Tpb{ TabldZB). In Fid_216,
we show a histogram of the distribution of these offsets imgeof beam size for all galaxies in our
sample. Approximately 50 percent of the center positionthef-1000 individual tilted-rings differ
less than one beam from our best center position. Anothee&%®pt show an offset between one and
two beam sizes and only a small fraction shows large off$étse that the center positions of some
of the tilted-rings can be affected by the presence of spimals and other features. Large offsets for
individual rings do therefore not necessarily imply insimoffsets between center positions, but need
to be regarded within the context of the results for the wigalexy. The radial variation of the center
positions are shown in Fig—2.1 for NGC 3198 and in the top [saokFigs.[ZZH-Z.40 for the other
galaxies in our sample.

Our results show that for the large majority of the galaxieslied here, the photometric and
kinematic center positions agree within their uncertasmtnd also to within a beam. See also Sec-
tion[Z6. 4% where we evaluate the impact of a shift in cepbsition on our results.
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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-

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 sizey 10”), showing that there is
no indication for a genuine and general offset between
kinematic and photometric centers in our sample.

sition in terms of beam size. The typical beam size is
~ 10" (this corresponds to a physical size of 170pc
750 pc). Only tilted-rings inwards af= 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 decomposiittoasnore general way. For a description
of the results for individual galaxies we refer to ApperddiAI2Note that our sample for this part of the

analysis contains only 18 and not 19 galaxies because weotligenform a harmonic decomposition
for NGC 4826, because of its sparsely filled tilted-rings (b€ velocity field shown ihde Elét et]

2008).

al.
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In the upper panels of Fig—2.7, we shéwvs. absolute magnitude and Hubble type. In all panels
of Fig.[Z1, we distinguish between barred and non—barréakigs. The Hubble types, as well as
the bar classifications are based on NED. It is clear that thgnitude of the non-circular motions
decreases towards lower luminosities and later Hubblestyjdé¢hen these motions are expressed as
a fraction ofVi,, we see that their contribution is roughly independent ofihosity or Hubble type
(Fig.[Z1, middle panel). For 16 out of the 18 galaxies, the-aiocular contribution is smaller than
6 percent olo; and its mean contribution is 4.5 percent. Both in the top anitié middle panel of
Fig.[Z1, barred galaxies do not stand out, except for NGQ 3B8is is different if we look only at the
non-circular motions in the inner 1 kpc (FIg_R.7, bottom @anAs expected, most barred galaxies
have rather high non-circular motions in the innermostaegNote that some galaxies are not shown
in these diagrams, as we have no data above a detection fithit i their inner 1 kpc.

As a comparison, we also calculated the amplitude of thediraodar motions within the inner
2, 3, 4, and 5 kpc, using two different methods. The approhoks in Fig.[Z8 measures the non-
circular motions by taking the median of tAg(r) values within rings of 1 kpc width, as measured over
radii0<r <1kpc, 1<r < 2Kkpc, ..., 4< r <5 kpc. Our second approach, shown in Eigl 2.9, simply
increases the radial range over which the amplitudes aragee (0<r < 1 kpc, O<r < 2 kpgc, ...,

0 <r < 5kpc). In both cases, we have divided our sample into threelate magnitude bins. It is
apparent from the two figures that galaxies with low lumihpokave the lowest amplitudes of non-
circular motions in the inner parts, regardless of the an@sethod (which is not surprising given the
smaller rotation velocity of low-luminosity galaxies).n8e the approach shown in Figl2.8 measures
the non-circular motions more locally than the method showiig [Z9, it is also more affected by
local features like effects of star formation. For instaribe two relatively high amplitudes in the
4 < r < 5 kpc bin of the bottom panel of FE i.S belong to IC 2574 andO\Z366. The former has
a supergiant shell at those radii g 1998¢reds the latter has a large star forming
region in its outer parts (s lal. 4008 for an in-deptlyars of the small-scale non-circular
motions in these two galaxies). The only other low-luminogialaxy in our sample which extends
out to 5 kpc radius (DDO 154) is completely quiescent in asttrIn the analysis shown in F[g. R.9,
these effects have “averaged out”, due to the larger arehfaséhe averaging.

However, no matter how they are binned, in absolute termsnbesured amplitudes of the non-
circular motions are small. In order to account for the défe rotation velocities, we have normalized
the amplitudes shown in FigE_2.8 andl2.9 by the local ratatielocity. The results are shown in
Figs 21D anfZ11, respectively. For the large majorityhefgalaxies in our sample, the non-circular
motions in the inner few kpc contribute approximately tercpat to the local rotation velocity. Three
galaxies (NGC 925, NGC 2903, and IC 2574) contain non-arcaiotions larger than 20 percent of
the local rotation velocity. For NGC 925 and NGC 2903, itkely that the large non-circular motions
are associated with their stellar bars, especially as Bid8. and_Z1l1 indicate that large non-circular
motions in the central parts are predominantly found indzhgalaxies. For IC 2574, the large ratio
between non-circular and circular motions is mainly causeds small rotation velocity in the inner
1 kpc, which is 15 km¥ atr = 1 kpc. The amplitudes of the non-circular motions (in theeinl
kpc) do not exceed 2.25 krfisfor any tilted-ring. However, the work MMOS),MEe a
special “bulk” velocity field cleared of non-circular moti® shows that even after a correct appraisal
of the non-circular motions in IC 2574, its density profile@ed rather than cuspy.

We will now discuss the elongation of the potential (see[Ei§2). The elongation of the potential
shows neither a trend with absolute magnitude, nor with tubjpe. If the influence of the disk
decreases with baryonic mass, and if the dark matter haébindeed tri-axial (or more precisely,
have an elliptical potential distortion in the plane of theisk, cf.|Hayashi & Navarfo_2006), then
one would expect the measured elongations to increase wifteasing (baryonic) mass. However,
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FiGc. 2.7: The non-circular motions measured in different waysdur entire sample. Barred galaxies are shown as
filled circles, non—barred as open circl@®p panel: Median amplitude of the non-circular motion& ) on a logarithmic
scalevs. absolute magnitude (left) and Hubble type (right). Errarshindicate the upper and lower quartile of the radial
distribution ofA,. Middle panel: The percentage the non-circular motions contribute to tagimum rotation velocitys
absolute magnitude (left) and Hubble type (righBpttom panel: Like top panel, but the averaging was restricted to the
inner 1 kpc of the galaxies. Note that for five galaxies, the da not show significant amounts of i 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 ¢lomgad its standard deviation are
(epotSin(2p2)) = 0.011+0.013. This elongation and the individual elongation measergs still
contain an unknown viewing angle, for which one can applyasisgical correction by dividing the
elongation by the expectation value pf, 2/7 (middle panel of FigCZA2). The average, corrected
elongation is(epor) = 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 triaxigictd (e.g.|_Frenk et 5l. 1988: Dubinski
11994; |Hayashi et al. 2004a; Moore et Al. 2004; Kasun & Evtadf52|Hayashi & Navarka _2006;
Hayashi et 2. 2007). We compare our results with predistioased on cosmologicAICDM sim-
ulations. | Hayashi et all_(2004a) and Hayashi & Navarro_(2G#&sent models where they use an
elliptical distortion of the gravitational potential (mioking a tri-axial halo) to explain the observed
solid-body rotation curves of dwarfs and LSB galaxies withiCDM context. This distortion affects
the orbits and thus also the rotation curve. In this pictthie,major axis rotation curve depends on
the viewing angle of the elliptical distortion. This viewirangle can be chosen in such a way that
the major axis rotation curve in the elliptical potentiabks identical to what it would have been, had
the gas been on circular orbits (i.e., without ellipticadtdition and without non-circular motions).
It would therefore hide the presence of the disturbance due-axiality and look like a solid-body
rotation curve.
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Fic. 2.8: The amplitude of the non-circular mo- Fic. 2.9: Like Fig.[ZB, but the amplitude of the
tions within rings of 1 kpc width (i.e., & r < 1 kpc, non-circular motions were averaged within rings of in-
1<r<2Kkpe, ..., 4<r < 5 kpc) for each galaxy (if creasing radius (i.e., @ r <1 kpc, 0<r < 2 kpg, ...,

data available). All measurements of a specific galaxy 0 <r < 5 kpc). As the region over which the non-
are connected by a line. Filled symbols correspond to  circular motions are averaged increases outwards, the
barred galaxies, open symbols to non-barred galaxies. amplitudes shown are less affected by local features
We divide the plot into three subpanels. The top panel  such as the effects of star formation.

contains all galaxies witMg < —20.5, the middle panel

those with-20.5 < Mg < —18.5 and the bottom panel

all galaxies withMg > —18.5.

However, even if the angle is adjusted in such a way, the man@ rotation curve of the tri-
axial case would still show large streaming motions. Thesebe up to 15 percent of the maximum
rotation velocity. As we show in FigE_2.[Z_2.8, dndl 2.9, thserved non-circular motions in our
sample are generally much smaller and never reach 15 perfcinet total rotation (see also the minor-
axis position-velocity diagrams presented_in de Blok E2@08). We have shown that relatively high
(but still small in absolute terms) non-circular motionstlie inner parts of the galaxies are always
found in bright and/or barred galaxies. Given that the edqtarts of bright galaxies are dominated
by baryonic matter, this could indicate that these nonutarcmotions are caused by baryons rather
than a tri-axial dark matter halo.

In Figs.[ZID and2Z11, we normalize the amplitudes of the-aimular motions by the local
(circular) rotation velocity. At a radius of 1 kpc, Hayashid (2004a) report non-circular motions as
high as 50 percent of the local rotation velocity. At smatbsatii, the contribution of the non-circular
motions is even larger. The results shown in Figs_12.10[ahdl, however, show that for the large
majority of the galaxies in our sample, the non-circular ot are only as high as ten percent of
the local rotation velocity. Only in one barred galaxy (NGEZ59do the non-circular motions reach
an amplitude close to 50 percent of the local rotation véfdaithe inner 1 kpc. The dwarf galaxies
(bottom panels of Fig§_ 2110 ahd2.11) are of most interast, las the cusp/core problem shows itself
most clearly for them. The non-circular motions in three afuthe four dwarfs in our sample (NGC
2366, NGC 2976, and DDO 154) contribute only ten percentaddbal rotation velocity. Therefore,
the non-circular motions in these galaxies do not signifigaaffect the mass models presented in
de Blok et al.|(2008) and Oh et| 08) and preclude theilpitigsthat their cored density profiles

(cf. aforementioned papers) are intrinsic cuspy profileklwvhave been artificially flattened by large
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Fic. 2.10: Like Fig[ZB, but the amplitudes of the FiG. 2.11: Like Fig[ZD, but the amplitudes of the
non-circular motions are normalized by the local rota- non-circular motions are normalized by the local ro-
tion velocity. Except for a few galaxies, the non-circular tation velocity. Analogous to Fi§2.9, the increasing
motions in the inner few kpc have an amplitude~oi0 region for the averaging of the non-circular motions
percent of the local rotation velocity, irrespective of the causes the amplitudes to be somewhat less affected by
galaxies’ luminosity. Only three galaxies have non- local features such as the effects of star formation.

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.

non-circular motions. The non-circular motions in IC 25%cant to~ 26 percent of the local
rotation velocity for the inner 1 kpc. Even though this idl stiuch smaller than what is predicted
by [Hayashi et al. (2004a), the unambiguous derivation ofigesity slope might be hindered if one
assumes circular rotatio 008), however, stnaweven after a correct appraisal of the
non-circular motions in IC 2574, its density profile is stiltonsistent with an NFW profile, but is
better approximated with a pseudo-isothermal halo.

The gravitational potential in the simulations lof HayashiN&varro (2006) is elongated in the
inner parts agepor) = 0.2+ 0.1 (their Fig. 3). All but two of the individual elongation mgaements

presented here are systematically lower than those pi@aicand consistent with a round potential,
although some have large enough error bars to make themmabygtonsistent with the lower end
of the CDM predictions. The measurements for two galaxigSENI736 and NGC 7793) have suf-
ficiently large uncertainties to make them marginally cetesit with the CDM predictions, though a
rounder potential is preferred.

If DM halos do indeed have an elliptical distortion in theiner parts, we would expect to find
higher elongations there. To test this idea, we have alsrméted the elongations of the potential by
using only data out to= 0.5r4« (bottom panel of Fid.212). The individual elongation measnents
do not change significantly if averaged only over the inndf dfathe disk. Their weighted mean
({epot) = 0.0164 0.015) is not significantly different from the value obtaineg dveraging over the
entire disk (epor) = 0.017+ 0.020) and we therefore see no indication that the gravitatipotential
is more elongated towards the center of the galaxies.
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FiG. 2.12: Top panel: Elongation of the potentials absolute magnitude (left) and Hubble type (right). Thazumtal
lines represent the weighted mean and its standard devigt: sin(2p2)) = 0.011+ 0.013). Barred galaxies are shown
as filled circles, non—barred ones as open circles. Thaliftn of (eyo SiN(2p2)) shows neither a trend with luminosity,
nor with Hubble type. Middle panel: Like top panel, but a statistical correction for the unknowewing angle was
applied to the individual elongation measurements ande@ thean and standard deviation. The hatched area indicates
the CDM predictions by Hayvashi & Navarro (2006). The elomayat of the large majority of the galaxies shown here are
systematically lower (rounder) than what is predicted byMC&mulations, although the measurements for some galaxies
have large enough error bars to make them marginally cemsistith the lower end of the CDM prediction8ottom
panel: Like middle panel, but we averaged the elongation of theniiztenot over the entire radial range, but only out
to r < 0.5rmax (rmax is the maximum radius to which our analysis extends). Thi denerally only little effect on the
individual elongation measurements. The mean value hashastged (epor) = 0.017+ 0.020 vs. (epor) = 0.0164 0.015)
and we therefore do not see an indication that the elongafitite potentials increase inwards.

2.6.4 Consistency Checks

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

2.6.4.1 ROTCURVS RESWRL residual velocity fields

Here, we compare the residual velocity fields from#eercuranalysis by de Blok et al. (2008) with
those from our analysis witRESwWRL As mentioned in Section 2.4, the residual velocity fields ar
derived by subtracting a model using the final parametemestis from the original data. For both
types of residual fields, we calculate the median and therl@md upper quartile of thabsolute
residual velocity fields. These are compared in Eig.]2.13is tlear that all galaxies have larger
residuals in theROTCUR analysis than they have in tleESwWRI analysis. This is of course to be
expected, given thatoTCUR considers only circular motion, whilreswRi also takes non-circular
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motions into account. Nevertheless, itis a quality testivishows that our results are behaving in the
expected manner. The largest median amplitude of the rskdiswRI velocity fields is 4.5 kme
(for NGC 3521). The average value of the sample is 2.9 Kvshich clearly shows that a harmonic
expansion up to third order is capable of capturing the ritgjof the non-circular motions in most
galaxies.

Looking at Fig[ZIB, it becomes also clear that galaxies atihallROTCUR residuals also have
smallREswRIresiduals. SmalkoTcuRresiduals, however, indicate that a model assuming circula
rotation already provides a good approximation. Therefitris to be expected that these galaxies
show only small non-circular motions. This expectationéastéd in FigCZ 14, where we plot the
median values of the absolute residual velocity fields . 8Vs. the median am-
plitudesA, of the non-circular motions from our harmonic decomposgioMost galaxies are located
near the line of unity, showing that our expectation is imbleerrect. The only real outlier in Fig—2ZI114
is NGC 3627, which is clearly offset from all other galaxissitthas — despite its large non-circular
motions @, ~ 285 kms?) — only moderateroTcUR residuals. The results for the other galaxies,
however, show that even a simple model considering onlyleraotation can fit most galaxies quite
well. These small residuals therefore demonstrate (inmgoely from ourRESwWRI analysis) that
non-circular motions are generally small.
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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 theREswRIfits, 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 A, 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 tReTcuranal-

ysis b 1[(2008).
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2.6.4.2 Making prior assumptions during theRESWRIruns

The rotation curves of all galaxies in our sample were ddrawed discussed in detail m al.
). The general procedure for the derivation of a rotaturve includes keeping some parameters
fixed in the tilted-ring fits, thus reducing the number of frEgameters for each individual fit with
ROTCUR. In the current analysis we derive all tilted-ring parametia a single fit with all parameters
left free and do not attempt to correct for the motions induicg e.g., star formation or spiral arms.
Thus, it is expected that the tilted-ring parameters ddriwe us differ to some extent from the ones
derived by.de Blok et al| (2008). In order to check this anddtineate the impact on our results,
we compare the derived values for our unconstrained hagm@tompositions with those from con-
strained decompositions with PA anéixed to the final values from_de Blok etlal. (2008). We apply
this test to two representative galaxies, NGC 3198 and DD 4 Spiral galaxy and a dwarf irregular.

In the case of NGC 3198 (Fig_Z]15), most values agree rerbyrkeell between the constrained
and the unconstrained fit. Because de Blok i al. (2008) hesenzed a constant inclination in the
inner parts (in order to compensate for effects caused bglsgrims), our unconstrained values differ
slightly in this region. Note though that the effect on théation curve is negligible. Fixing the
inclination has the predictable effect that theterm reaches values of a few kitsas this term
tries to compensate for the effect the spiral arms have ornvelacity field. The impact of this,
however, is minor, as one can see in the distributiof\@f) and A,, as well as in the negligible
difference in the derived rotation velocity. The elongatif the potential is also largely unaffected
by constraining and PA. The only noticeable differences are the differezgeserror bars. As the
inclination contributes to the fourth power to the errortad £longation of the potential, the error bars
are naturally smaller in the case of a fixed inclination.

For DDO 154 (FiglZ6), the differences between the harmominponents of the two decompo-
sitions are generally of the order of1 kms™. The inclinations in the unconstrained fit differ inwards
of r ~ 80" from the ones in the constrained fit. This is because of theeeio solid-body rotation of
DDO 154, which makes the simultaneous determination of tigect inclination difficult. The im-
pact on the results, even in the inner’8® nevertheless small. For instance, the derived rotation
velocities are indistinguishable between the two decoiitipos.

Our tests using NGC 3198 and DDO 154 showed that fixing paemé& the final values from
de Blok et al. [(2008) does not change our results in a signifis@y. Nevertheless, in this study we
prefer free parameters as opposed to fixed ones in order i betng 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 me@WM) velocity fields when dealing with
asymmetric (i.e., non-Gaussian) profiles. It was noted, byide Blok et al.[(2008), that hermite ve-
locity fields better reproduce the velocity of the peak istgnof the profile, as their analytical function
includes arhg (skewness) term (see, e.g.. van der Marel & Franx|1993). Eietailed overview of
the different types of velocity fields we refer to the diséossnide Blok et al.[(2008).

As we are using the hermite velocity fields, an investigatibmow using IWM velocity fields
affects our analysis, if at all, is warranted. We performanstrained harmonic decompositions with
RESWRIuUSIing identical initial conditions on the hermite and onéM velocity fields of NGC 3198
and DDO 154. The results are summarized in HIgs12.1Tandl &24Bectively. As small differences
between the two decompositions are visible, it is clear tioa¢ a velocity field is created does play
a role in the analysis. A close inspection of the radial wEmmof the various quantities shown
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FIG. 2.15: The results of the unconstrained (black dots) andtcained (gray crosses) harmonic decomposition of NGC
3198. For the constrained fit, the inclination and positiogla were fixed to the values from de Blok et al. (2008). The
layout of the figure is identical to that of Figs.P.3 2x&ept that we do not show any weighted means in the panels on
the right-hand side. The parameters that are plotted irfithise are defined in Secti@a2.5. The constant inclinatictén
inner parts of NGC 3198 cause a non-zefterm which results in slightly higher non-circular motianghe inner parts.

in both figures indicates that the radial variations are nomounced in the case of the hermite
velocity field. The choice of the velocity field constructiorethod has, however, little impact on the
derived quantities (see, e.g., bottom panels of Eigs] ZWtiZal8), and therefore does not change our
conclusions in any significant way.

2.6.4.4 Decomposition under the assumption of an incorrecenter

In this section, we test the influence of an incorrect censitipn on our results. As test candidates,
we have chosen one galaxy where the position of the centaryswell-defined (NGC 2841), and
one where the center is less obvious (NGC 2366). For bothxigalawe deliberately shift the center
positions used iRESWRIby 2/, 47, 6”, and 10 along their major and minor axes. The results of
the most extreme cases (16ffsets, i.e., approximately the beam size) are comparéuthve results
from our best center positions in Fi§s_2[19-2.22.

For NGC 2366, the effect of an incorrectly chosen center iallsrimrespective of whether the
center is shifted along the major (Fig._2.19) or along thean({iFig.[Z2D) axis. For offsets along the
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FiG. 2.16: Like FigZTb but for DDO 154. The differences betavéiee two decompositions are mostly negligible. The
close-to solid-body rotation of DDO 154 makes a determamatif the inclination in the inner parts (in an unconstraifigd
more difficult. The impact of the less well-constrairigd, however, small.

major (minor) axis, the median amplitude of the non-circutetions increases fro, ~ 3kms?
for our best center position & ~ 3.5kms? (A, ~ 4kms™). Our results for the dwarf galaxy NGC
2366 are therefore unaffected by small offsets in the cqmsition, indicating that for a rotation
curve showing close-to solid-body rotation, a modest offggn the true center paosition is not crucial
for the analysis presented here.

For NGC 2841, the situation is different. A"1@ffset along the major axis (Fif—2]21) already
increases the median amplitude of the non-circular motim A, ~ 7kms? to A, ~ 12kms?. In
the case of an offset along the minor axis (EIgR.21), theeiment is even largeA{ ~ 25kms?).

Note that the difference in the harmonic components is mastbe found in then= 2 term.
This is to be expected, as a galaxy will appear kinematidalbsided if a center offset from the
dynamical center is chosen for the harmonic decompositidiso note that, as expected, it is the
cosine coefficient; which shows the largest amplitude in the case of an offseigaiibe major axis,
and the sine coefficiers in the case of an offset along the minor axis.

For NGC 2841 — a galaxy with a steep and subsequently flat@ataurve — our results are
sensitive to the chosen center position and an offset cevaald clearly show itself by increased
non-circular motions. But this example is of course ratlmrtiived, as for galaxies like NGC 2841,
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FIG. 2.17: Harmonic analysis of NGC 3198 using the hermite vsidield (black dots) and the intensity weighted mean
velocity field (gray crosses). The layout of the figure is titead to that of FigZ]3 ar{d .4, except that we do not show an
weighted means in the panels on the right-hand side. Thereliftes between the derived quantities are small. The radia
variation of the harmonic components seems, however, ntorepnced in the hermite velocity field.

the center is usually so well-defined that uncertainties03fds modeled here are unlikely to occur
within the THINGS sample.

We have shown that the results of a harmonic decompositigyalaixies like NGC 2841 (i.e.,
having a steep rotation curve) are sensitive to offsetsdrgtiaxies’ center position. For NGC 2366,
i.e., a dwarf galaxy showing close-to solid-body rotatioor results are mostly insensitive to small
offsets in the center position. The less well-defined ceioteGC 2366 does therefore not affect our
results of that galaxy.
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FiG. 2.18: Like FigZIF but for DDO 154.
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Fic. 2.19: Harmonic analysis of NGC 2366 using our best centsitipa (black) and a center position, offset by’10
along the major axis (gray). The layout of the figure is ideaitto that of Figs[ZI3 arld 3.4, except that we do not show
any weighted means in the panels on the right-hand side. iffeestice between the two decompositions is marginal. The
offset center causes the median amplitude of the non-eircabtions (dashed line in the panel showing the distriloutib
A()) to increase fromA, ~ 3kms? to A, ~ 3.5kms?, showing that a small offset along the major axis has no Segmit
effect on the derived quantities in the case of NGC 2366.
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Fic. 2.20: Like Fig[ZIP, but the harmonic analysis shown irydsausing a center position offset by “1@long the
minor axis. Although being larger than in the case of theatfflong the major axis, the difference between the two
decompositions is still small. The offset center causesrtbdian amplltude of the non -circular motions (dashed lintaé
panel showing the distribution @ (r)) to increase fromA, ~ 3kms? to A, ~ 4kms?, showing that even a small offset
along the minor axis does not influence the derived quastitie significant way in the case of a dwarf galaxy like NGC
2366.
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Fic. 2.21: Harmonic analysis of NGC 2841 using our best centsitipa (black) and a center position, offset by’10
along the major axis (gray). The layout of the figure is ideaitto that of Figd 213 arfld 3.4, except that we do not show any
weighted means in the panels on the right-hand side. For N&3,2he amount of non-circular motions increases clearly
when choosing an offset center. The largest differencegisitde in thec, term. The median amplitude of the non-circular
motions (dashed-line in the panel showing the distributib (r)) increases fromk, ~ 7kms® to A, ~ 12kms?, showing
that in the case of NGC 2841, an offset along the major axisclgarly show itself as an increase in the amplitudes of the
harmonic components.
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Fic. 2.22: Like Fig[ZZN, but the harmonic analysis shown irnydsausing a center position offset by “1@long the
minor axis. For NGC 2841, the amount of non-circular motiongeases clearly when choosing an offset center. The
largest differences are visible in tise term. A, (dashed-line in the panel showing the distributionpfr)) increases
from A; ~ 7kms? to A, ~ 25kms?, showing that in the case of NGC 2841, an offset along the maris will produce
significantly different results than if the dynamical cergesition is chosen.
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2.7 Summary and Conclusions

We have analyzed Hvelocity fields of 19 THINGS disk and dwarf galaxies at thereuatly best
available spatial and spectral resolution. The obsemstidata reduction and analysis of all these
galaxies were done in an identical and homogeneous manmdtef\t all 2008; de Blok et al. 2008).
We have determined the center positions of these 19 galayiemparing the kinematic center
estimates with those from the radio continuum and/or NIRdat

We have derived reliable center positions and show that gadakies in our sample do not exhibit
significant offsets between their kinematic and their @twenters. Some small offsets that were
found are explainable and not relevant for the debate abeuhnher slope of the mass density profile.
For 18 out of 19 galaxies from our sample, we have performedradnic decomposition of their
velocity fields with the aim of quantifying the amount of noineular motions and deriving a lower
limit for the elongation of the potential.

Our results show that in the (large) majority of our samplixgjas, the effects of non-circular
motions are small, irrespective of whether these non-gramotions are measured in the inner few
kpc or over the entire radial range. Within our sample, theraye amplitude of the non-circular
motions isA; = 4.8+ 4.0 kms for the inner 1 kpc and, = 6.7+5.9 kms® when averaged over the
entire radial range. High non-circular motions in the inparts of the galaxies are mostly found in
barred, and/or luminous galaxies. The galaxies in our satepkt dominated by baryonic matter (i.e.,
the low luminosity galaxies) show the smallest non-circufetions in the sample, especially in the
inner parts, indicating that non-circular motions mighhgelly 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 camgle contain non-circular motions
of the order of ten percent of the local rotation velocity. efaged over our sample, the median
amplitude of the non-circular motions in the inner 1 kpc is 8 percent of the local rotation velocity.
For three out of the four dwarf galaxies in our sample — whiktlstzow a cored density profile (see
de Blok et all 200€; Oh et . 2008) — the amplitudes of the ciecular motions amount to (at most)
ten percent of the local rotation velocity.

Whether the non-circular motions are expressed in abstdutes or if they are normalized by the
local rotation velocity does not affect the conclusiong @imount of non-circular motions detected in
the majority of our galaxies is significantly smaller thanawls expected from CDM simulations and

they are far too small to successfully “hide a cusp in a cosgraposed, e.g., by Hayashi & Navarro
).

The average elongation of the gravitational potential ascdéatter, both statistically corrected
for the unknown viewing angley, is (epot) = 0.017+0.020. This is significantly lower than the
predictions from cosmological simulations. The individebongation measurements show that the
large majority of the galaxies in our sample have elongati@asurements which are systematically
below the CDM predictions. The elongation of all galaxie®ur sample is consistent with a round
potential, although some galaxies have large enough w@ictes to make them also (marginally)
consistent with the lower end of the predicted range for CCllbs. We therefore see no indication
for a significant tri-axiality within the Hdisks 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 ailddtdescription ofa) the derivation

of the center position, an() the results of the harmonic decomposition. The galaxiep@esented

in order of increasing right ascension. The results areepited in graphical form in Fig§_2P3-
Z40. Channel maps, optical images and moment maps for thgigmin our sample are given in
Walter et al. [(2008). The hermite velocity fields are showiFigs.[ZIH-3.29 in the AppendiX3.A.
The different center estimates are summarized in Tablewh&re our adopted best center positions
are shown in bold face. The results from the harmonic decsitipp are summarized in TadleP.3.

2.A.1 NGC 925 (Fig[Z2ZB)
a) Center estimates

NGC 925 is a barred late-type spiral galaxy whosellsk looks rather clumpy. The 36n IRAC
image shows a weak central bar and two spiral arms in the oeggon. NGC 925 lacks a clear
center in the IRAC image as well as in the radio continuum. Wed&LLFIT at varying isophote
levels to derive a central position from the IRAC image. Tdester is offset from the pointing center
by 6X =-0/8 anddoY =-26 (i.e., towards the south-east) and was used as an initislae for a
ROTCUR run with all parameters left free. Averaging the valuesd&r §Y over the region not too
heavily affected by spiral arms and asymmetries (1217, see top row of Fid.2Z.23) results in a center
position offset from the pointing center B = 474483 anddY = -1/544"2. As this position is
consistent with the center from the IRAC image (see row 2 gf[ElZ3), 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 scattertia inner 100. This is partially caused
by the near solid-body rotation in that region, which maketednining a kinematic inclination more
difficult. Note that in the case of pure solid-body rotatisrOT and sin{) are degenerate and cannot
be fitted simultaneously. However, we seldom have to dedl mite solid-body rotation, but more
usually with near solid-body rotation, which gives the aithon some handle on the fitted values.
Although the amplitudes of the individual components are gomstant over the radial range, the
median amplitudes of all harmonic orders are relatively Is(#&, < 5 kms! when averaged over
the entire galaxy). The median amplitudes are slightly @ighone averages over the inner 1 kpc
only, which might be due to the stellar baA, is ~ 6.3 kms? if averaged over the entire range
and~ 9.5 kms™ if averaged over the inner 1 kpc only (see also T&QE 2.3). dlbegation of the
potential is unconstrained inwards pf~ 100’, mainly because of the large uncertainties for the
derived inclination (which enters into the uncertainty g as a fourth power). Its weighted mean is
consistent with a round potentidkfot Sin(2p2)) = 0.000+ 0.046, see again Tadle2.3). The median of
the absolute residual velocity field is 3.0 kih,sshowing that a harmonic decomposition up to third
order was able to capture most non-circular motions presewGC 925.

2.A.2 NGC 2366 (FigLZ21)
a) Center estimates

NGC 2366 is classified as a dwarf irregular and belongs, liBCN2403, to the M81 group. As
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for all the other dwarf galaxies in the sample presented, bee3.6um IRAC image and the radio
continuum map do not show a nuclear source. We derived thiercehthe emission in the IRAC
image by usingLLFIT at varying isophote levels. The IRAC center is offset from plointing center
by 6X =778+ 06 anddY =-18"0+18. This center estimate was used far@rcur run with all
parameters left free. We averaged the derived value®€pdY for r < 200’ (see row 1 in Figi2.24),
but excluded the discrepant data points betweeéh<7® < 100’. The resulting dynamical center is
offset from the pointing center hyX =5/24-3"”5 anddY =-19/2+ 7”7, and within the uncertainties
consistent with the center position derived from the IRAGg® (see row 2 of Fi§._ZP4). Deriving a
kinematic center by averaging over all data points out+200’ gives a consistent center estimate,
though with a larger scattepX = 29+ 6”5, §Y = -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 mtaturve is clearly dominated by near
solid-body rotation, making it difficult to determine thetaion velocity and simultaneously. At
r ~ 100, the systemic velocitg, rises from~ 100 kms? to ~ 105 kms?. At the same radius, the
amplitude ofs; “jumps” from ~ 0 kms™* to ~ 4 kms™ and decreases then+d kms™ in the outskirts
of NGC 2366. The distribution oA (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 1dghibit only minor non-circular
motions. The weighted mean elongation(iget Sin(2p2)) = 0.003+ 0.067 and the median of the
absolute residual velocity field is 2.4 kiitsonce again showing that the galaxy has a round potential
and that there are no large non-circular motions preseihieimt> 3 terms.

2.A.3 NGC 2403 (FiglZ2b)
a) Center estimates

NGC 2403 belongs to the M81 group, and is a late-type Sc spisaB.6m IRAC image shows
multiple spiral arms and a bright central component. Howeawther the IRAC image, nor the radio
continuum map show a nuclear source. Therefore, we usgéh8i6ophote fits to determine center
coordinates and used the resulting center posithot=(4"7, §Y=-13"6) as an initial estimate for
an unconstraine®@OTCUR run. As can be seen in the first row of Hg. 4.2% and §Y stay fairly
constant over a large part of the galaxy. We determine thardical center by averaging the values
for r < 2207, thus excluding the radii wher& changes considerably, probably due to the spiral
arm located at that radius. The offset from the pointing eeigdX = -5”2+ 5”2 to the east and
0Y =-12"84-4"1 to the south. AveragingX anddY over a larger part of the galaxy gives comparable
results but with a larger scatter. Given the agreement lestwlee dynamical center estimate and the
center as derived using the IRAC image, we adopt tke220’ kinematic center estimate as our best
center position.

b) Harmonic expansion

The radial variation of the inclination is onty 5°, except at a few inner radii. The PA shows a steep
inner rise, a flat outer part and a diprat 200’, which coincides with a high amplitude in tleg and
s, components. Inspection of the integratednirp shows a spiral arm crossing at this radius. §he
andsz components also show the characteristic wiggles causepital arms. Additionallys; has a
small offset from zero, which through Hg. P.5 can indicatéghly elongated potential. The average
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elongation of NGC 2403, however, gt Sin(2p2)) = -0.022+0.025, and therefore consistent with
a round potential. The distribution @6, shows that the individual harmonic orders contribute only
~ 2 percent tdVy, indicating that non-circular motions play a minor role iiGIS 2403. The latter
can also be seen in the distributionAgfr).

2.A.4 NGC 2841 (Fig[LZ2Zb)
a) Center estimates

NGC 2841 is an early-type spiral galaxy. Its distribution has a central hole and the IRAC 3ré
image shows a distinctive bulge and a flocculent spiral girac The radio continuum map of NGC
2841 shows a strong nuclear source coinciding witHig @ith the position of the central source in
the 3.6um IRAC image. We used the position of the radio continuum g®@X=-6"3, §Y=0"5) as
input forRoTCUR and made a fit with all parameters left free. We averaged theesdordX anddY
between 75 < r < 220’ (see first row in Fig—2.26). The lower limit excludes the twoérmost rings,
as these are sparsely filled. The upper limit restricts oaraaing to a region which is unaffected
by spiral arms or by the warp. The dynamical center deriveslith a way {X = -654-0/'6, §Y =
0”4+ 0”9) deviates by less tharf’® from the other center estimates. Therefore, we chooseattie r
continuum center as the best center position.

b) Harmonic expansion

The inner 200-250" of NGC 2841 are in unperturbed circular rotation and showy enall har-
monic terms. For the inner 1 kpc, we have no data as treuHace density in this region falls below
the 3r detection limit imposed on the velocity fields. Most of thegraeters show a large change at
r ~ 350’ —400': the systemic velocity drops by about 20 km,sand most of the harmonic compo-
nents show their highest amplitude at these radii. Lookintyetotal H intensity map, one can see
that this radius coincides with the location of a strongaprm. The dip in the fitted inclination at
those radii causes a non-zargterm, induced by the spiral arm. The radial variation of thealRd
inclination indicates that the outer disk of NGC 2841 is veatpAll harmonic components are similar
in amplitude, having median amplitudes 0f3An < 4 kms?, or < 2 percent oWor. Ac(r) is small
in the inner parts, but 10 kms? in the outer parts of NGC 2841. Its median valudis- 7 kms?,
The elongation of the potential is fairly constant over thdius and its weighted average is consistent
with a round potential (see TalleR.3).

2.A.5 NGC 2903 (FiglZZ1)
a) Center estimates

NGC 2903 is a barred galaxy with tightly wound spiral arms.déminant bar can be seen both in
the IRAC image and in the radio continuum map. The radio coniin additionally shows a strong
nuclear source, coinciding within’ with the center of the bulge in the 3.6n image. The central
position as given by the radio continuudXE=-12, §Y=2"4) was used to makeROTCURrun with
all parameters left free. To derive the kinematic centeraweraged théX and §Y values over the
stable parts of the fit, i.e., for 100< r < 300’ (see top row in Fig—Z27). The resulting kinematic
center X = 0’4+ 274, 5Y =06+ 2"2) agrees within the uncertainties and within one beam with
both the IRAC and the radio continuum center (cf. second rowig.[ZZT). We therefore adopt the
center position as derived from the radio continuum as oat &iantral position.
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b) Harmonic expansion

NGC 2903 shows high amplitudes in all harmonic componenthéninner 12%. These non-
circular motions are presumably caused by the bar in NGC .290% innermost 4-5 data points
show the largest deviations from the general trends, meatlglvisible in the distributions of the PA,
inclination andc.

The pronounced shape in the distributionsptould be caused by an=1 orm= 3 term in the
gravitational potential. Given that NGC 2903 is not kineicedty lopsided (there is, e.g., no signif-
icant difference in the rotation curves of the approachind eceding sides), the contribution from
anm=1 term is likely to be small. Inspection of the total hhaps presented In Walter ef al. (2008)
shows that a spiral arm is located at the same radii as th@pnoed variation irs,. The wiggles in
the radial distributions of; andss atr ~ 100" andr ~ 350" also coincide with the locations of spiral
arms. The median amplitudes of the individual harmonic comepts are small when averaged over
the entire galaxyAmn < 4 kms?, or 2-3 percent o¥), but increase towards the center of the galaxy.
Within the inner kpc, then= 2 component o\, has a median value of about 14 kih.sThese high
non-circular motions, which can also be seen in the digidhwof A, (r), are likely to be caused by the
strong bar, and the associated streaming motions. Like sbthec;, s, and thus alsé\ (r), the elon-
gation of the potential shows some variations with radigs.mean value is nevertheless consistent
with a round potential (see TalleR.3).

2.A.6 NGC 2976 (FigLZ2ZB)
a) Center estimates

The 3.6um image of NGC 2976 shows no sign of a bar or spiral arms. Nestads, the image
shows two enhanced star forming regions at either end ofilevehich coincide with density en-
hancements in the totalikhap. Additionally, the IRAC image contains a nuclear soumdee central
parts of the galaxy, presumably a nuclear star cluster, wés, however, no counterpart in the radio
continuum. To test whether the position of this central sewagrees with the dynamical center, we
perform an unconstraineRlbTCURrun and use the position of the nuclear star clust&=(0"2, §Y=
0”1) as an initial center estimate. By averagig JY overr < 50" (see FigiZ28, top row), we derive
a dynamical center which is offset from the pointing cente¥ = 2243”0 anddY =078+ 174
towards the north-west. Averaging over the entire galaxggiconsistent result$X = 2/'54 3”0,
oY =164+ 39). As the dynamical center and the position of the nuclear dtister agree within
the uncertainties and to within one beam (cf. second row ¢gnlEP8), 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 shawgular behavior. Bots and
sz scatter within~ 1 kms™ around zero, indicating that the elongation of the graicitetl potential
is very small. Its weighted mean is consistent with z&ego( sin(2p2)) = -0.010+0.018).
The c, component is slightly offset from zero and shows sine-likeiations with radius, espe-
cially for r > 80", where the two Hdensity enhancements are located. AccordirMiake
), a non-zerm= 2 harmonic component in the velocity field can be caused byaid orm=3
term in the potential. NGC 2976 does not seem to be kinentlgtiopsided (cf. the negligible differ-
ences in the rotation curves of the approaching and recaititeg il de Blok et al. 2008). Therefore,
there is most likely only a small contribution of am= 1 term in the potential to then= 2 harmonic
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term in the velocity field, and the significant contributidmosld come from amm = 3 term in the
potential.

Beyondr ~ 80", the PA stays constant. The median amplitudes of all harmoeinponent are
small A, < 3 percenV,y), irrespective of whether one averages over the entirexgalaonly over
the inner 1 kpc. The distribution & (r) is also small for most radii. Only a few data points at exteem
radii show large amplitudes, but these are associated arifje luncertainties. The mean elongation of
the potential is, despite being unconstrained in the inB&r &gain consistent with a round potential
(see Tabl&Z]3).

2.A.7 NGC 3031 (FiglZ29)

a) Center estimates

NGC 3031 (better known as M 81) is a grand design spiral. lteviwell-defined spiral arms are eas-
ily visible in the IRAC 3.6um image as well as in thelhhtensity map. NGC 3031 contains a strong
central radio source. The 3.6n image also shows a well-defined central component with a cen
tral minimum which coincides with the position of the cehtadio-continuum sourceik= -202'7,
oY= -371"9). We used the position of the radio continuum source ad ifqwua ROTCUR run with
all parameters left free. As can be seen in the top row off[EEH,2X and Y show a clear break at
r ~ 400’, probably because of the prominent spiral arm which is kEgtat approximately that radius.
We therefore estimated the dynamical center by avera@@nd dY over 200 < r < 385’, thus
omitting the innermost data points whose tilted-rings amly eparsely filled and have correspond-
ingly large uncertainties. The resulting dynamical ceiffet = 205’1+ 3”1, §Y = -374"643/'9)
coincides within the uncertainties and within less than loe@m with the other center estimates (sec-
ond row of Fig[ZZP) and we therefore adopt the position efrbdio continuum source as the best
center position of M 81.

b) Harmonic expansion

The PA,co, and the inclination of M 81 rise steadily beyond- 400’, indicating that the outer
disk is warped or disturbed, which is not unexpected givert lh 81 interacts with M 82 and NGC
3077. The radii with the highest gradientsnandss (r ~ 350’ —400") correspond with the location
of a prominent spiral arm. Between 408 r < 7007, ¢, ands, change from values arourd kms*
to < -10 kms?®. Note that if we were to perform a harmonic decompositiornwaih unconstrained
center position, the center would vary at those radii in ptdeminimize thec, ands, term, thus
underestimating the amount of non-circular motions presel 81. However, as we keep the center
position fixed, we are able to quantify and detect these mmHar motions. The median amplitudes
A of them= 2 andm= 3 component are roughly equally high 6 kms?), whereas that of then=1
component is slightly smalle~(2 kms™). As M81 has a central Hninimum, we have no data for
the inner 1 kpc. The radial distribution of the non-circutaotions varies between 8 A(r) < 15
kms? and has a median @ ~ 9kms?® (<5 percent olVi), making the amount of non-circular
motions quite small, despite the prominent spiral arms. dibegation of the potential shows distinct
radial variation which is due to the spiral arms. Its weighdgerage is again consistent with zero (see
Table[ZB).
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2.A.8 NGC 3198 (Figs[ZI[=214)

a) Center estimates

NGC 3198 is classified as a SBc spiral. Its 36 IRAC image shows two well-defined spiral arms,
emanating from a prominent bulge. The central componeniahasclear point source embedded,
which has a counterpart in the radio continuum. The centenates from the IRAC image and the
continuum map agree to withirf’ 1We make aroTcuRrun with the position of the radio continuum
center (X= -1"4, Y= —-0"1) as an initial estimate. The variation of the center posgiin Fig Z1L
show that the outer parts & 150’) of NGC 3198 are strongly affected by the spiral arms. For the
derivation of the dynamical center, we therefore resthet averaging obX and §Y to radii with
r < 100'. The derived dynamical centefX = -1/4+1"7, §Y =-02+2"1) agrees well with the
other estimates (see FIg. R.2). We therefore adopt theigosif 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 innef,20@ then declines slowly. The
inclination varies in the inner parts in a range of about fiegrdes, but shows a steady increase
beyondr ~ 450", indicating that the outer disk is warped. Tdgerm is small, meaning that the fitted
inclination is close to the intrinsic inclination of the KisAlthough there is no global offset from
zero forc, ands,, they show small deviations from zero for some radii whiah @inciding with the
locations of spiral arms in the 3:6n image or the total Hmap presented [n Walter e 08). The
distributions ofs; andsz are best described as wiggles caused by spiral arms on togpnodlxoffset.
The global elongation of the potential is witkhot Sin(2p2)) = 0.017+ 0.020 consistent with zero.

The median amplitudes of the individual harmonic companamné similar in amplitude, and of
orderAm ~ 2-3 kms?, or < 2 percent o, The distribution ofA;(r) shows that the amplitude of
the non-circular motions isc 8 kms™? for most radii. Its median ig, ~ 4.5 kms?! when averaged
over the entire radial range, aAd~ 1.5 kms™ for the inner 1 kpc. The median value of the absolute
residual velocity field is~ 2.6 kms™, showing that a harmonic decomposition up to third order was
capable of capturing most non-circular motions.

2.A.9 IC 2574 (Fig[Z3D)

a) Center estimates

IC 2574 has neither a central radio continuum source, n@a aluclear source in the 3.6n IRAC
image. The dynamics of this galaxy show clear evidence alaannon-circular motions, showing
themselves as kinks in the iso-velocity contours. For th#eredetermination, we make use of a
velocity field where most non-circular features were rendofgs presented in_Oh et al. 2b08). We
make arROTCUR run with all parameters free, using the center positionvéelrby@l. 8)
as an initial center estimate. The results of tt@rcur fit are shown in row 1 of Figl_Z230. It
can be seen that the values X and §Y do not change much over a large part of the galaxy.
AveragingdX, dY overr < 400’ results in a dynamical center which is offset &y = 87 4-14"9
and oY = 18’64 10”4 towards the north-west of the pointing center. This c@oasls toasgog =
10"28M27.5%, §2000= +68°24'58"7 and is in excellent agreement with the estimate deriv
M) @2000: 1d‘|28mz7‘7s, 02000= +68024,59.”4).
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b) Harmonic expansion

Although we made use of the bulk velocity field from Oh et M) for the center estimate, we
use the hermite velocity field for the harmonic decompasitias we aim to quantify non-circular
motions. The results of the harmonic decomposition of thenite velocity field of IC 2574 are
shown in the third row of Fid—230.

At a radius ofr ~ 250", the PA and inclination drop significantly, and the harmaromponents
jump to more extreme values. The distributionffr) has its maximum at this radius, andalso
shows a clear break. The feature which is most likely resptafor the major non-circular motions
is the supergiant shell in the north-east of IC 2574 (seedNattal! 1998). Looking only at the inner
1 kpc, the amplitudes of the individual harmonic componanésall< 1 km s2. If one measures the
amplitudes over the entire radial range of the galaxynthe2 component is the dominant one, mainly
because of the large amplitudescinands, atr ~ 250",

The median amplitude of the quadratically added non-aircmiotions isA; ~ 3.8 kms™ when
averaged over the entire radial range, Ane- 1.4 kms* for the inner 1 kpc. This shows that although
IC 2574 contain a significant amount dfiaoticnon-circular motions (sm Eb08), the effect
of systematiqpotential induced) non-circular motions is small. For soparts of the galaxy, the
elongation of the potential is unconstrained. Its weightezhn is consistent with a round potential,
although it has a large uncertainty associategh{sin(202)) = 0.015+-0.045).

2.A.10 NGC 3521 (Fig[2.31)
a) Center estimates

NGC 3521 appears in the 3.6n IRAC image as well as in thelHinap as a multi-armed, flocculent
spiral galaxy. The IRAC image shows an inner disk, in whiclrarg nuclear point source (without
a counterpart in the radio continuum) is embedded. We uspdbigion of the nuclear point source
(6X=-8"8,5Y=5"7) as input for &roTcURfit with all parameters left free. The top row of Fig.-2.31
shows that the values 6X and §Y stay constant for radii smaller than 220Beyond that radius,
the rotation curves for the approaching and receding siaests differ (see_de Blok et HI. 2008) and
this most likely also affects the derived central positiohts order to derive a dynamical center, we
averagedX anddY for r < 220". The resulting centep¥ =—-879+08, /Y = 66+ 1"4) agrees with
the central position found in the IRAC image (see second rbfig [Z31) 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 RAandA,(r), the inner few data points clearly
deviate from the rest. Note that the component is higher for these points, meaning that theli-inc
nation could not be fitted correctly in an unconstrained fitm® of these inner data points show large
non-circular motions, while others (e.g., the inner twonp®)j do not. This becomes even clearer if
one looks at the distribution @, Although the median of then= 3 component in the inner 1 kpc is
small, its upper quartile is rather large, as the inner 1 kpttain only three data points, one of which
has a large amplitude. Tis andsz components are both slightly offset from zero and supersago
on a wiggle at ~ 200’. The wiggle coincides with a density enhancement in thd tbtantensity
map (in this case a spiral arm). However,sass offset to negative values, arsg to positive ones,
their offsets almost cancel out for the derivation of thengltion of the potential (cf. EG.2.5), whose
weighted mean is within the uncertainties consistent wetto Z(epot Sin(202)) = 0.017+0.019).
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The effect of the spiral arms is clearly visible in tbgands, components. NGC 3521 has the
highest median value in the absolute residual velocity félour sample (4.5 kni$).

2.A.11 NGC 3621 (Fig[2.32)
a) Center estimates

The 3.6um IRAC image of NGC 3621 is dominated by a flocculent spiraltrre, which contains
a central point source. The prominent star forming regiaénsouth-west is connected to the center
of the galaxy by a spiral arm which is clearly visible in théatddi map and the IRAC image. While
this star forming region has a counterpart in the radio oontin, the IRAC nuclear point source has
not. We use the coordinates of the nuclear point source itRAE€ image §X= —4/2, Y= -1"1)
as an initial estimate for RoTCcURfit with all parameters left free. The results (top row of Eg32)
show that the derived central positions are fairly consfiantadii smaller than 450and we therefore
derive the dynamical center by averaging over all point& wit 450’, with the additional exclusion
of the innermost data point. The resulting dynamical ce(i¥r=-6"0+2"0, §Y = 1”4+ 6!5)
coincides with the coordinates of the point source bothiwithe uncertainties and the size of the
beam (FiglZZ32, second row). Therefore, we adopt the pasiti the central point source as our best
center estimate for NGC 3621.

b) Harmonic expansion

The data points beyond= 600" are not used for our analysis due to their sparsely fillegidilings.
The PA of NGC 3621 is, except for the innermost two data ppirasstant to within a few degrees.
Apart from a few data points at extreme radii, the amplitutig;ds almost negligible c; is close to
zero, except for ~ 300’. This position also coincides with the radius of the higlamaplitude inc,,
ands,. Inspection of the total Hntensity map shows that there is a ring-like d€nsity enhancement
at which a spiral arm emerges in the south-east. l@mponent shows clear wiggles, indicating
spiral arms, and a steep rise beyand 500’, where the tilted-rings are less filled. The elongation of
the potential again shows the kinematic signature of thalspims. Its weighted average is consistent
with zero (see Tablg.3). The median amplitudes for eadkigwhl harmonic component are fairly
small Am <3 kms?, or < 2 percent o). The distribution ofA(r) is < 5 kms™ for the majority
of radii and has a median value Af ~ 3.4 kms™.

2.A.12 NGC 3627 (Fig[Z33)
a) Center estimates

The 3.6um IRAC image shows that NGC 3627 is a barred galaxy with tworasgtric spiral arms,
which are also clearly visible in the total khap. The central parts of NGC 3627 contain a nuclear
point source which is visible in the IRAC image as well as ia thdio continuum. Using the position
of the point sourcedX = 0”1, §Y = 0”1) as input for an unconstraineTcURfit results in a slightly
different center estimate (see row 1 and 2 of Eig.12.33). Vétuele some data points at extreme radii
because of their large uncertainties, and avefage)Y for 45" <r < 160, resulting in a dynamical
center which is offset from the pointing center®y=-4"5+3"1 anddY =-6/84-4"8. These values
deviate from the radio continuum source by approximateby 1 Given the asymmetric appearance
of NGC 3627, itis to be expected that the results flrRoTcurare somehow affected by it. However,
the difference between the kinematic center and the censt@rthe radio continuum is only one beam.
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We therefore use the coordinates of the central radio aamimsource as the best center position for
NGC 3627.

b) Harmonic expansion

NGC 3627 has a central hole in the Histribution. Therefore, we see only the flat part of the
rotation curve and have no data within the inner kpc. Theesyit velocity changes from-730
kms?tatr <60’ to ~705 kms* for r > 90”. All harmonic componentsc§, Ca, St, S, S3) Show
high amplitudes. The galaxy is kinematically and morphisatly lopsided (cf.|_de Blok et al. 2008),
which is also indicated by the non-zero valuesdpands,. Both thes; and thes; component show
a “dip” atr =~ 70", followed by a steep rise beyond that radius. In the casg, @he rise is followed
by a second decline. The radius of that first “dip” coincidethwhe location of the large arm which
extends to the south of NGC 3627. The median amplitudes ahthieidual harmonic components
are the highest in our sample, reaching frAg~ 10 km s* for m= 3 to Ay, ~ 17 km s for m= 2.
The distribution ofA;(r) shows that the amplitude of non-circular motions is largallaradii. The
median amplitude i\ ~ 285 kms™, or up to 14.7 percent &f,. Given the morphology of NGC
3627, this is not unexpected. Despite the high non-ciraulations present here, the weighted mean
elongation of the potential is still small, and within itsa@ntainty consistent with a round potential
(cf. TableZB), although there are large errors associatitthe data points in the outer parts and in
the region at ~ 70".

2.A.13 NGC 4736 (Fig[Z234)
a) Center estimates

The 3.6um IRAC image of NGC 4736 is dominated by a ring of star fornratihich is also
prominently visible in the radio continuum and the totalrap. The center is well-defined both in
the 3.6 um image and in the radio continuum. The former shows a smattalaminimumin the flux
which coincides within 13 with the central radio-continuummaximum We use the position of the
radio continuum sourcefX = 072, Y = -0"4) for aroTCURrun with all parameters left free. The
fitted center positions are stable within the inner’4,afut have an increasingly large scatter towards
the outer parts, most likely due to the marginally fillecetiltrings beyond ~ 100’, and also because
of the low inclination of NGC 4736. We therefore average thtneates foroX and §Y over the
inner 100, resulting in a dynamical centefX = 05+ 1”8, 6Y = 0”6 + 2/'0) whose deviation from
the other center estimates slightly exceeds the unceesi(lt.2r deviation fordY). Though, to put
things into perspective, this is far smaller than one bea®m ¢gcond row of Fi§._2ZB4). Thus, we will
use the position of the radio continuum source as the bestrcestimate for NGC 4736.

b) Harmonic expansion

The star forming ring at ~ 80" causes a lot of confusion in the inner parts of NGC 4736. Heze t
unconstrained fit bReswRIproduces an apparent rotation velocity which rises to tiheevalue in
the outer parts. The other harmonic components also shdwanmigplitudes. The median amplitudes
of each harmonic component (averaged over the inner 1 kpa)egligible for them=1 andm=3
component&n, ~ 1 km s1), but much higher for then= 2 component&m, ~ 7 km s1). The amplitude
of the quadratically added non-circular motioAg(r), is ~ 10 km $* for most radii.

NGC 4736 is both kinematically and morphologically lopsidevhich can be seen not only in
the differences between the rotation curves of the appiegand receding sides (smt al.
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M), but also in the high amplitudes in ttyeands, terms of our harmonic expansion. The highest
amplitudes in the harmonic terms are found for radii betweer200’ andr ~ 300’, i.e., those radii
where the large northern spiral arm is located. The weigatedage of the elongation of the potential
IS (€epot SiN(2p2)) = —0.055+ 0.149.

2.A.14 DDO 154 (Fig[Z.3b)
a) Center estimates

DDO 154 is a quiescent, gas-rich dwarf galaxy with a warp andhter parts. It does not have a
compact, well-defined center in the 36 IRAC image, or in the radio continuum. We attempted to
derive a center position by fitting ellipses at a few represgtese intensity levels to the IRAC image,
and the total Hmap. The resulting central positions showed a variationpafoul3’, demonstrating
that deriving an unambiguoyshotometriccenter for DDO 154 is not straightforward. We used the
center which was derived using the totaliHap as a initial estimate forroTcuRfit with all parame-
ters left free. The central positions as derivedRmyrcur are fairly stable over the radial range of the
galaxy and the kinematic center was derived by averagingXheéY values over 100<r < 260’,
thus omitting the slightly more unstable inner and outeramg The resulting center position is given
in Table[Z2. Including the inner data points gives a sintamter position, but with two times larger
scatter. We therefore adopt the dynamical center as avemage 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, normalljidating that the inclination
could be well-determined. However, due to the nearly sbddy rotation in the innermost parts
of DDO 154, the inclination is not very well-constrained histregion, as can be seen in the large
scatter of the individual data points for< 70’. This is studied in more detail in Secti@n_216.4.
The ¢, component shows a maximum at aroungt 80" which coincides with a minimum in the
s, component and a change in the systemic velocityproviding evidence for a small kinematic
lopsidedness as supported by the variation of the centétiggoat these radii and the differences
between the approaching and receding sides of the rotatioe ¢see _de Blok et Hl. 2008). However,
the effects described above are small. Despite the snai-structure present in the velocity field,
the amplitudes of all harmonic components — both for theremalaxy and for the innermost 1 kpc
—are< 1 kms?, or~ 2 percent ol The distribution ofA, (r) shows that the amplitudes of non-
circular motions in DDO 154 are small for all radii. The medongation of the potential is small,
(epot SiN(2p2)) = 0.024+-0.033, and consistent with zero. The median of the absoluiguasselocity
field is 1.2 kms?! (the smallest in our sample).

2.A.15 NGC 4826 (Fig[Z.36)
a) Center estimates

NGC 4826 shows no sign of spiral structure in theg6IRAC image, but has two counter-rotating
gas disksl(Braun et al. 1994). The center of NGC 4826 is wefihdd by the central, compact source
visible in the radio continuum, and the IRAC 3.61 image, whose coordinates agree to within 1
We use the position of the radio continuum sour®¢ € 2”4, §Y = 8”5) as an initial estimate for an
unconstraineckoTcuRfit. We derive the dynamical center by averaging &g Y values inwards
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of 60", i.e., over the radial range of the inner disk. The kinema&ater derived in such a way
(06X =2"2+1"6,0Y =75+ 08) agrees well with the other center estimates and we therafsume
the position of the radio continuum source to be the besecdot NGC 4826.

b) Harmonic expansion

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

2.A.16 NGC 5055 (Fig[Z37)
a) Center estimates

NGC 5055 is classified as an Shc galaxy and has a flocculentigteun the 3.6:m IRAC image.
The IRAC image shows a compact nucleus with a well-definedecewhose position coincides to
within 1” with a faint central radio continuum source. We use the mosiof the latter §X = 8”8,
dY =0”4) as the input center forroTcURrun with all parameter left free.

We derive the dynamical center by averaging éXe §Y values for radii smaller than 48Qo
exclude the parts with sparsely filled tilted-rings beyand 450’. This center {X = 82+ 4”8,
0Y = 0’44 270) coincides within the uncertainties and to within a beane svith the other center
estimates. We therefore adopt the position of the radioiwamin source as the best estimate for the
central position of NGC 5055.

The Hi distribution and kinematics of NGC 5055 were recently anedyby Battaglia et al. (2006).
They define a dynamical center coinciding with their optioater atvsogo = 13'15M49.25°, 62000 =
+42°01'493, which is 4’ to the north of our choice. As our choice was also guided byptigition
of the central source in the 3;8m image, this would imply that the respective photometrictees
must be shifted by’4with respect to each other. The optical center posﬂmedhsﬂWl
M) is ultimately based on a listinglin Maoz et al. (1996the position of the central UV source
in NGC 5055 determined using an HST FOC image. On examinatighe relevant image in the
Hubble Space Telescope archive, we find the central sourbe tocated atvyggo = 13'15749.35,
d2000=*+42°01'462, which is in much closer agreement’g) with our position.

b) Harmonic expansion

For the harmonic analysis of NGC 5055, a distinction betwtberinner and the outer parts has to
be made. NGC 5055 has a well-definedditk which extends to about 450Beyond that radius, the
Hi column density is lower and generally falls below the &lumn density limit which we imposed
during the construction of the velocity fields (see_de BlokIEP008). Therefore, the uncertainties
increase rapidly and we considered only data points with rad 450’ for the radial averaging of the
parameters. The median amplitudes of the individual harcnmmponents (averaged oves 450")
are all fairly low Ay, < 3 kms? or ~ 2 percent ol,y). The median amplitudes averaged over the
inner 1 kpc contain only three data points and are also lowwhiem =1 andm= 3 components, but
quite high ¢ 8 kms™) for the m= 2 component. The latter has a large scatter associatedityith
mainly because of the innermost data point which shows hafaircular motions, but is derived
from an only patrtially filled tilted-ring. The global elong@n of the potential is well-constrained in
the inner part of NGC 5055. The weighted mean elongationiwiB0’ is again consistent with a
round potential (see Talle2.3).
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2.A.17 NGC 6946 (Fig[Z.38)
a) Center estimates

NGC 6946 is a late-type spiral galaxy with well-defined npléispiral arms. The IRAC 36m
image shows a point source in the center of the galaxy whiafcices to better than”1with the
central radio continuum source. We use the position of ttierl@X =-18, §Y = 14”5) as input for
a ROTCURfit with all parameters left free and determine the dynamieaiter by averaging theX,
dY values for 22 < r < 290’, thus excluding the two innermost points which are affetigdparsely
filled tilted-rings. The resulting dynamical cente¥X(= -3"3 44”4, §Y = 11’84 58) coincides
within the uncertainties and to within one beam with the ptiemater estimates (see Hig. 2.38, row 2).
The large uncertainties in the kinematic estimate are chlbgé¢he relatively low inclination of NGC
6946, which makes an unconstrained tilted-ring fit of theveity field more difficult. We adopt the
position of the central radio continuum source as the begecéor NGC 6946.

b) Harmonic expansion

NGC 6946 is the galaxy in our sample with the lowest incliotiThis introduces larger uncertain-
ties in the rotation curve and the harmonic decompositiam.oer analysis of the median amplitudes,
and for the derivation of the average elongation, we regalglthe inner 420, i.e., the region where
the unconstrained apparent circular veloctydoes not rise to a value two times that in the flat part.
This radius also coincides with the location from which, wineoving outwards, the approaching and
receding sides of the velocity field start to differ substiyt (seelde Blok et al. 2008). The median
amplitudes averaged over< 420" are small for each harmonic componeAt,(< 5 kms?). Due
to the deficiency of Hin the center of NGC 6946, we can not study the kinematicsimvitie inner
1 kpc. Again averaging only over< 420’, the median of the quadratically added amplitudes of
all non-circular components & ~ 7 kms?®. The steep rise i, ands; atr ~ 120’ is probably
caused by the spiral arm which crosses at that radius. Dueetlmtv inclination of NGC 6946, and
the associated large error in the derivation of the fittedup@ters, the elongation of the potential is
not well-constrained for < 150’ andr > 420’". Its weighted mean (again averaged ovet 420"),
however, is consistent with a round potential.

2.A.18 NGC 7331 (Fig[Z39)
a) Center estimates

The 3.6um IRAC image of NGC 7331 shows prominent spiral arms, and &aefined nucleus
which has no counterpart in the radio continuum. We use thiecérom the 3.¢:m image §X =01,
oY =0/3) as input for an unconstrained fit witDTCUR Ignoring the two innermost points as their
tilted-rings are only sparsely filled, we average the vafoesX anddY over the stable region with
r <185'. This results in a dynamical center® = 0”0+0”6, Y =-1"8+2"2, which agrees within
the uncertainties and to within one beam with the IRAC ceritberefore, 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 tadiage (-4-6 degrees), they both
increase outwards, indicating a warping of the disk. Thellsmavalues denote that the inclination
could be well-determined for most radii. Tise¢ and s3 values both show a wiggle at~ 150’,
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coinciding with the location of a spiral arm visible in theabintensity H map and in the IRAC
3.6um image. The variation oy, ¢z, ands, shows that NGC 7331 is kinematically lopsided, as
shown by the differences in the rotation curves of the rempdnd approaching sides of the velocity
field (cf.,lde Blok et dl. 2008). The median amplitudes of tidividual harmonic components are all
small An < 5 kms?1). Because of the centralitdeficiency of NGC 7331, there is no kinematic data
for the inner 1 kpc. The distribution & (r) varies betweer\ (r) ~ 2 kms?t andA(r) ~ 10 kms?
and has a median &, ~ 6 kms?. The elongation of the potential is well-determined andelto
zero for most radii. The wiggle at~ 150’ is again an indication of the aforementioned spiral arm.
The weighted mean elongation (&t Sin(2p2)) = -0.003+ 0.017, and therefore consistent with a
round potential.

2.A.19 NGC 7793 (Fig[Z.40)
a) Center estimates

NGC 7793 is a flocculent spiral whose 346 IRAC image shows a well-defined central source
without a counterpart in the radio continuum. We adopt thsitjpm of this source X = -9”1,
0Y =-0”9) as the initial estimate for an unconstrairedTcuR fit, and average théX, JY values
over the stable part of the galaxy € 180’). The resulting kinematic centedX = —99 + 276,
0Y =1784-2"1) agrees reasonably well with the IRAC center ¢ldgviation). However, the deviation
between these two center estimates-i6 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 radiusjigating that the disk of NGC 7793
might be warped. The systemic velocity, stays fairly constant over radius. The offset from zero
in thes, component might indicate a slight kinematic lopsidednedsch is also visible in the dif-
ference between the receding and approaching sides of thgorocurve in_de Blok et &Il (2008).
The s3 term is significantly larger than thg term, which is typical for galaxies with low incli-
nation (Schoenmakéts 1999). In fact, tsecomponent seems to be offset from zero, indicating
through EqCZE an elongation of the potential. The weightethn elongation igepot Sin(2p2)) =
-0.067+ 0.085, which is the largest elongation we have measured in @umpke. It is due to its
large uncertainty consistent with both the CDM predictiby#Hayashi et a1/ (2007) and with a round
potential. The large uncertainty for the elongation arisem the relatively large error bars of the
inclination values, which enter into the uncertainty g as a fourth power (cf. E.5). The median
amplitude of each harmonic component is fairly lofy,(< 4 kms?), both for the entire galaxy and
for the inner 1 kpc. The distribution @& (r) shows that the amplitude of non-circular motions is
small, especially in the inner parts of NGC 7793. Its medialue (averaged over the entire galaxy)
is Ar ~ 5 kms?. The median of the absolute residual velocity field is 2.2 Kmagain showing that
a harmonic expansion up to third order did cover most of theciccular motions.
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2.B  Appendix: The atlas

The center estimates and the harmonic decompositions avensh Figs[2Z2l8-2.40. Following is a
description of the content and layout of the figures: Eachréigwonsists of four rows. From top to
bottom, they contain:

Row 1: The radial variation of the center position. Shown is theetffrom the pointing center
in arcsecond. The top panel shows the offsets in the X (ot agbension) direction, with positive
0X to the west; the bottom panel those in the Y (declination@ation, with positive)Y to the north.
The filled circles represent the individual center postiolerived usiniROTCUR, and the error bars
indicate the formal uncertainties derivedigTCcUR The two dotted, vertical lines indicate the radial
range over which the positions were averaged in order tovel@rikinematic center. The kinematic
center is indicated by the solid horizontal line, and thesfandard deviation by the dotted, horizon-
tal lines. For those cases where the kinematic center waaseat as our best center position, we
additionally show the best estimate with a dashed, horé dinie.

Row 2: The inner 150 x 150’ of the galaxy. The total intensity IHnap is shown in grayscales,
and the beam size is indicated in the bottom-left corner. Blaek contours are drawn from the ve-
locity field which was used for the estimate of the dynamieaiter (bulk velocity field frorh.Oh et hl.
m for IC 2574, hermite velocity field from_de Blok et lal. Z0for the other galaxies). The thick
line represents the systemic velocity as derived.in de Bi@i|¢2008). The thin black contours over-
laid on the thick white contours belong to the g6 IRAC image and are usually given at a 2, 5,
10, 20, and 50 percent level of the maximum flux in the imagee White contours are taken from
the THINGS radio continuum maps and are usually given at &200and 50 percent level of the
maximum flux. The black, filled circles indicate the indivadwcenter positions froorROTCUR and
the black cross represents the chosen dynamical centetsandciertainty. The derived center from
the 3.6um image is shown as a gray, filled triangle, and the one frommatli® continuum as a black,
open triangle.

Inset: To better highlight the different center estimates, we @aluklly show in the upper-right corner
an inset with only the central few arcseconds. For clarity,omit the total H map and the velocity
field contours in the inset. The contours from the &% image are shown in black and are given at
the same intensity levels as in the main plot. The same hotdbé radio continuum contours, which
are shown here in gray. The individual center estimates RomcuRrare shown as small crosses. In
the inset, the beam size is indicated by the thick dashgukelliwhich is centered on our best center
position.

Row 3: The error bars of all plots in this row are the formal uncettias as derived bRESWRL
Left panel: This panel consists of six sub-panels, all of which are ptbtgainst radius in arcsecond.
The upper-left sub-panel shows, the amplitude of the circular velocity. The other five sunels
show the amplitudes of the non-circular components, nathel\second and third order component
of the cosine termcg, c3) and the first, second, and third order component of the sime §1, S, S3).
The axis scale of these five sub-panels is generdlyto+20 kms?t. The solid, vertical line in the
panel containing; indicates the radius corresponding to 1 kpc. All quantiseewn in Row 3 are
corrected for inclination effects.

Right panel:From top to bottom: systemic velocity; inclination angle; and position angle PA, all
plotted against radius in arcsecond. The dashed, horiziimgain all three sub-panels indicates the
weighted mean, using the inverse square of the uncertsiasieveight.

Row 4: Left panel: This panel consists of two sub-panels. The left sub-pan@ist, the
median amplitudes for each harmonic order The values are calculated by radially averaging the
quadratically added amplitudes as described by[Egs. 2.EandVe show the median as determined
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for the entire extent of the galaxy (filled circles) as wellusing only the inner 1 kpc (open circles).
The error bars indicate the lower and upper quartile resmdgt The right sub-panel shows (r), the
radial distribution of the amplitude of all non-circular trams derived following Eq_Z218. The error
bars ofA(r) are derived with formal error propagation assuming a Gaossrror distribution. Both
Am andA, (r) are corrected for inclination effects.

Right panel:This panel contains the elongation of the potenigd: Sin(2p2)) (cf., EqLZD)vs. radius.
The elongation is also corrected for inclination. The sdiidck line indicates the zero level, the dotted
gray one represents the weighted mean elongation, and shediagray ones its standard deviation.
The error bars shown here are derived using a formal errqgragition assuming a Gaussian error
distribution.
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FIG. 2.23: Summary panel for NGC 925. Lines and symbols are itestin the text, AppendikZIB. The IRAC center
shown was derived usirgL LFIT. We omitted the IRAC contours at the 2% and 5% levels for glagasons. See Appendix
A for a discussion of this galaxy.
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FiG. 2.26: Summary panel for NGC 2841. Lines and symbols areritbescin the text, AppendikZIB. See Appendix
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FiG. 2.27: Summary panel for NGC 2903. Lines and symbols areritbescin the text, AppendikZIB. See Appendix
A3 for a discussion of this galaxy.
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Fic. 2.31: Summary panel for NGC 3521. Lines and symbols areritbescin the text, AppendikZIB. See Appendix
[ZA10 for a discussion of this galaxy.



62 2. DYNAMICAL CENTERS AND NON-CIRCULAR MOTIONS IN THINGS GLAXIES

T — S 5
o o20F E
9 £ E
[0} = ‘ |
O E =
O = [ |
< E E
S 40 Bl
£ i
| f |
< L |
§ a0f t 4
(s} | |
2
o £ ‘\ |
N E ==
5 3
=
800
r (arcsec)
17.3°  11"18™16.5° 15.7°
1 9
40"
—32°48'50
4820 ‘
49
-
<
o
<]
S
N
o
§ 0;
—32°49'10

50’ ! />
20° 11M18™15°
RA. (2000.0)
N T T I T T R
T 150 | ERT
100 Hf =
£ & 19 £
< 50 4-10%
S o £ v
W 10F ERCE
Er s E|
§/ 0 7 E 0 E
- ok 3207
© Il ‘: 12}
i 10 E 410 7,
¢ oom J0 ¢
T -10F E +4-10
© ol b v b b 103 n
0 200 400 6000 200 400 600 0 200 400 600
r (arcsec) r (arcsec) r (arcsec)
— :\\\\ \\\\‘\\\\‘\\\t L TTT ““’E 20 T —
w 6F -+ H95 b <
c = ¢ 3 o
E4F + S0 & =
.2 F H’ ET U N = %
S ST SN IR S Ot o e AN IE IR C) 5 o
6] 1 2 3 0 200 400 600 < 0 200 400 600
m r (arcsec) r (arcsec)

FiG. 2.32: Summary panel for NGC 3621. Lines and symbols arerithescin the text, AppendikZIB. The 2% level in
the IRAC contours was omitted for clarity reasons. Only adth r < 600" was used for radial averaging &f, or epor. See
AppendiZATl for a discussion of this galaxy.



2.B. Appendix: The atlas 63

6X (arcsec)

6Y (arcsec)

15.8°  1170™5.0° 14.2°
440"
430"
13° 0 {12°s8'20"

)

o

o

o

8

g

2 ' "
= 12°59'10"F

' e
' " * i
12°58 20 5| =
20° 11"20m15% 10°
RA. (2000.0)

R o R R B . T~
= 200 =1 L. R - | | ile 30 < 730%7 HHT =
w 150 ! SN A 328 % Eo 1%

E | "4 720 E f = €
€ 100 E - ”oon . : EES
T 50 F = o H o8 T E———mme s o
© B ‘f\u“uu\uu\ﬂ?iQO n 700 Bl by ©
° of (T L S
T 30 — - 30 i 75 E ERN
1z : L IR M

= — | H E t 3
£ of e ~fo £ 65 & iy, 38
\JN*/‘OT =+ ~,"i710‘/ 60 ;—777"4'.#.—,.0-5 2
S O e e g 20 v 38 Brenhe R
—~ 30? I I \{é I I \{ 30 C\\ 180: I I \?’&)\
v 20 & - H20 v Eo il 10
e T0F = 410 ¢ RN S =
~ 0 F = T Fa— < O X E__ . 4 O
TLTigE ES 3197 RON =
S 200 13 72008 A -

0 50 100 1500 50 100 150 0 50 100 150

r (arcsec) r (arcsec) r (arcsec)
/\30 j\\\‘\\\\‘\\\\ \\?—t\\\\‘\\\\‘\\\\‘i —~ \\\\‘\\\\ \\\\‘7/\
Tw E T+ ‘ ﬁ% 28 Tm 05 I
20 & = t +H [ 0
< 10E + = ¢ o et 420 = E-fE Hv H o
3 = T 3410 7D C 7 2
=L o*uu\uu\uu\uwﬂ\\u\uu\uH\w? ~ —0.5 bl bl g @
6] 1 2 3 6] 50 100 150 < 0 50 100 150
m r (arcsec) r (arcsec)

FiIG. 2.33: Summary panel for NGC 3627. Lines and symbols arerithescin the text, AppendikZIB. The axis scale on
the panels showing the non-circular components runs ff8énto 40 kms'. See AppendiKZZA2 for a discussion of this
galaxy.



64

2. DYNAMICAL CENTERS AND NON-CIRCULAR MOTIONS IN THINGS @GLAXIES

<
[
n
o
o 2 4
3 2 F s # + 3
F PRI N R |
I e L e L e
= : E
[
(0]
o
2
5 20
30 —
0
820"
15"
\J\‘g‘ ~. 41° 710"
. 730" F -
S
o
g [
28
6
D
o
41° 640"
2

12"50™50°

RA. (2000.0)
N T R e = T, B ~
° d420 ° b

%) 390 )
1 £
& 3 2%0 & <
T 1204 5
f I 430 ~ 50 —
B - 3 T E ot 3 o
€ C s EEE 40 =it 4 0
£ e 1o £ s0 BN i
~ - 4 -10— 20 N 2
S L AT ~
—~ 30 T P a0 ~ 310 —
L 20 420 7, 305 °
£ OE i e wha 300 € 300 g
£ 0fF= 1 e 0% 295 E p ®
~ =10 — — bl ~wo— =10~ 290; .o ~
S0 4TS 585 Evy 1w 13 &

0] 200 4000 200 400 0] 200 400
r (arcsec) r (arcsec) r (arcsec)
—~ ErTTT[TTITTI[TTTIT[TTTH T T T T T T ’ B —~ —
~ o BT I - =
o g E S d20 © S
£ et R - <
- 4 E 410 — 0,
o %fma«mumu&mi IR I C) o
1 2 3 0 200 400 < 0 200 400
m r (arcsec) r (arcsec)
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Fic. 2.35: Summary panel for DDO 154. Lines and symbols are ibestin the text, AppendikZIB. The IRAC contours
show that there is no well-constrained photometric ce@ee AppendikZ.A 14 for a discussion of this galaxy.
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FIG. 2.37: Summary panel for NGC 5055. Lines and symbols arerithescin the text, AppendikZIB. The axis scale on
the panels showing the non-circular components runs f8fnto 30 km s'. Only data withr < 450" was used for radial
averaging ofAm or epor. See AppendiKZA6 for a discussion of this galaxy.
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FIG. 2.38: Summary panel for NGC 6946. Lines and symbols arerithescin the text, AppendikZIB. The axis scale on
the panels showing the non-circular components runs fréfnto 25 km s'. Only data withr < 420" was used for radial
averaging ofAm or epor. See AppendiKZA7 for a discussion of this galaxy.
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Chapter

Are there any “undetected” non-circular
motions?

It was shown in Chaptdi 2 that the detected non-circularanetare by far not high enough to rec-
oncile the density slopes from CDM simulations with thogarfrobservations. In this chapter, | will
probe the existence and potential influence of any nondeireaotions not quantified by the analysis
presented in the previous chapter.

3.1 Higher order harmonic decomposition

The harmonic decompositions presented in Chdgter 2 wendcted to the third order. Therefore,
non-circular motions of higher harmonic order would haverbenissed by that analysis. The con-
sistency checks presented in Secfion 2.6.4.1, howevegested that the impact of the higher orders
is relatively small. Here, | will quantify the higher-ordapn-circular motions by decomposing the
velocity fields of the galaxies in the sample up to fifth, njrdind fifteenth order. The line-of-sight
velocity is described as given in Hq. P.3, it the maximum fit order, is increased frds= 3 to
N=5,915.

3.1.1 Amplitudes of the harmonic components

Rather than showing and discussing the radial distribatiminthe individual harmonic components
(in total ~1200 for the entire sample), emphasis is placed\grand A (r). The former represents
the “power” of the non-circular motions for a given harmomwicler m, whereas the latter, the so-
called “total power” represents the quadratically addeglaode of all harmonic components. See
Sectio[Z} and EqE_2.6-P.8 for an analytical descriptioi,pandA; (r).

The results for one galaxy are discussed in detail, whemabd other galaxies, only deviations
and peculiarities are mentioned. As it is for dwarf galastiest the slopes of the inner parts of the
density profiles differ most prominently, it is obvious toeusne of them for a detailed discussion.
Therefore, DDO 154 will be discussed in detail, although afihe other dwarf galaxies would have
been equally well suited. The results of the individual giga are discussed in a more general way
in Sectior33. 1.
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FiG. 3.1: Third (blue), fifth (green), ninth (red), and fifteeififack) order harmonic decomposition of the velocity field o
DDO 154. The left panel show,, the median value ofx(r), derived following Eqd_216 ad2vé. the harmonic number
m. The error bars denote the upper and lower quartile of theillision of A,. The right panel showa, (r), the so-called
“total power” of the non-circular motions, derived follawg EqZB. The colored horizontal lines indicdie the median
value of A/(r). The vertical short-dashed line indicates the maximuniusadsed for the averaging 8¢ and also forA, in
the left panel (DDO 154: all data points are used). The loaghédd line at ~ 45" indicates the radius corresponding to a
physical size of 1 kpc.

DDO 154

The results for DDO 154 are shown in FIg13.1, where the difieharmonic decompositions are
color-coded. The third order harmonic decomposition,(Ne= 3), which was presented in Chagigr 2
is shown in blue and is plotted on top of the one with= 5 in green, which in turn is on top of the
harmonic decomposition withl =9 (red). The bottom layer contains the harmonic decomiposit
with N = 15, which is shown in black. As, e.g., the= 3 component of the third order decomposition
agrees quite well with then=3 component of the higher-order decompositions, the daitapgen-
erally overlap with each other and only the topmost layetdarty visible (cf. left panel of Fid_311).

The distribution ofA;,, can be used for two purposes. Firstly, one can estimate wikamonic
order contains the largest amount of non-circular moti@econdly, one can investigate the influence
of the higher orders in order to quantify the missed nonutitcmotions if a harmonic decomposition
of low order has been used previously. In the case of DDO Hgtdistribution ofA,, shows that
no harmonic component is strongly favored and that the @ngas of all harmonic components are
small (< 1kms™?). Analogous to the analysis presented in Chafgter 2, thebam® shown here do
not represent a real uncertainty, but indicate the uppelamer quartile of the radial distribution of
Am(r).

The right panel of Fid_3]1 show’ (r), i.e., the radial variation of the quadratically added &mp
tudes of all harmonic components. Its mediAf) ¢s indicated for each harmonic decomposition by a
solid horizontal line. Usind\ (r) allows to checkwherethe non-circular motions are, e.g., to compare
them with the locations of spiral arms, star forming regietts, whereas its median valug) can
be used as an indicator for the global amount of the nondeirauotions. The amount by whiok
changes from ahl = 3 harmonic decomposition to, e.g.Na= 9 harmonic decomposition shows how
the inclusion of higher order harmonic terms would influetiee results presented in Chapfer 2. In
the case of DDO 154, non-circular motions play a minor rolerate entire radial range, but even
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more so in the inner 1 kpc (the radius corresponding to 1 kpalisated in the right panel of Fig—3.1
by the long-dashed line).

Beside the obvious advantage of covering more non-cirgulations, harmonic decompositions
of higher order also come with the drawback of an increasedben of free parameters. This is a
problem for those regions of a galaxy where the tilted-riags only sparsely filled, as the fitting
algorithm has too few data points to fit many free parameieralaneously. For most galaxies, this
is only a problem in the outer regions. Therefore, a maximadius for the averaging of tha,, and
A, is introduced, which is indicated by the vertical shortfassline in the right panel of Fi3.1. In
the case of DDO 154, which has a very regular velocity fieldolwkillowed a stabldl = 15 harmonic
decomposition even in its outer regions, it was not necgdsaimtroduce a maximum radius for
the averaging. For these cases, the maximum radius is iaitjfiset to a value larger than the last
modelled radius. For DDO 154, increases fromd, ~ 1.6 kms? for N = 3 overA, ~ 2.1 kms?
for N=5t0A ~ 2.6 kms®for N=9 andN = 15. Note tha#h, does not change significantly if one
increases the fitting order frodd=9 toN = 15.

NGC 925

The results for NGC 925 are shown in the top panels of [Eld. iz distribution ofA,(r) shows
that theN = 3 (blue) and thé\ =5 (green) decompositions produce similar results withatmaeadial
variations and median amplitudes&f~ 6-8 kms. The radial distributions of(r) for the ninth
and fifteenth order harmonic decompoasition, however, sHear breaks and jumps over a large frac-
tion of the radial range. This is mainly caused by sparsdidfililted-rings (cf. the velocity field of
NGC 925 in Fig[E33IB). Therefor&EswRIhas only relatively few data points to simultaneously fit
many free parameters. For the harmonic decompositionsNvitl® andN = 15, the number of free
parameters is simply too large to allow for a stable fit. Tlyigdthesis is supported by the distribution
of Am. Itis directly apparent that the amplitude of, e.g., e 1 component as obtained from a third
order harmonic decomposition differs from that of tie= 15 harmonic decomposition. The same
is true for other harmonic ordera as well. However, increasing the maximum fitting order stioul
not affect the amplitude of the low-order harmonic termst tfoes, as it is the case here, and if the
radial distribution ofA,(r) shows such large variations (and uncertainties) from iteelring to the
next, then this strongly indicates that the results of tlyghéi order harmonic decomposition are not
reliable for this particular galaxy.

NGC 2366

The results for NGC 2366 (middle panels of Higl3.2) show thathighest non-circular motions are
found in them= 4 component, followed by those from the= 2 andm= 3 component. All other
components have amplitudes of about 1 kinar less, and contribute therefore only little Ag(r).
Including higher order harmonic terms increases the mealaplitude of the non-circular motions
from A, ~ 3kms? for N =3 to A ~55kms? for N = 9. However, these non-circular motions of
higher harmonic order are mainly found at large radii. Initireer 1 kpc of NGC 2366, the amount of
non-circular motions is small, irrespective of the fit ordéthe harmonic decomposition.

NGC 2403

In the outer parts of NGC 2403, the sparsely filled tiltedysitause an increase in the measured non-
circular motions and their associated uncertainties (otton panels of Fig—312). Therefore, only
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data points inwards af = 800" have been used for the averaging®f andA,. The distribution of
A shows that although the second-to-fifth orders containateekt amount of non-circular motions,
no single order is strongly preferred. The median amplitfdde non-circular motions increases by
about 3.5 km$' if one increases the maximum fit order frdi= 3 to N = 15. The central region
again shows the lowest amount of non-circular motions,roégss of the maximum fit order.

NGC 2841

The different harmonic decompositions of the velocity fieldNGC 2841 are shown in the top panels
of Fig.[33. As the scatter in the amplitudes of the non-¢icmotions increases significantly for
larger radii, the maximum radius for the averaging/gf and A, is set tor = 325’. The highest
amplitude of the non-circular motions is found in time= 4 andm =5 component. Therefore, a fifth
order harmonic decomposition is already capable of capuriost non-circular motions.

NGC 2903

The different harmonic decompositions of NGC 2903 (middiegds of Fig[Z313) show a similar be-
havior for most radii. The results differ only for the innenf tilted-rings and for those at radii between
r =178 andr = 225’. While the former might be due to large streaming motions@ased with the
bar of NGC 2903, the latter is likely to be caused by the spafgked tilted-rings at those radii (cf.
Fig.[3IT). The highest amplitude of the non-circular masigs found for them = 3 component,
whose median value and upper and lower quartik;is 4‘12 kms™?.

NGC 2976

For NGC 2976, the radial averaging Af, and A, was restricted to < 110’ (cf. bottom panels of
Fig.[33). When changind from N =3 toN = 15, the median amplitude of the non-circular motions
is increased fromA, ~ 2kms?! to A, ~ 5kms?t. The inner two data points show relatively large
non-circular motions, which might be attributed to the bBNGC 2976 (cf. Spekkens & Sellwood
M). The distribution oA\, shows that no harmonic component is strongly favored, atihahe
second and fourth order show somewhat larger amplitudestiigeothers.

NGC 3031

For NGC 3031 (top panels of Fig_B.4), the radial averagingypind A, is restricted ta < 800",
Additionally, the data points at radii between 30ind 3700f the fifteenth order harmonic decom-
position had to be removed manually, as these are heavégtatf by sparsely filled tilted-rings (cf.
Fig.[3I9). The distribution of;, shows that the first five harmonic orders contain the largesuat
of non-circular motions; higher harmonic ordens$ 5) contribute only very little to the total amount
of the non-circular motions.

NGC 3198

The results for NGC 3198 (middle panels of Higl3.4) show fbatadii smaller than 45Q all har-
monic decompositions show well-defined radial trends. Tleeliem amplitude of the non-circular
motions increases froM, ~ 4 kms? to A, ~ 6 kms?, if one increases the maximum fit order from
N=3toN =9 (orN = 15). The panel containing, shows that the largest non-circular motions are
found in the first five harmonic orders.



3.1. Higher order harmonic decomposition 75

IC 2574

For IC 2574 (bottom panels of Fig_8.4), thre= 2 component is clearly the dominant one. As already
discussed in the previous chapt&r(r) shows a clear maximum at- 250’, which is probably caused
by the supergiant shell in the north-east of IC 2574 (Walted|€1998). It is again striking that the
inner 1 kpc contain only very small non-circular motiongyaedless of whether one performs a third
or a fifteenth order harmonic decomposition.

NGC 3521

For NGC 3521, the radial averaging is confined to radii with 350’. The results are shown in the
top panels of Fig=3l5 and show that the largest non-ciraulations are found in the second-to-fifth
order. The radial trends in the distribution &f(r) can be traced in all decompositions, although for
radii larger than 200 the results of the different harmonic decompositions stediverge slightly.

NGC 3621

In NGC 3621 (middle panels of Fig—3.5), most harmonic congms show similarly small ampli-
tudes. The radial trends seen in the distributiod\df) are visible for all harmonic decompositions,
with a steady increase in amplitude as one includes higlegehmyher orders. The radial averaging is
restricted ta < 500, thus excluding the outer deviant data points.

NGC 3627

The harmonic decompositions of NGC 3627 (bottom panels @f[EB) are heavily affected by its
asymmetry and its bar. As shown in the previous chapter, N&Z 8ontains the highest non-circular
motions in the sample. It was not possible to decompose tloeityefield up to the fifteenth order
and even the harmonic decompositions With- 5 andN = 9 show unrealistic large values for some
radii (much larger than the rotation velocity), indicatitigat a harmonic decomposition up to third
order is already at the limit of what makes sense. Given thesglems, NGC 3627 is disregarded in
the subsequent analysis.

NGC 4736

NGC 4736 has an inner and an outer disk. The latter is onl\sspfilled (cf. the velocity field shown
in Fig.[Z2%), which results in a large scatter of the derigsiplitudes of the non-circular motions (see
top panels of Fig_316). While the third order harmonic depoaition can still somewhat cope with
these sparsely filled tilted-rings, the higher order deawsitipns can not. Therefore, the values of
Anm and A, are averaged over< 175 only. For this inner disk, the radial trends of the different
distributions ofA(r) are all similar in shape. The highest amount of non-circmations is found in
them=2 andm= 3 component.

NGC 5055

Like NGC 4736, NGC 5055 also shows sparsely filled outer regy{af. Fig[3.2b) and the averaging
of Ay, and A, is therefore restricted to < 450’. Within this radial range, the different harmonic
decompositions (see middle panels of Eigl 3.6) show simaldial trends and differ only in amplitude.
The distribution ofA,, shows that no harmonic component is preferred.
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NGC 6946

The results for NGC 6946 (bottom panels of Higl 3.6) are &ffitmot only by sparsely filled tilted-
rings (cf. velocity field in Fig[Z3:A7), but also by its low ii@ation, which on the one hand results
in large correction terms, and on the other hand makes it miifffeult to unambiguously separate
the rotational signal from turbulent motions. Due to thesgbfems, it was not possible to perform
a fifteenth order harmonic decomposition of the velocitydfief NGC 6946. Because of the large
uncertainties and scatter at large radii, only tilted-simgthr < 250’ are considered for the averaging
of An andA,. Most harmonic orders show similar amplitudes of about 3 sésk. The differences
between the amplitudes of the= 1 component for the'8and 8" order harmonic decompositions on
the one hand, and th&®rder decomposition on the other hand, suggests that tee isalready at
the edge of what is feasible.

NGC 7331

The results for NGC 7331 in the top panels of [Eig] 3.7 showtti@isecond harmonic order contains
the largest amount of non-circular motions and that only wnall power is in then=1 andm= 3
terms. The amplitudes of the fourth-to-sixth harmonic csdee approximately 3 kms Increasing
the maximum fit ordeiN has therefore a noticeable effect An, which is almost doubled when
changingN from N = 3 to N = 15. The values oA, and A, are averaged over tilted-rings with
r <240,

NGC 7793

In NGC 7793 (bottom panels of Fig_B.7), the largest amoumtanf-circular motions is found in the
second and third harmonic order. All other orders contaily emall non-circular motions. This is
also apparent in the value 8§, which changes by only 2 kmiswhen increasing the maximum fit
order fromN =3 toN = 15. It is again noticeable that the lowest amount of nooutar 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 maaeh fthe original data. In the previous
chapter, an analysis of the residual velocity fields of thedtbrder harmonic decompositions has
been presented (cf. Sectibn2.614.1). Here, | will apply shme method to the residual velocity
fields based on higher order harmonic decompositions. Iticptar, this means creatingbsolute
residual velocity fields and using their median values ferdhbsequent analysis. The result is shown
in Fig. 338, where the median amplitudes are plotted the maximum fit order of the harmonic
decomposition. The data points of each galaxy are conndwstedline. The (dwarf) galaxies with
absolute magnitudes &g > -185 mag are shown in gray, more luminous galaxies in black. Two
things are directly apparent: firstly, dwarf galaxies gafigrshow the smallest residuals, regardless
of the maximum fit order. Secondly, even though the medianliardp of the residuals decreases
if one performs a higher order harmonic decomposition, thi@ ¢s usually only of the order of 1
kms™. Even for the third order harmonic decomposition, the med&lues of most absolute residual
velocity fields are below the velocity resolution of the déta 14 out of 18 galaxies). For the ninth
order decompositions, the same holds for all galaxies buC @46, which is the only galaxy in the
sample with a velocity resolution of 1.3 kmts Only for very few galaxies do the residuals change
significantly if N is increased fronN = 3 to N = 15. One of these galaxies is NGC 3521, which
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Fic. 3.5: Different order harmonic decomposition of NGC 352ipjt NGC 3621 (middle), and NGC 3627 (bottom).
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Fic. 3.6: Different order harmonic decomposition of NGC 473#pjt NGC 5055 (middle), and NGC 6946 (bottom).
The layout of the panels is identical to HIg.J3.1. See textdore information about the galaxies shown here.
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shows the highest residuals of the sampleNor 3, but only average residuals fbk=15. This is
because NGC 3521 contains relatively large fourth and fitleoharmonic components (cf. HIg.13.5).
However, for the majority of the galaxies presented herird brder harmonic decomposition is able
to quantify most of the non-circular motions.

3.1.3 Discussion

The results presented in Sectlon 3 1.1 all show that incrgdlse maximum fit ordeN does result in
somewhat larger non-circular motions. However, due tortbesased number of free parameters, the
number of galaxies suitable for this kind of analysis desesa A harmonic decomposition of high
order precludes the analysis of regions with sparsely fiilee-rings. Galaxies showing a patchy
velocity field with many H holes and sparsely filled tilted-rings (like NGC 925, NGC 50&nd
NGC 6946) prove largely unsuitable for high (i.B.=9 or N = 15) order harmonic decompositions.
Nevertheless, for the galaxies where, e.g., the ninth drdenonic decomposition shows results of
satisfying accuracy, one can still ask: does the inclusfamoa-circular motions of higher harmonic
order change the conclusions from Chafifer 2?
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Fic. 3.8: Median value of the absolute residual velocity fielsifarmonic decompositions of different order. Dwarfs
(Mg > -18.5 mag) are shown in gray, all other galaxies in black.

To address this question, emphasis is placed again on thelfearf galaxies witiMg > -18.5
mag (NGC 2366, NGC 2976, IC 2574, and DDO 154), as all of thesénaonsistent with an NFW
profile but are better approximated with a cored profile (dekit al| 2008t Oh et &l. 2008). Includ-
ing only third order harmonic terms, the four galaxies sham-nircular motions with median am-
plitudes ofA, ~ 1.2-2.2 kms™ in their inner 1 kpc, with an average value of 1.6 kihdncluding
higher order harmonic terms (e.g., upNo= 9) increases the median valuesfo~ 1.6-4.5 kms*
with an average of 2.9 km& These non-circular motions are significantly smaller ttan15-20
kms™ which are needed in order to reconcile the different derslitpes (seé_de Blok etlal. 2003;

Hayashi & Navarro 2006; Kuzio de Naray etlal. 2008).
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However, one might argue that the absolute amplitudes ofidimecircular motions are not very
meaningful, but that they have to be normalized by the lootdtion velocity. This has been done
for the third order harmonic decompositions in FIgS_P.16[A[1 in Chapteld2. It has been shown
(in SectiolZ&R), that for three out of the four dwarfs ie gample, the non-circular motions in the
inner 1 kpc contribute less than ten percent to the locatiostarelocity. Only IC 2574 shows larger
non-circular motions of about 26 percent. Including narwdar motions of higher harmonic order
increases the contribution of the non-circular motiongafiee to the local rotation velocity) by 3.4
percent on average. This means that even with the inclugibiglo order non-circular motions, these
contributions are much smaller than the50 percent which_Hayashi etlal. (2004a) need to invoke in
order to explain the differences between the theoretiadiptions and the observations.

This clearly shows that the quantification of non-circulastions of higher harmonic order does
not change the conclusions from Chajifer 2.

3.2 Harmonic decomposition of artificial velocity fields

The results of the previous section show that taking notutar motions of higher harmonic order
into account does not change the conclusions from Ch@pterthis section, | test the effectiveness of
the harmonic decomposition by analyzing artificial velpdields. In particular, this means creating
artificial velocity fields with a certain (and most importignknowr) amount of non-circular motions,
adding noise and other “disturbances” to the artificial \é@rg] finally performing a harmonic decom-
position of them. By comparing the detected non-circulatioms 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 modifiegrsion of the GIPSY taskeLFI has been
used. VELFI can create model velocity fields with circular motions andhisrefore often used to
visualize the results from a tilted-ring fit wikoTCUR In order to create model velocity fields which
include non-circular motions, | had to modify the existimgk VELFI by changing the line-of-sight
velocity from one based on circular motions (EQl 2.4) to arauding non-circular motions as well
(cf. EqZ3 on padge12). This modified versionvefLFi (hereafter calledlONCIRC) accepts harmonic
terms up to ninth order. Allowing for the inclusion of highender harmonic terms would have been
possible, but is generally unnecessary (cf. analysis iti@d8.1).

For testing the effectiveness of tR&EswRiroutine, it does not matter which radial variation of
what assortment of harmonic components is used for theicreat the artificial velocity field —
as long as the values make sense. It is important that onegesreedel velocity fields which are
comparable to real velocity fields, meaning that the modklcity fields should also contain, e.g.,
the wiggles which are typically associated with spiral arifise best resemblance with a real galaxy
is in the genuine galaxy itself. Therefore, the results ef llarmonic decompositions presented in
Chapte R are used to create model velocity fields which @omtan-circular motions of the first,
second, and third harmonic order. These model velocitySiated shown for all galaxies in the sample
in the top-right panels of FigE_31§-3129 in the Apperd&l 3The small amplitudes in the residual
velocity fields (bottom-right panels of Fids._311B8-3.29igh are created by subtracting the model
velocity fields from the original data show that these modets a good approximation to the real
velocity fields (top-left panels of Fige_3118-329).
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FiG. 3.9: Extended summary panel for DDO 154. The velocity fiéhdthe first (i.e., top) row and in the entire left
column (i.e., panels 1, 2, 3, 5, and 7) share the same colpshawn rightwards of the first row. The contour levels are
also identical: the thick black contour represents theesyit velocity atVsys = 3759 kms™* and the velocity contours are
spaced by 12.5 kmswith white contours marking the approaching side and blackaurs the receding side, respectively.
The individual panels contain the following mag&): Original hermite velocity field; the beam is indicated in thatom
left corner;(2): Model velocity field of the third order harmonic decompasiti(3): Clipped version of the model velocity
field in panel (2), derived by using the original velocity €iéh panel (1) as a mask4): Residual velocity field, derived by
subtracting the model velocity field in panel (2) from thegaral data in panel (1). The color bar is indicated to thetrigh
of the panel;(5): Model velocity field which is the sum of the velocity fields ianels (3) and (6), i.e., containing non-
circular motions up to ninth ordef6): Velocity field showing only the fourth-to-ninth harmonicraponents (quantified in
SectiorZ3II. The color bar is indicated rightwards of thegh;(7): Model velocity which is the sum of panels (5) and (8),
i.e., containing non-circular motions up ninth order ashaslnoisey8): The noise which was added to create the velocity
field in panel (7). The noise assumed here follows a uniforieendistribution with values of%Vdisp <x< +%Vdisp, where
Viisp IS the average velocity dispersion along the tilted-rirdgsied during the harmonic decomposition).
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However, it is oversimplifying to directly use these modiisa harmonic decomposition. The
model velocity fields consist solely of harmonic compongmighout any noise or turbulence or
deviations, as one might expect in a real galaxy. Therefmeeral steps in order to create suitable
model velocity fields for the testing of the fitting routineveebeen undertaken. These are described
here for one galaxy (DDO 154) in detail. The first (i.e., topyrof Fig.[3.9 show the original hermite
velocity field (left) and the model velocity field from the ttliorder harmonic decomposition (right).
One characteristic of the model velocity field is that itsetitrings are all fully filled. This is not
necessarily the case for real galaxies. Therefore, the hsod&ins signal at positions where there is
no information in the original velocity field. For DDO 154,idhapplies mostly to the outer regions
only, but, e.g., for NGC 6946, the situation is differentg($8g.[3.2Y). Therefore, the model velocity
fields are clipped with the GIPSY tasloNDIT, 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 bottoftfanels of Figsl-31B8-3.29 for all
other galaxies in the sample.

The results of Chaptél 2 and Sectiod 3.1 show that in mosscaskird order harmonic decompo-
sition approximates the velocity field well. Neverthelesseal velocity field will not agree perfectly
with any kind of model. Even for DDO 154, the galaxy with theal@st non-circular motions and
residuals in the sample, the residual velocity field (panef Big.[39) still shows some small-scale
residuals for which the third order harmonic decompositionld not account for. Therefore, a model
velocity field used for testing the efficiency of the fittingutime should also contain some signal
which the algorithm can not fit. In order to do so, | used themirder harmonic decompositions
presented in Sectidn=3.1 (see the red data points ilLElgoBRDO 154) and created a map contain-
ing harmonic components of fourth-to-ninth order only (glat of Fig.[39). By adding this map to
the model velocity field from the third order harmonic decasipion (panel 3), a new model velocity
field with non-circular motions up to ninth order is createfl panel 5 of Fig[Z319).

However, these additions are of systematic nature onlyl &&a will also contain some noise
and random deviations from harmonic components. Withintilked-ring analysis,RESWRI also
measures the velocity dispersion along each tilted-ririgs Velocity dispersionyyisp, can be used as
an indicator for the uncertainty of the derived rotationoedtly. Here, it is used to create noise maps. |
determine the radial average of the velocity dispersioreémh galaxy (cf. Col. (7) of TableZ3.1) and
create a map containing uniform noise of amplitud@gth —%Vdisp <x< +%Vdi5p. The noise map for
DDO 154 is shown in panel 8 of Fig_3.9. Adding this noise tokmcity field from panel 5 results
in the model velocity field used for the further analysis @ahof Fig.[3.9).

This procedure has also been applied to the other galaxtbe shmple, with a few modifications
as described in the following. Firstly, while DDO 154 has aywegular velocity field which allows a
ninth order harmonic decomposition even in its outer paftsKig.[3), other galaxies have not. A
ninth order harmonic decomposition comes with an increaseadber of free parameters (compared
to a third order decomposition). Therefore, the former i€minore affected by sparsely filled tilted-
rings in the outskirts of galaxies. For example, the amgdégiof the ninth order decomposition of
NGC 2403 (red data points in the bottom panels of Eig. 3.2)aterom the ones of the third order
decomposition (blue data points) for radii larger than’80@s the amplitudes of the ninth order
harmonic decomposition are used as a “disturbance termidrattificial velocity fields, the results
should not be affected by these deviant data points. Therefloe harmonic decomposition of the
artificial velocity fields is restricted to a maximum radiugjich is identical to the maximum radius
used in Sectiofi3l1 for the averaging &f andA;. This is fully appropriate, providing that one
restricts the analysis of the original velocity field (i.#ne inserted non-circular motions) to the same
radius. This way, one compares the amplitudes of the nandeir motions detected in an artificial
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TABLE 3.1: Harmonic decomposition of artificial velocity fields

R Ori R AModel -~ R Ori
Name Ar 9 ArMOdeI Aro_ ArMOdeI -Ar 9 Rmax Vdisp

AOrig
kms®t kms?t a kms1 " kms1
1) 2 3 (4) ) (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 55
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 51
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
NGC5055 4.11 4.09 1.00 -0.02 450 6.0
NGC 6946 6.53 7.27 1.11 0.73 250 55
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 ofrtbe-circular motions inserted
into the artificial velocity field &"9); (3): the median amplitude of the non-circular motionsedeed
in the artificial velocity field AMod®)): (4): recovery-rate, i.eAM°% divided byA’"; (5): difference
between the detected and inserted non-circular motiamsA}Mode! - A°"9): (6): the maximum radius
used for averagindy""® and AModel: (7): average velocity dispersion of the tilted-ring arsidy The
noise which was added to the model velocity fields has antagu of —%Vdisp <x< +%Vdisp.

velocity field with the inserted ones (initially detectedaimeal velocity fieldwithin the same radial
range

For the individual galaxies, the maximum radius is listedCiol. (6) of Table[31l and is also
indicated by the dotted lines in the right panels of HigSHEA Note that if no maximum radius is
given in Tabld=311, the harmonic analysis extends to theeerddial range (i.e., the range as plotted
in Figs.[3AE3Y).

Additional to the aforementioned restriction, three geaxNGC 925, NGC 2903, and NGC
3627) are excluded entirely from this analysis, as nonearhtshows a maximum radius inwards of
which the ninth order harmonic decomposition producesltesfiacceptable quality. NGC 925 for
example shows unrealistic high (and uncertain) amplitticiesighout a large part of its disk. It would
of course be possible to refrain from including higher otta@mmonic terms into the velocity fields of
these three galaxies, but for the sake of consistency, disisilpility is not approved.

Therefore, the subsequent analysis is restricted to 1xigalavhich are all listed in Tab[e_3.1.

3.2.2 Harmonic decomposition of the artificial velocity fietls

The harmonic decomposition of the artificial velocity fieisislone using the same initial estimates as
for the decomposition of the original velocity fields, wha@swlysis has been presented in Chdgter 2.



88 3. ARE THERE ANY “UNDETECTED” NON-CIRCULAR MOTIONS?
:\ 50 ? \ii:\\\\ T TT \\\\‘\7 — 378 7\\\\?%\\\‘\\\\‘\7: :\
L 40 B e = =410 377 & % =R

30 £ o s 376 & & =S

é 20 Ea = “;Omé 375 ?7*7% =
_ 10 B = =l _ P X q o
© O%\\H\HH\HH\\:ﬁtuu\uu\uu\f 2 374%' ©
g RN RN NN AR ARN RN RN —~ ARRRARENRARRER= TN
w105 + 410 70 E i e o B
[ —c 10 E o o e o
N j o | = Ch ]
~ —10 = 4 -10~ £ 12
© Forr b brre b 3 e ber b 1S v 50 B ool
:\ %\\\\‘\\\\‘\\\\‘\:t\\\\‘\\\\‘\\\\‘\: :\ E%\\‘\\\\‘\\\\‘\: /qa:)\
» 10 F =+ =410 250 . ER

= Nk I - E j (@)

§ OE T ] 0 é 240 :y%& 13
- —10 & E3 410 230 £ % =
© “t\ L1 ‘ L1 11 ‘ Ll 11 ‘ | ‘T:\ L 11 ‘ Ll 11 ‘ L1 11 ‘ | » 1:7\777\7\777\7777 \77\7\ 2] (A

0 100 200 3000 100 200 300 O 100 200 300
r (arcsec) r (arcsec) r (arcsec)
:\ 4 :7\\\\ TTTT TTTT \\%f\\\ X‘\\\\‘\\\\‘ B /? OZE —
E = | I o N
03 E = 9 : 0.1 1 S
Eok T S < il €
T J Sy Gt 41 2 O g
Z< O :\\\\‘\\\\ \\\\‘\\\ii \\‘\\\\‘\\\\‘\ \%/L 70/‘ %i ‘\\\\‘\\\\‘ w(l
0 2 0 100 200 300 = 0O 100 200 300
m r (arcsec) r (arcsec)

FiG. 3.10: Results from the harmonic decomposition of the aigifivelocity field of DDO 154 (black dots) together
with those from the original velocity field (gray crossesheTagreement between the inserted (gray) and detected)blac
non-circular motions is excellent.

Analogous to the analysis presented in the previous chapiicenter position is kept fixed at the
position listed in Tabl€Z2]2 and the artificial velocity fieldre decomposed up to the third order.
For DDO 154, the results of this harmonic decomposition a@ve in Fig.[3ID, where the gray
data points are based on the original velocity field (i.eeséhnon-circular motions weiaserted
into the artificial VF) and the black data points are basedhenartificial velocity field (i.e., these
non-circular motions werdetectedn the artificial VF). The agreement between the insertedy(gr
and the detected (black) non-circular motions is very goblde difference of the radially averaged
“total power” of the non-circular motions (i.e4,) is less than 0.1 knt$. As DDO 154 shows the
smallest non-circular motions of the entire sample, onehtréggue that the good agreement is just
a coincidence. That it is not is demonstrated by Eig.13.1i¢ckvbhows the harmonic decomposition
of NGC 3198. This galaxy has non-zero harmonic componenishvgiow distinct radial variations.
Nevertheless, the amplitudes of the harmonic decomposifahe artificial velocity field (black)
trace the inserted non-circular motions (gray) extremedji,vexcept for the outermost two or three
data points. The discrepancy for the data points at thedargdii has a simple reason. The artificial
velocity field is somewhat less extended than the originbdoity field, which results in boundary
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FiG. 3.11: Results from the harmonic decomposition of the aidifivelocity field of NGC 3198 (black dots) together
with those from the original velocity field (gray crossesheldetected (black) non-circular motions trace the radisds
of the inserted (gray) non-circular motions very well.

problems when decomposing the very outer parts of the @atifielocity field. Therefore, and also
due to the problems discussed in the previous section, thal @eraging ofA(r) — both for the
inserted non-circular motions as well as for the detectezser is restricted to radii smaller than a
maximum radius (430for NGC 3198, cf. Col. (6) in Table=3.1).

Rather than showing detailed plots like Figs—B.100r13.71afb15 galaxies, the results of the
harmonic decomposition of the artificial velocity fields aliecussed in a more general way. The
median amplitudes of th@sertednon-circular motions (i.e., those that were initially deésl in the
original velocity field) are referred to @& and are listed in Col. (2) of TabE3.1. The median
amplitudes of theecoverednon-circular motions (i.e., those that were detected imtbdel velocity
field) are referred to a4} and are given in Col. (3) of Tablez3.1. The left panel of EIBshows
a histogram of the so-called “recovery-rate”, i &1°%! divided byA " (cf. Col. (4) of Tabld31).
For twelve out of the fifteen galaxies (i.e., 80 percent), rttedlian amplitudes of the recovered non-
circular motions differ by less then ten percent from thertexd non-circular motions. For one galaxy
(NGC 6946), the recovered non-circular motions are 1.1%kdimas large as the inserted ones, and
for two galaxies (NGC 2366 and NGC 2403), the recovery rateshalow 90 percent. Although
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FiG. 3.12:Left: Histogram of the recovery-rate of the harmonic decompmsitif the artificial velocity fields. In 12 out
of 15 galaxies, the non-circular motions detected in thiéical velocity fields are within ten percent of the ones irted
into the artificial velocity fields (i.e., those that have bgeeviously detected in the original data). Only three giashow
larger deviations.Right: Detected amplitudes of the non-circular motioA'¢C®) vs. inserted amplitudesﬁf’”g). The
dashed line indicates the line of unity. The deviations feoone-to-one relation are smait (Lkms* for all galaxies).

a deviation of more then ten percent sounds quite high atdiesice, one has to keep in mind the
absolute numbers as well. In the right panel of EGZ_BA%® is plottedvs. A”". The dashed
line indicates a one-to-one correlation (i.e., a recovatg-of 1.00). The individual data points are all
very close to the line of unity, showing that the differeneséween the amplitudes is small on absolute
scales. As can be seen in Col. (5) of T4hId 3.1, the differenbelow 1 kms! for all galaxies in the
sample, and thus smaller than the velocity resolution ofitita.

The average recovery-rate i90+ 0.08, i.e., on average, only three percent of the non-circular
motions within the model velocity fields were not re-detdctélhis value is, however, somewhat
affected by those galaxies for whigtEswRI detected larger non-circular motions than have been
inserted. Being conservative and excluding these galdxies the calculation of the mean results
in an average recovery-rate 0@+ 0.06. Doing the same with the difference betwe®ff?® and
A" (Col. (5) of Tabld31L) results in an average difference-@D4-+ 0.39 kms? when including
all galaxies or-0.20+ 0.18 kms® when excluding those galaxies where the detected nonkaircu
motions exceed the inserted ones. Whether one approadhem#tysis in a statistical way, or on a
case-by-case basis, the results are unchanged. The hardemamposition of the artificial velocity
fields is able to detect most of the non-circular motions ipgsly inserted into said velocity fields.
The differences are of the order of five percent, or 0.2 ¥msThis large recovery-rate strongly
indicates that the harmonic decomposition wathswRl is able to detect most non-circular motions
within a galaxy.

3.3 Conclusions

This chapter was dedicated to probe whether the velocitgfief the galaxies in the sample contain
any non-circular motions which have been missed by the aisaly Chaptef]2. Special emphasis has
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been laid on the influence of non-circular motions of highamironic orders — which would have
been undetected in the previous analysis — and on the detezfficiency of theResSwRIroutine.

The work presented in Secti@nB.1 showed that increasingnthemum fit ordeN from N =3
up toN = 15 does result in a modest increase of the detected namainmotions. Only few galaxies
contain significant terms of highem(> 3) harmonic order and harmonic components with- 5
are usually negligible in all galaxies. Focussing on therfl\galaxies, i.e., the galaxies where the
cusp/core problem is most apparent, it has been shown tatling non-circular motions up to ninth
order does not alter the conclusion from the previous chatite non-circular motions in the centers
of the galaxies are too small to reconcile cuspy DM densibdfiles with non-circular motions. Given
these results, it seems sufficient to decompose the velfieltds up to third order, because if one
increases the maximum fit order, one also increases the mwhfree parameters and thus enhances
the problems when dealing with galaxies having sparselgdfitiited-rings like, e.g., NGC 925 or
NGC 6946.

In Sectiol 3P, artificial velocity fields have been created analyzed. These artificial velocity
fields contain the same amount of first-to-third order neoetar motions as initially quantified in
Chapte 2. Additionally, uniform noise and fourth-to-tirdrder harmonic terms were added to the
velocity fields. The velocity fields were then decomposedaithird order and the detected non-
circular motions have been compared with the inserted ofié® results show that the recovered
non-circular motions deviate on average by 0.2 khfsom the inserted ones. In relative terms, the
average difference is about 5 percent. Therefore, | cordiuatRESWRIis able to quantify almost all
non-circular motions in the velocity field of a galaxy. | hademonstrated that the velocity fields of
the galaxies in this sample do not contain large non-ciraulations which have been undetected by
the analysis in Chaptél 2. Therefore, the work presentehisnchapter strengthens the results from
the previous one. Non-circular motions are small, espgdiathe centers of dwarf galaxies and can
not explain why observers fail to see the cuspy density mofiharacteristic for CDM halos.
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3.A  Appendix: Velocity fields

In this section, the summary panels for all galaxies of tmema are presented, except for DDO 154,
whose summary panel is shown in Hig.13.9. Each of the sumneamglg contains four sub-panels,
whose content and layout is identical to panels 1 - 4 of Ef: 81) 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 (bottort),lehd (4) the residual velocity field
(bottom right), derived by subtracting the clipped moddbuiy field from the original data. Sub-
panels (1) - (3) share the same color bar, indicated riglisvaf sub-panel (2). The residual velocity
field is shown on a different color scale indicated by the cblr rightwards of sub-panel (4).
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Fic. 3.13: Summary panel for NGC 925. The velocity contours gaeed by 25 kmsand the thick black contour
indicates the systemic velocity s = 5525kms?. See text for further details.
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Chapter

The baryonic Tully-Fisher relation and its
implication for dark matter halds

ABSTRACT

The remarkably small scatter of the baryonic Tully-Fiskatation (BTF) places strong constraints on
the tri-axiality of cold dark matter (CDM) halos. Recengatipts to solve the cusp/core problem (i.e.,
to reconcile the inferred density slopes from CDM simulagi@nd observations) include the effect
a tri-axial halo has on the motion of the gas. As the cusp/pooblem is most apparent for dwarf
galaxies, we test if extremely low-mass dwarf galaxiefelthe same (tight) BTF relation as high-
mass galaxies. We obtained blynthesis data of 11 dwarf galaxies and derived severaparmient
estimates for the maximum rotation velocity. Construc@nBTF relation using data from the liter-
ature for the high-mass end, and the highest-quality gadafkom our sample for the low-mass end
results in a BTF with a scatter of 0.28 mag. This scatter caimst the ellipticities of the potentials
in the plane of the disks of the galaxies to an upper limit £@6, making it unlikely that tri-axiality
can fully address some of the current small-scale probldr@oll Dark Matter.

4.1 Introduction

The Tully-Fisher (TF) relatiorl (Tully & Fishier 1977), thdation between the Iuminosité and rotation

velocity of a galaxy, has been extensively used to estimdtegalactic distances (e Iy
11988 Sakai et al. 2000; Tully & Pief¢e 2000). In the usuahssical” interpretation, luminosity is a
proxy for the stellar mass, which in turn depends on the {etsible and dark) mass and through it on
the rotation velocity. The slope and zero point of this dtzdsTF relation do not depend on the cen-
tral surface brightness of galaxies (Zwaan ét al. 1995);ghdor very low mass dwarf galaxies, the
slope tends to steepen (elg.. Matthews &t al.11998; McGaumln2000). Low-mass dwarf galaxies
are apparently underluminous given their rotation vejoaitd therefore fall below the TF relation as
defined by the high mass galaxies. A single linear relationbearestored if one replaces the luminos-
%ir stellar mass) with the baryonic disk mass, thus iditig the gas mass as wMt al.
). This relation is called the baryonic TullyHeés (BTF) relation and has been studied by

*C. Trachternach, W.J.G. de Blok, S.S. McGaugh, J.M. van déstHand R.-J. Dettmar, subm. to A & A
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many authors in the last few years (e.g., B
McGaugh 2004, 2005; Geha eflal. 2006; De

The baryonic Tully-Fisher relation seems to be a universal eemarkably tight relation.
This places severe constraints on galaxy formation andutiwal theories (cfl_Eisenstein & Ldeb
1996 k 199H4 b; Mo et al. 1b98; Steinmetz &atd1995} Blanton et £l 2007).

1(1992) for instance note that the observattescof the TF relation places an
upper limit on the elongation of the dark matter halos. Ndiat they investigated the TF rela-
tion, not the BTF relation, but since the BTF is an even tigl@relation than the stellar TF re-
lation (e.g.]mmb&, their reasoning is valid fax B8iTF as well. From the scatter of the
TF relation, Franx & de Zeeuw (1992) argue that the ellipticif the potential in the plane of the
disk is most likely between 0 and 0.06. This is in good agregméth what (Trachternach etlal.

, Chaptdd 2 of this thesis) found observationally feample of 18 dwarf and spiral galaxies
from the THINGS surveyl (Walter etlal. 2008; de Blok efial. 20081t in disagreement with results
from theoretical CDM simulations which predict more elotegapotentials (e.gl,_Frenk et Al. 1088;
Hayashi & Navarro 2006).

This discrepancy contains important implications for tlwecalled “cusp/core” debate. The
cusp/core debate is about the density profiles of dwarf awdslarface brightness galaxies, whose
innermost parts of their rotation curves generally do notasthe steep central “cusp”, characteristic
for CDM-consistent density profiles like the NFW profile_(Maxo et al| 1996, 1997), but are better
approximated by a constant-density “core”, as deduced fropseudo-isothermal halo profile (cf.

K- de Blok etlAl 2001d.b: Marchesimil2002  de Blok & Bosma 2002;
L 2004; de Btk 2005; Kuzio de Naray et al. 20@8)ecent, well-motivated explanation

for the discrepancy of the inferred slopes of the densityilemhas been given by Hayashi & Navarro

(2006) and Hayashi et lal. (2007), who argue that CDM halosraesial and that this tri-axiality in-

duces large non-circular motions, which makes it impossibldistinguish an intrinsic “cusp” from
a constant-density “core”. Reconciling the different glgpn the density profiles needs non-circular
motions of about 15 - 20 km$over a large part of the dlsk_(_d.e_B.LQk_ejé%bbﬁ_ﬂa;éashJMMAh
IKuzio de Naray et al. 2008). However, extensive non-circodations of this order have not been ob-
served, yet (cf._Schoenmakers etlal. 1997; Gentilel &t ak:ZD@chternach et Hl. 2008a). We refer,
e.g., to Hayashi & Navarro (2006), de Blok el al. (2008), anachiternach et al. (2008a) for a more

extensive discussion of this topic.

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

The low mass end of the BTF relation has also been studied I &eal. (2006) and_Kovac
dﬂh They measure line widths and after correcting tfi@sbroadening due to turbulent motion
of the H gas, they find that the extreme dwarf galaxies of their sarfiofilenv the same BTF relation
as the high mass galaxies, albeit with a larger scatter. ilbisased scatter, however, is most likely
a result of their use of thé\bg profile.@ﬂ@?) already pointed out that usingrtteximum
rotation velocity from a resolved rotation curve signifitgecreases the scatter in the (B)TF relation
as compared to one using line width measurements.

In this chapter, we therefore attempt to determine sevedaiiendent estimates for the maximum
rotation velocity Vmax) for a sample of extremely low-mass dwarf galaxies. Doirig, tlve can check
whether these galaxies follow the same tight correlatiomvéen baryonic disk mass and rotation
velocity as their high mass counterparts. As a referencejseehe sample of McGatgh (2005), for
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TABLE 4.1: Mapping/Noise parameters for the entire sample.

ID Date length Ba Bmin BPA noise/channel pixelsize channelwidth
of Obs. of Obs. " " ° mJy bt " kms*?

(1) (2) 3) 4 () (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 33.0 123 0.0 0.6 5 4.12
D512-2  16-05-2004 12h 289 134 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-# 07-05-2004 12h  48.2 18.4 0.2 0.9 4 2.10
12-05-2004 12h ...
D575-2 09-05-2004 12h 456 14.0-3.5 0.6 4 2.10
13-05-2004 10h -
17-10-2004 7h
D575-5  05-05-2004 12h 375 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

#The data for D575-1 is combined from two individual obseiomas

The data for D575-2 is combined from three individual obagons
NoOTES (1): galaxy identifier; (2): Date of observations; (3): d¢im of observations; (4, 5) major
(minor) axis diameter of the robust weighted beam in arcé@k; position angle of the beam (in
degree), measured counter-clockwise from the north; @isenper channel in mJy beatn(8): pixel
size in arcsec; (9): velocity resolution in kifts

which well-determined estimates @k« exist. For a thorough description of the comparison sample,
the reader is referred mm}%) and referencesither

The chapter is organized as follows: in Sectiod 4.2 we desdtie observations and the data
reduction, which is followed by a description of the diffetenethods in estimatingmax in Section
B3. We comment the individual galaxies in Secfiod 4.4, ardgnt further analysis and our results
in Sectiof4b. We summarize our results and give our coizciasn Sectiof 416. The Appendix4.A
contains moment maps, position-velocity diagrams andreflanaps of our sample galaxies.

4.2 The data

In this section, we describe the observational set-up, éiseclilata reduction from the raw data to the
data cubes, and the moment map creation and other “postti@austeps.

Our sample was selected from the larger sample of Schomtwt(&997), which is one of the largest
samples of extreme field dwarf galaxies for which both lingtlvimeasurements andi khasses
(Eder & Schombéit 2000), as well as optical photometry (@i al. 1997) exist. The galaxies were
chosen to be relatively nearbyhg < 1400km §t), have suitable optical inclinations (45iopt < 75),
and to havé/- andl-band photometry available.

4.2.1 Observations

Observations were carried out at the Westerbork SynthesisoRTelescope (WSRT) in maxi-short
configuration, in the 21-cm line of neutral hydrogen. We usthipolarizations and sample 1024
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channels with a bandwidth of 10 MHz or 20 MHz (correspondingelocity resolutions of 2.10 or
4.12 kms?). The sample integration time was set to 60 seconds. Fuothegrvational details are
summarized in Table4.1.

4.2.2 Data reduction

Here, we describe the steps used to obtain the data cubesHeorawuw-data. The calibration and
data reduction of the data is performed using standardmesiin MIRIAD!. We use the taskVFLAG

to flag data affected by shadowing of the dishes and inspecividata by eye to remove data points
showing any kind of interference (task/FLAG). The data are calibrated using one of the standard
primary calibrators used at the WSRT (3C48, 3C147, 3C288522362). The primary calibrators
are also used for the bandpass and gain corrections (tasksL, GPCOPY).

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

1. Firstly, the taskNVERT is used to create a dirty continuum map of thedata. We set the
sidelobe suppression area to the size of the field being mlgjppe to uniform weighting).

2. This dirty map is cleaned with the taskEAN.
3. Using the tasliRESTOR we check if the cleaned map looks satisfactory.

4. Finally, we perform the self-calibration of the phasethwtie taskseLFCAL, initially using a
calibration interval of five minutes, but decreasing thisvddo the original data interval of one
minute for the last iterations.

These four tasks are called iteratively, in order to imprihegain solutions, always using the result
from the previous iteration as a starting point for the ntdaition. The stop condition for theLEAN
task has to be adjusted between the iterations. RunmimgN for the first time, we stop cleaning
when the first negative component is encountered. Duringétxe few major iterations (i.e., cycles
through steps Nos. 1-4), we slowly increase the number obniiarations (i.e., the iteration within
CLEAN) from 1000 to 10000. Once this is done, we run a few more magwations, gradually
decreasing the cutoff condition from three times the noiserte time the noise. After the map is
sufficiently cleaned, we go once more through steps 1 - 4 tithis performing both a phase and an
amplitude self-calibration witlSELFCAL.

The gain solutions are then copied to the line data usingaiesiPcopy. Afterwards, we subtract
the continuum emission from the line data, again usixigiN with second order polynomials. Having
done this, we create the image cube using the teskRT. We use the robust weighting scheme

) with a robust parameter robust=0 for all galaxies. In a last step, the taskseAN
andrRESTORare used to clean and restore the image cube, using a cwelfblie~ 1o for the CLEAN
task. For a list of the beam sizes and noise levels, see [[Ehle 4
We additionally created Hanning smoothed data cubes, whiere used for the creation of the H
profiles and the derivation of the velocity widths.

M ultichannellmageReconstruction|mageAnalysis andDisplay m@&
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4.2.3 Post-reduction

In this section, the steps undertaken to create moment mapstiie data cubes are described.
Using the GIPSY taskMOMENTS, we create ), 15t and 294 moment maps of all galaxies (i.e.,
the H total intensity map, the velocity field, and a map of the vigyodispersion). In order to
isolate significant signal, we smoothed the data cubes tmtthie original resolution and only retain
pixels with values> 2.5 times the (smoothed) rms. Spurious pixels were then bldiyehand. This
smoothed and blotted data cube was used as a mask for theabulgita cube. Once this is done,
we determine the number of channels with significant emis&io each pixel of the unsmoothed
data cube and create a map containing the signal-to-nois§ (% each pixel. Using this map, we
determine which average flux in th& @oment map corresponds to aN6= 3, and clip all moment
maps using this flux limit. Channel maps and moment maps asepted in the Appendix4.A.

4.3 Estimating the maximum rotation velocity

In order to construct a (baryonic) Tully-Fisher relatiomemeeds to estimate the maximum rotation
velocity (Vmax) Of @ galaxy. There are several ways in which this can be deoh&gh are described
below in increasing order of preference.

4.3.1 H velocity profile

The simplest way is to use the width of the welocity profile at the 20 (50) percent level of the
maximum intensity, the so-calledby (Wsp). The advantage in using the profile width is that it is
easy to measure and can be derived even using low resolwtan The drawback is that one can not
distinguish rotation and turbulence. This uncertaintyteratlittle for the overall rotation of large, fast
rotating spiral galaxies. However, as one goes to smalldmnaore slowly rotating galaxies, turbulent
motions will result in a significant broadening of the ptofiles (cf. 7). In our analysis,
we use the velocity profiles from the Hanning smoothed dadtesand correct them for instrumental
broadening and turbulent motion. The corrections appliecaddressed and discussed more fully in
SectioZ5DP.

4.3.2 Major axis position-velocity diagram

A more sophisticated way to derivey is to make use of the major axis position-velocipv] di-
agram. For a galaxy with a flat rotation curve, the major @Xisdiagram has a pronounced s-shape
(see, e.g., Fid—Z10 in the Appenfix®.A). Using the GIPSSk tec AUPROF, we fit Gaussians to the
velocity profiles at the flat parts of the rotation curve. Thaximum rotation velocity is then calcu-
lated by subtracting the line-of-sight velocity of the aggching side from the one of the receding
side, dividing it by two, and correcting for inclination:

Vreceding_vapproaching
Vpy = . 4.1
v 2 sin() (4.1)

As the use of th@V-diagram gives a better approximation to the maximum ratatielocity than the
Who, Wk values dom 1), we will prefer the former wheosgible.

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

The most sophisticated method presented in this chaptee islted-ring fit, in which the kinematics
of a galaxy are described using a set of concentric rings diithwAr. Each of these rings can have
its own center positionxg, Yo), systemic velocitywsys, rotation velocityvrRoT, inclinationi, and

osition angle PA. However, the galaxy has to have a conmefmelination ofi & 40° d@n
@,), and a well-resolved velocity field. For the giglgain our sample which meet these two
criteria, we derive rotation curves using the GIPSY taskcur This algorithm assumes that the
gas moves on circular orbits. The line-of-sight velocity tiaen be expressed as

V(X,Y) = Vsys+Vrot(r) sin(i) cos@). (4.2)

Here, 0 is the azimuthal distance from the major axis in the planéhefgalaxy and is linked to the
position angle of the galaxy by

—(Xx=X0) Sin(PA) +(y o) COSPA)
r

cosf) = (4.3)

and )
—(X=X0) cosPA) — (y—yo) sin(PA)

r cosf) )
The PA is measured counter-clockwise from the north to thpmnais of the receding side of the
galaxy.

As positions along the major axis of a galaxy carry more iaat information as positions near
the minor axis, we weight the individual data points|bgs@)|. The derivation of a rotation curve is
generally an iterative process involving the consecutix@di of parameters. Following is a general
description of the procedure applied here. In order to getlgoitial estimates for, PA, and the center
position, we fit isophotes at varying intensity levels to theotal intensity maps with the GIPSY task
ELLFIT, taking care that the results are not affected by smalessiailictures. As initial estimates for
VSYS andVvROT, we use the central velocity of thakg profile and% Wk, respectively.

In a firstROTCURrun, we determine the systemic velocity by keeping all patens exceptsys
(andvroT) fixed. In a second fit witlROTCUR, we derive the position of the dynamical center leaving
only xo andyp unconstrained. In a third fit, we determine the position artyl runningROTCURWith
PA andi as free parameters. As we sample the rotation curves in rasssavith relatively few tilted-
rings (~ 10), we approximate the fitted values either by a constaniheatly changing PA. Once the
PA is modeled in such a way, we rtRDTCUR once again with only as free parameter and derive
the inclination of the galaxy. We do not model any radial di&for the inclination. In a last fit with
ROTCUR, we determine the rotation curve by keeping all parametersp vROT fixed to their best
determined values. The maximum rotation velocity, derivesluch a way, will be referred to &+
hereafter.

sin@) =

(4.4)



TABLE 4.2: Derived parameters for the profile width sub-sampte, the galaxies having neitheMg,, nor aVy+, but only Waoq and Wko.

ID Q2000 02000 Vsys D My (V-1) MHi Wao Wso Woo turb W0, turb i
(hms) e’ kms? Mpc  mag 16My  kms! kms?  kms? kmst °
1) (2 3) 4 (5) (6) (7 (8) 9) (10) (11) (12) (13)
D572-5 114816.4 +183833 994 14.6-14.56 0.52 8.55 7 62 68 55 50
D575-1 125146.1 +21 4407 600 10.0-14.22 0.70 3.76 38 24 30 18 53
D575-5 1255414 +191234 437 7.7-13.21 0.44 4.27 28 19 16 10 50
D640-13 1056139 +120041 958 13.4-14.36 0.55 4.53 38 25 30 18 48
D646-7 125840.4 +141303 233 91 -1252 084 0.37 35 23 26 16 %5

2optical inclination frond_Pildis et all (19b7)
bdistance as given In Karachentsev étlal. (2003)

NoTES: (1): galaxy identifier; (2, 3): central position taken fraMiED; (4): systemic velocity derived from the central vetgadf the Wsg profile; (5): distance in Mpc. If no reference is given, the
distance is based Ovys (column 4) and a Hubble flow usirtdg = 75km sMpc?, including the correction for Virgocentric infall (Mould all 200D); (6): absolut®/-band magnitude as given in
[Pildis et al. [(1997), corrected to our distance estima@®sM-I color from[Pildis et 8l.[(1997); (8): total Hnass (in units of 1M,); (9): uncorrected width of the iprofile at the 20 percent level of
the maximum intensity. The values listed here Wi, are derived using the Hanning smoothed data cube; (10)ctikenn 9, but for theAsg profile; (11): width of theWsg profile, corrected for the
finite velocity resolution, and turbulent motion of the &hs; (12): as column 11, but for thkg profile; (13): adopted inclination angle. The velocity wigltin Cols. (9) - (12) are not corrected for

inclination effects.

TABLE 4.3: Derived parameters for the rotation curve sub-samplethe galaxies having not only the velocity width asmaatie o0fVimax, but at least one additional, independent
estimate (i.e.Vpv or Vy).

ID 2000 2000 Vsys D My (V-1) M Wao Wso  Woo turb  Wo, turb i (PA) Vs Vv
(hms) e’ kms1  Mpc mag 1My kms! kms?!  kms? kms? ° ° kms? kms?

1) 2 3) 4 (5) (6) ] (8) 9) (10) (11) (12) (13) (14) (15) (16)
D500-2¢ 103143.0 +251833 1259 179 -16.38 0.42 87.08 135 120 119 105 %7 345 68 68
D500-3 100559.5 +235204 1327 18.5-15.74 0.31 6.58 96 83 84 72 %36 e cee 45
D512-2 143320.2 +265954 840 14.1 -15.22 0.80 6.96 88 74 78 65 5610 40 35 37
D564-8 090254.0 +200428 478 6.5 -12.64 0.93 1.58 62 48 54 42 687 13 25 29
D575-2¢ 125221.9 +21 3746 774 122 -15.15 0.78 31.51 146 119 129 104 55 220 74 .-
D631-7 075701.8 +142327 311 ®5 -1450 0.55 14.68 113 89 100 78 593 324 58 53

2optical inclination frond_Pildis et all (19b7)
bdistance as given In Karachentsev étlal. (2003)

NoTEs: Cols. (1) to (12) contain mostly the same information asahes in Tabl€Z]2, with the only exception that for the sthgalaxies, the center position avigjs were derived kinematically;
(13) inclination angle (optical inclination for D500-3 rldmatic inclination otherwise). The uncertainties giventhe kinematic inclination angles represent the scaftéreovalues of the individual

tilted-rings. For D500-3, the given uncertainty is the ager uncertainty of the kinematic inclination estimateg) @verage position angle of the rotation curve analysigsmed counter-clockwise
from north to the receding side of the galaxy; (15) maximutation velocity from the tilted-ring analysis of the veltycfield, corrected for inclination effects; (16) maximumntation velocity from

the position-velocity diagram, corrected for inclinatieffiects.

Ku20j9A uonelol Wnwixew ay) Bunewns3y '€y
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4.4 Comments on individual galaxies

In this section, we present our results for the individudbgi@s. Unless mentioned otherwise, the
distances given in the following sections are calculateddnyecting the systemic velocities of the
galaxies for Virgo infall (following the formalism presemt inlMould et all 2000), and assuming a
Hubble flow with a Hubble constant éf; = 75km s Mpc™.

We split our sample into two sub-samples (the “profile widthb-sample and the “rotation curve”
sub-sample). The profile width sub-sample contains thexgador which we have to rely on the
profile width as an indicator fov,ax as it was impossible to derive a maximum rotation velocity
from either the tilted-ring analysis (i.e/+) or from the position-velocity diagram (i.e/py). Their
properties are summarized in Tablel4.2. The rotation cumeesample contains the galaxies, for
which we were able to derivg,s and/orVy, (in addition toWso andWkg). Their properties are given
in Table[Z3B. In the Appendik4]A, we show for all galaxiesgameted in this chapter a summary
panel consisting of moment maps, major and minor axis pwositelocity diagrams and the global H
profile. We additionally show channel maps for the galaxfeth® rotation curve sub-sample.

We also observed D565-5. The WSRT observations do not detgatmission at the position of
D565-5. We do, however, see strong emission from the neallaxgNGC 2903 at the edge of the pri-
mary beam. The agreement of the apparent velocity of thissam with that of th al.

) detection suggests that the latter detection waalgiNGC 2903 emission that was picked up
with the larger single-dish beam.

4.4.1 D500-2 (Data presented in FigE—Z10 and4121)

D500-2 is also known as UGC 05716 and is classified as an Smydalawvhich we assume a distance
of 17.9 Mpc. The global Hprofile of D500-2 (cf. Fig[ZZ0) shows the double-hornedfifgdypical
for spiral galaxies, and its velocity field indicates thatOD® is clearly dominated by rotation. We fit
ellipses at a few representative intensity levels using@hieSY taskeLLFIT. The inclination of the
Hi disk, as obtained witgLLFIT and corrected for the beam,ijg ~ 57°. The parameters from our
ellipse-isophote fits are used as initial estimates forittegltring analysis wittROTCUR The spacing
of the tilted-rings is set to 1 The systemic velocity is derived in the first fit witbTCcur and
shows only small radial variation. Its mean valu®dgs~ 1259km §1, and is in excellent agreement
with the central velocity of th&\ky profile (1258.6kms!). Fixing the systemic velocity, we derive
the dynamical center in a neroTCURfit by averaging the, yo values over the entire radial range.
The resulting central position (cf. Tallle¥.3) is in goodesgnent with the optical center from NED
and with that from our ellipse fits witBLLFIT. Keeping the center position fixed for the subsequent
ROTCUR runs, we derive the PA and inclination angle. The positiogleishows a linear decrease
from 350 in the center to 340in the outer parts.

The inclination is then determined in an additioralTcuRrfit by averaging the inclination values
forr > 35", i.e., by excluding the three deviant data points in theripaet of D500-2. The resulting
kinematic inclination isyn ~ 57° +6°, which agrees very well with the (beam corrected) incliomati
of the H 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 inrise, the rotation curve of
D500-2 reaches a flat part at a rotation velocit}/af ~ 68kms?. The rotation curve, as well as the
radial distributions for PA andj, are shown in Fig—4l1. The maximum rotation velocity from the
pV-diagram isvp, ~ 68kms?.
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Fic. 4.1: Tilted-ring analysis of D500-2. From top to bottome tfadial distributions of the rotation velocity, the
inclination angle, and the position angle are shown. Tha @atnts in the center and bottom panel indicate the values
derived fori and PA as free parameters. The solid lines indicate the saldepted to derive the rotation curve shown in the
top panel.

4.4.2 D500-3 (Data presented in FigE_ 4111 ahd 4122)

D500-3 is a dwarf irregular (dl) at a distance of 18.5 Mpc.vitocity field (cf. Fig[41ll) indicates
solid-body rotation throughout the entire disk, and the anaixis pV-diagram also shows only a
linearly rising rotation curve. We fit isophotes to diffet@mtensity levels to derive, e.g., the inclination
of the H disk (i ~ 42°). This value is somewhat smaller than the optical inclomatfioy: ~ 55° as
given inlPildis et al..(1997). Due to the large beam size, wesitter the optical inclination superior
to the H inclination and use it in our further analysis. Because efghlid-body rotation, and also
due to the few resolution elements, it is not possible toveesi well-determined rotation curve with
ROTCUR We are, however, able to get an estimate for the maximuntiootaelocity by using the
position-velocity diagram\(py ~ 45kms?).

4.4.3 D512-2 (Data presented in FigE—Z12 and4123)

D512-2 is a galaxy of Hubble type Sm and we assume a distanté. bfMpc. The H profile has a
fairly low signal-to-noise. The velocity field of D512-2 she signs of solid-body rotation in its inner
parts. We useLLFIT to fit ellipses at a few representative intensity levels agrivé an inclination of
the H disk ofiy, ~ 48 (corrected for the beam size). Because the apparent siz1#-P is small,
we do not fit the center position or the systemic velocity viethrcur For the former, we adopt the
center estimate froraLLFIT, which is in good agreement with the optical center from NED. the
latter, we use the central velocity of thsg profile. Keeping the center and the systemic velocity
fixed, we derive the position angle of D512-2 by averagingviiees for all tilted-rings with > 0",
while choosing the width of the tilted-rings to be”13he resulting PA (49 is then kept fixed for a
subsequemkOTCUR(it to estimatd. Averaging the inclination values over all tilted-ringsuds in a
kinematic inclination ofyj, ~ 56° + 10°, which is consistent with the values discussed above. Using
the kinematic inclination, we determine the rotation cuirve lastROTCUR run leaving onlyvROT
unconstrained. The rotation curve (cf. HIgJ4.2) confirmstwkas already suggested by the velocity
field: a solid-body rotation in the inner parts and a flat pathie outer regions. The rotation velocity
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of the flat part of the rotation curve ¥ ~ 35kms?. Although thepV-diagram shows no plateaus,
we estimate the (inclination corrected) maximum rotatietogity to beVy, ~ 37kms?.
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FIG. 4.2: Tilted-ring analysis of D512-2. The layout is ideatito that of Fig[ZIL.

4.4.4 D564-8 (Data presented in Figb—Z4113 ad4124)

For the dwarf irregular D564-8, we assume a distance of 6.6. Mihie global H profile of D564-8
is asymmetric with its peak shifted to the receding side efghlaxy. The asymmetry of the global
Hi profile can be traced also in th®/-diagram. ThepV-diagram of D564-8 represents a mixture
between the s-shape typical for spiral galaxies having adtation curve and the linearly increasing
position-velocity diagram usually seen for dwarf galaxi€se maximum rotation velocity, obtained
from the pV-diagram is\Vp, ~ 29km s1. Analogous to the other galaxies, we uge FIT to derive
initial estimates for our tilted-ring fit witliROTCUR For the rotation curve analysis, we set the width
of the tilted-rings to 12. In the firstROoTCURfit, we derive the systemic velocity ¥ys~ 478km st
which coincides very well with the central velocity of thiég profile. In a subsequent fit, we derive the
dynamical center by averaging the valuesdpandyg over the entire radial range. The resulting center
(cf. Tabld4B) agrees to within a few arcseconds with thizaptenter from NED. In two consecutive
fits with ROTCUR, we derive the PA and inclination by averaging the individmeasurements over
the radial range, while excluding the innermost (deviaatpagoint. The resulting inclinationyf, ~
63’ i?"% is larger than both the one from the #lisk (i1 ~ 50°), and the optical inclinatior gyt ~ 35,

7). However, an inclination of 5@r even 38 can be ruled out by our kinematic data.
Keeping all parameters except the rotation velocity fixeith&r best estimates, we derive the rotation
curve of D564-8. The maximum rotation velocitydg: ~ 25kms? (see FiglZRB).

4.45 D572-5 (Data presented in FigZ]14)

D572-5 is an irregular galaxy at an assumed distance of 146 Kur H data of this galaxy is barely
resolved (see, e.g., the moment maps in Eig4.14), whickrelgvaffects the apparent value of the
Hi inclination. For comparison, the optical inclination asegi byl Pildis et dl.|(1997) iy ~ 50°,
whereas the one of thelHisk isiy; ~ 65° (uncorrected) ory, ~ 61° (corrected for the size of the
beam). Therefore, we use the optical inclination for théhierranalysis. The low resolution causes the
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FiG. 4.3: Tilted-ring analysis of D564-8. The layout is ideatito that of Fig[ZlL.

large velocity range in the minor ax@/-diagram. Given these problems, we refrain from deriving a
rotation curve or &/, from the major axis position-velocity diagram. The only bisaindicators for
the maximum rotation velocity ardbg and Wsp.

4.4.6 D575-1 (Data presented in FigZ15)

D575-1, also known as IC 3810, is classified as an Sm/Irr galdke assume a distance of 10.0 Mpc.
Its global H profile is well described by a Gaussian. THérhoment map and the position-velocity
diagrams show only a small velocity range and it was not ptess$o estimate eithev,s or Vp,. The
inclination of the H disk (derived usingLLFIT and corrected for the beam size)jig ~ 53° and in
reasonable agreement with the optical inclinatiigp; ¢ 61°) from|Pildis et al. [(1997).

4.4.7 D575-2 (Data presented in FigE—Z4116 ad4]125)

D575-2, or UGC 8011, is a galaxy of the Hubble type Im, for whdsstance we assume 12.2 Mpc.
It was not possible to estimalg,, from the position-velocity diagram. Although the iso-\eity
contours in the first moment map indicate a flat rotation cumtbe outer parts, the globalihrofile

of D575-2 lacks the double-horned profile often seen for gathxies. The galaxy is kinematically
lopsided, which can be seen in the differences in the vgl@dhtours between the approaching and
receding side. We determine the inclination of thedisk with ELLFIT to beiy, ~ 52°, which is
somewhat less inclined than what Pildis €t al. (1997) foupiically (iopt ~ 63°). Using the results
from our isophote fits witlELLFIT as initial estimates for a tilted-ring analysis and a widtthe tilted-
rings of 14, we determine the systemic velocitys¢s ~ 774km s1). This agrees to within 2km$
with the center of th&\kg profile. Fixing the systemic velocity again, we estimatedjpeamical center
of D575-2 to the position listed in TaH[le .3, which is in ei@at agreement with the optical center as
given by NED. Leaving PA andunconstrained, we find a gradual decrease of the positide &ogn

~ 230 in the inner parts te- 210" in the outskirts of D575-2. Fixing the PA to these values, erve
the inclination by averaging over all data points witks 0”. The resulting inclinationig,~ 57° +5°)

is halfway between the optical inclination and the one fromHti disk. Keeping the inclination fixed
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to the kinematic estimate, we derive the rotation curve of'®3 (see Fid. 414). After a linear increase
in the inner parts of the galaxy, the rotation velocity resch flat part at around 74 knts
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FiG. 4.4: Tilted-ring analysis of D575-2. The layout is ideatito that of Fig[ZlL.

4.4.8 D575-5 (Data presented in Fig.Z117)

D575-5 is classified as a dwarf irregular at an assumed distah 7.7 Mpc. Its global Hprofile
has a Gaussian shape and\Wkp is the smallest of our sampl&\gy, ~ 19kms? for the Hanning
smoothed data cube). Pildis el al. (1997) estimated theaipiticlination toig ~ 66°, which is
somewhat higher than the (beam corrected) inclination @Hhdisk, which we derive toy, ~ 50°.

An inclination of that order is usually considered as beiptiroal for a dynamical analysis. However,
neither the ¥ moment map, nor the major axi/-diagram show clear signs of rotation. The minor
axispV-diagram shows even more emission than the major axis omesltherefore not possible to
estimate a maximum rotation velocity from either the velpéield, or from the major-axis position-
velocity diagram. The " moment map shows velocity dispersions of 6-8 kmthroughout the
entire disk. Given all these indications, we can only asstime D575-5 is rather face-on and that
a relatively large fraction of the profile width is caused bybulence. For the inclination-correction
of the W, and Wk, we use the inclination of the IHlisk as the appearance of D575-5 excludes the
optical inclination ofigpt ~ 66°.

4.4.9 D631-7 (Data presented in Figb_Z4118 afid4]26)

D631-7 is also known as UGC 4115 and is classified as a dwadttar. Karachentsev etldl. (2003)
estimated its distance to 5.5 Mpc using the luminosity ofttheof the red giant branch stars. The
global H profile of D631-7 is single-peaked and its velocity field isliwesolved and shows clear
signs of rotation. The major axigV-diagram shows the indication of a flat rotation curve in the
outer parts of the galaxy, and it is possible to estimate amnax rotation velocity Yp, ~ 53kms?)
usingXGAUPROF. The inclination of the Hdisk is obtained wittELLFIT (i ~ 57°) and theeLLFIT
results are used as initial estimates for the rotation cdemvation withROTCUR The width of
the tilted-rings in our analysis witRoTCUR s set to 12. In the first tilted-ring fit, we derive the
systemic velocity t&/sys~ 311km s, which agrees very well with the center of tilég profile. The
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dynamical center is fitted in the second run whTCUR The resulting center position is given in
Table[43B, and agrees to withirf With the optical center as given by NED. The PA of D631-7 is
obtained in a subsequent fit witbTCcurRand shows a gradual increase fren318 in the inner parts
to ~ 330 in the outer parts. Fixing the PA to these values, we derieekthematic inclination of
D631-7 toikin ~ 59 4 3° by averaging the individual tilted-ring values for’5€@ r < 150’. This is

in good agreement with the inclination of the #isk (., ~ 57°), and still in reasonable agreement
with the optical inclination iy, ~ 66°, derived byl Pildis et al. 1997). Keeping all parameters pice
VROT fixed, we determine the rotation curve of D631-7 (seelEld. 4tShows the typical solid-body
rotation in the inner parts, but reaches a flat pax,at- 58kms™.
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FiG. 4.5: Tilted-ring analysis of D631-7. The layout is ideatito that of Fig[ZlL.

4.4.10 D640-13 (Data presented in FifZ19)

D640-13 is an Im/Sm type galaxy for whose distance we adogt Mpc. Its global H profile has

a Gaussian shape. Comparing the size and the shape of thewddathat of the moment maps of
the galaxy shows that D640-13 is barely resolved. This heaffiects the inclination of the Hdisk
(in1 ~ 71°) which is much higher than the optical inclinaticigyf ~ 48°) by Pildis et al. [(1997). We
therefore use the optical inclination for the further as@y As neither the position-velocity diagrams,
nor the first moment map show a clear sign of rotation, onlywitkths of theW,bg and Wksg profiles
remain as a proxy for the maximum rotation velocity, whichaeerect using the optical inclination.

4.4.11 DG646-7 (Data presented in Fig_ZP0)

D646-7 (or UGC 8091) is classified as an irregular dwarf gafax which|Karachentsev et al. (2003)
estimated a distance of 2.1 Mpc, using the tip of the red dieamich. The global Hprofile of D646-

7 has a clear Gaussian shape. The galaxy lacks clear sigiagatbn, either in the first moment
map, or in the major-axis position-velocity diagram. Thasdy Wso andWs remain as indicators for
the maximum rotation velocity. The optical inclination o686-7, derived by Pildis et al. (1997), is
iopt ~ 55°, which is in good agreement with the (uncorrected) inciorabf the H disk (i ~ 51°).
However, given that the galaxy is not well resolved, we ugeditical inclination for the subsequent
analysis.
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4.5 Analysis

In the previous section, we have derived several estimatethé maximum rotation velocities of
the galaxies in our sample. Before using them to construcTi, Bre discuss our choices for the
stellar mass-to-light ratios\{.), describe the corrections applied to the line width mezsents and
estimate the uncertainties of our observables. After thatpresent and discuss the baryonic Tully-
Fisher relation for our sample.

4.5.1 The choice of the stellar mass-to-light ratia’,

One of the largest contributors to the vertical scatter é(tharyonic) Tully-Fisher relation is the as-
sumed stellar mass-to-light rati@”() and its uncertainty. Fortunately, the effect of the cho¥gn
becomes less important when dealing with low-mass galagiesheir stellar mass generally con-
tributes less to the total baryonic mass than the gas mass dibeY , values used here are derived
on the basis of two different population synthesis modeilsgusvo different Initial Mass Functions
IMFs). The first model is from_Bell & de Johg (2001) and usescales] Salpeter IM er
). The second population synthesis model discussedises a Kroupa IM 98) and

is taken from_Partinari et all (2004). Figurel.6 shows thived stellar (-band) mass-to-light ratios
for the two population models.
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Fic. 4.6: Stellarl-band mass-to-light ratioY{.)
vs. (V-l) color for two different population synthe-
sis models. The circles are based on the models from
Bell & de Jony(2001) with a scaled Salpeter IMF, the tri-
angles orl_Portinari etlall (2004) models with a Kroupa
IMF. Note that D631-7 and D640-7 have the same color,
and their values fol('. 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 wheie, from the models

ofBell & de Jonf(2001) was used to determine the stellar

massvs. the baryonic mass whefg,. from the models of
IPortinari et al. [(2004) has been used. The solid line indi-

cates the line of unity.

It is immediately apparent that th, from|Bell & de Jongl(2001) are consistently larger than the
ones from_Portinari et al. (2004). Although this differerzza amount to a factor close to three, the
impact on the baryonic mass (i.e., the sum of the stellar raadshe gas mass) is rather small, as
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TABLE 4.4: StellarY . assuming different stellar population synthesis models.

ID T! (Bell) ! (Portinari) (rl)

(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 0.82:0.35
D572-5 0.44 0.16 0.3 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 0.330.15
D640-13  0.48 0.18 0.330.15
D646-7 0.99 0.41 0.78:0.29

NOTES (1): galaxy identifier; (2): stellarband mass-to-light ratio based lon Bell & de Jdng (2001);
(3): stellar I-band mass-to-light ratio based bn_Portinari étlal. (204); average I¢band) T,
between columns (2) and (3). The subsequent analysis isl lmsthese mass-to-light ratios. For
the uncertainty off,, we assume half the difference between the mass-to-ligiusraf the two
population models.

can be seen in Fif4.7, where we plot the baryonic mass bas¥d from the Bell & de Jorlg (2001)
modelsvs. the baryonic mass derived using the_Portinari bt al. (200ddets. The data points are
usually very close to the line of unity. In the subsequentyamwe will adopt the average values of
the two models. The mass-to-light ratios are listed in TERle

45.2 Line width corrections

The Vimax estimates from either the major-axp¥/-diagram V) or from the tilted-ring analysis of

the velocity field ¥4,¢) only need to be corrected for inclination effects. Themates derived using

the profile widthsWsg, Wso, however, need additional corrections. To correct for tietrumental

resolution, which results in a broadening of the measuretligs, we use the approachmuen
), who assumes a turbulent motion of the gas with a itgldispersion of 10 kms:

W= WGy |41+ (o 2—1 (4.5)
o 235 ’ '

where the subscript refers to the chosen profile width (i.e.= 20 for Wog andx = 50 for Wsg), Ris
the instrumental resolution in kri§cf. Col. (9) in TabldZl), an@, is a constant factor, which is
Cyo = 35.8 for the Whq profile andCsq = 23.5 for the Wk profile. The superscripibsin WXObSdenotes
the observed profile width (given in Cols. (9) and (10) of EsbL2 an@413).

Additionally to the broadening due to finite resolution, vegrect the velocity widths for broad-

ening due to turbulent motion of the neutral gas. FollowindlyT& Fouque (1985), we use

W2, = W2+ W2 [1_26—(&:) } AN [1—e‘<wmfx> ] | (4.6)
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The subscripix again denotes the profile width at 20 or 50 percent of the peak fTheW used
here is theWsg (or Weo) which was corrected for instrumental resolution accaydm Eq.[Z5. The
W x represent the velocity widths where the shapes of the \glpeofiles change from boxy to
Gaussian profiles and the values/f; indicate the amount by which turbulent motion of the neutral
gas broadens theitprofile. For the choice oW;x andW x, we foIIowm @7) and use
his best values o\ o = 22 kms? andW 50 = 5 kms?, as well as the commonly adopted values
of We20 = 120 kms? and W50 = 100 kms? (see Chapter 5 af Verheijen (1997) for an extensive
discussion of these correction terms). The resulting cteteprofile widths are given in Cols. (11)
and (12) of TableE412 afd%.3. Note that the profile widthedisn Table§ 412 arld4.3 are not corrected
for inclination.

45.3 Sources of uncertainties

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

4.5.3.1 Uncertainty ofVmax

The uncertainty oVnax depends on two individual uncertainties. Firstly, on theartainty in the
velocity estimate (i.e., width of the velocity profile, fitthiROTCUR, etc.) and secondly on the error
of the derived inclination. Given that profile widths can beasured quite accurately and because
our estimates 0¥, are usually based on the rotation velocities of severalditings, we assume an
uniform uncertainty of 4 km's (of order of the velocity resolution) for the uncertainty\efax. For

the uncertainty in the derived inclination angle, we digtiish between galaxies with a kinematically
derived inclination, and those where we used the opticdiniaion or that of the Hdisk. For the
former, i.e., the five galaxies with a fuloTCcuRr analysis, we calculate the scatter of the inclination
values of the individual tilted-rings (see middle panels=igs.[£3EZF) and use this scatter as the
uncertainty in the derived inclination (see Col. (13) of [Edh3). For the other six galaxies (D500-3,
D572-5, D575-1, D575-5, D640-13, D646-7), we use the meaemainty of the kinematically de-
rived inclinations (i.e., B as a global uncertainty of their inclination angles. Theadlite uncertainty

of the (inclination-corrected) maximum rotation veloci$ythen 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 mas
Mbpar = Mstarst Mgas (4.7)

The stellar mass is calculated through

Mstars= TI* 10704Mv _(V_I)_LLOZ], (4.8)

where Y! is the stellar mass-to-light ratio in tHeband, M; = My —(V —1) is the absolutd-band

magnitude, and 4.02 is the magnitude of the Sun inlthand. The absolute magnitude of a galaxy
depends through the distance modulus on its apparent mdgreind its distance. Thus, the stellar
mass depends on three quantities: stellar mass-to-litibt distance, and apparent magnitude. For the
uncertainty of the mass-to-light ratio, we use the diffeeehetween the two stellar population models
which were discussed in Sectibn4]5.1. For the uncertaihtifeodistances, we distinguish between
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Fic. 4.8: The baryonic Tully-Fisher relation using four diffet estimates fo¥max, NamelyVys from the tilted-ring
analysis of the velocity fields (top lefty,, from the major-axis position-velocity diagram (top right)o, i.€., half the\Wag
(middle and bottom left), andwso, i.e., half theWso (middle and bottom right). As a reference, we show the BT&ti@h
of the analysis omos, dashed line), as well agdigidual data points (gray stars). The filled circles ie th
panels showing a BTF based to and Wk are based on the turbulence-corrected velocity widths. offen triangles
in these panels make use of the corresponding uncorreckecityenvidths and are shown merely to illustrate the effefct o
the turbulence correction. The bottom panels siawy and\Vwso for all galaxies in the sample, including those which are
either barely resolved or face-on (enclosed by the ellipEle¢ top and middle panels contain only galaxies havinge#h
Wyt or aVpy (the rotation curve sub-sample), i.e., what is referred tiné text as theleanBTF.
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galaxies for which we use an independent distance estirb&@l(¢7 and D640-13) and those where
we use the Hubble flow distance. For the former, we adopt thertainties given in the corresponding
source paper (i.e., Karachentsev et al. 2003), and for tte¥,lave assume a ten percent uncertainty
in the distance estimates. The apparent magnitudes of theigmin our sample were determined by
IPildis et al. (1997), who report a photometric accuracy 660nag. This is insignificant compared
to the influence of the uncertainties in the distance anderstallarY ., and we therefore ignore the
uncertainties ofny, for the uncertainty of the stellar mass.

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

Mgas= 1.4My = 1.4-2.36- 10°D? / Sdv (4.9)

whereMy, is the total H mass,D is the distance in MpcSis the total flux in mJybeam, anddv
is the velocity resolution in knmi$. The constant factor 1.4 corrects the mass for the presence of
helium and metals. Note that since/H1, the ratio between the molecular and the neutral hydrogen,
is much lower in dwarf galaxies compared to luminous spiEslor et all 1998 Leroy et Hl. 2005),
we do not apply correction terms to account for molecularbgdn. The uncertainty of thelhhass
depends on the uncertainty of the total flux, and quadritical the distance uncertainty. We focus
again on the uncertainty in the distance, which is the dontisaurce of uncertainty here.

Inserting Eqs[C418 and4.9 into HQ. 1.7, we determine thertaiogy of the baryonic mass by
assuming a Gaussian error propagation of the individuatainties discussed above.

4.5.4 The baryonic Tully-Fisher relation

In this section we present the baryonic Tully-Fisher relatior the galaxies of our sample, using
different estimates fo¥max. AS a reference, we also show the BTF as constructemaug

). He investigated the baryonic Tully-Fisher relatior galaxies with well-determined rotation
velocities between 50 kmsand 300 kms!, and tested several methods to determine stellar mass-
to-light ratios. The one yielding the smallest scatter i BTF is based on the mass-discrepancy-
acceleration relation (MDAcc, SWOM). The tesuBTF relation has the following
form:

Mbar = 50V (4.10)

with the baryonic mass iM, and the maximum rotation velocity in kiif's
For the construction of a BTF relation, we use four differestimates fo¥max:
(a) V¢, obtained from the tilted-ring analysis of the velocity diel

(b) Vpy, estimated with,kGAUPROF from the major-axis position-velocity diagrams

() Mw20= %Wzo, the rotation velocity as derived from half the width of thepofile at the 20
percent level of the maximum flux

(d) iwso = %\/\/50, the rotation velocity as derived from half the width of thepHofile at the 50
percent level of the maximum flux

All estimates are corrected for inclination effects. Adtifl corrections have been applied\gog
andWyso (as described in Sectidn4.b.2). In Figl4.8, we show the lmacydully-Fisher relation
for the galaxies of our sample. The uncertainties are déstliand quantified in Sectign 45.3. In
order to visualize the effect of the turbulence correctiapplied to the velocity widths, we also
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FIG. 4.9: The baryonic Tully-Fisher relation with,, as an indicator foWmax. The galaxies frormm%) are
shown as a reference (gray stars), and the long-dashedslthe ffit through these data points. Including our data points
(filled circles) to the ones from McGatldh (2D05) and re-degithe BTF relation results the fitindicated by the shorskuzd
line, which is barely distinguishable from the original fitcGaugh (2005).

include data points based on the uncorrected profile widther( triangles). As these are shown for
illustration purposes only, we do not display uncertagfier these data points. The galaxies in the
panels making use of,s andVp, are labelled. A few galaxies of our sample are located ablose t
BTF relation (indicated in the bottom panels of figl4.8 byeHipse). However, these are the galaxies
with the poorest data quality and are usually only barelples! (see, e.g., Fig_4]19 and4.20 for
the moment maps of D640-13 and D646-7). Others like D575e5na1l-resolved, but are almost
face-on and therefore not dominated by rotation (¢t nloment map shown in Fig_Z17). Given
the known problems with these galaxies, we will disregasahtlin the further analysis and construct
acleanBTF including only galaxies from our rotation curve sub-gdan(top and middle panels of
Fig.[£38). It is directly apparent that the galaxies from mtation curve sub-sample agree well with
the BTF relation as found dm 05), irrespectivevbétherVy s, Vpy, or s is used as
an estimate fo¥max. USiNngMy20 results in a slight overestimate Vfhax, as has also been reported by
other authors (e. ﬁﬂ i@%?). Ité&acthat the BTF relation also holds for these
extreme dwarf galaxies. In the next section, we will addithisin a more quantitative way.
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455 The scatter of the BTF

The panels in Fid—418 clearly show that the new data poiots four sample fall almost perfectly on
the BTF relation from_McGaugh (2005). Based on his samplaeglthe BTF is tightly correlated
(R =0.99) and has a mathematical form as given in [Eq4.10. Incrgasis sample by the five
galaxies from our sample which have a well-defizggl we re-derive the optimum BTF relation by

applying a least-square fit. Following McGaligh (2005), wsigrseach galaxy with equal weight.
The resulting BTF has the following form:

Mpar = 40Vmad (4.11)

and is equally well-determine@(= 0.99) as the BTF froM@OS). The two BTFs (Eq.K.10
and Eq[Z11) have an almost identical slopes(4.04), but a somewhat different normalization
(50vs 40). The latter is due to the fact that the low-mass dwarfxjgesaconstrain the normaliza-
tion coefficient more strongly than the high-mass galaxigise overall difference between the two
BTF relations is, however, marginal, as can be seen in[E®. where we show the BTF relation
together with the fit according to EG._4110 (long-dashed)lim& well as the fit following EJ_Z11
(short-dashed line).

We will now come back to the conclusions lof Franx & de Zdeluwog)9 who used the scatter
of the TF relation to put constraints on the ellipticity ofrklanatter halos. They argue that if the
potential in the plane of the disk is elongated, then thesdbffit viewing angles will cause scatter
in the TF relation. In return, the scatter of the (B)-TF rielatcan be used to put an upper limit on
the ellipticity of the potential in the plane of the disk. Atding tolFranx & de Zeeuw (1992), a TF
relation with a scatter of 0.31 mag (0.46 mag when photomatdlinations are used) constrains the
ellipticities of the potentials to be below 0.10. As it is ikely that all the scatter in the TF relation is
due to different viewing angles, they argue that an elongdtietween 0-0.06 is more reasonable.

Since the work of Franx & de Zeelnv (1992), the quantity andityuaf the data has improved
significantly and we can now trace the BTF relation over adaange of galaxy masses and rotation
velocities. The scatter in the optimum BTF from_ McGau 208 o = 0.098 dex, or 0.25 mag.
Including our galaxies results in a slightly larger scatier= 0.11 or oy = 0.28 mag) — mainly
because the distances to our galaxies are less well-deesimiHowever, the scatter in our BTF
relation is still smaller than the scatter on which Franx &Zaeuw (1992) based their upper limits
for the ellipticity of the potentials in the disk plane.

Therefore, their argumentation — based initially on the @&lation of largely high mass galaxies
— is also valid for the BTF relation of extreme dwarf galaxi€he fact that even extremely low-mass
dwarf galaxies as presented here follow the BTF relatiorligaghat (i) the BTF relation must be a
fundamental relation which all rotationally dominatedayaés follow, and (ii) that there is not much
room for a large ellipticity of the potentials in the disk pé&aof the galaxies.

The second point puts important constraints on properfigglaxy halos within the CDM con-
text. It is well-known that CDM models produce density pesilwhich are too steep to fit the
rotation curves of dwarf and low surface brightness gatax@. [Moorél 1994| Flores & Primack
11994/ Navarro et al. 1996; McGaugh & de Elok 1998b). But, @s¢hgalaxies are dark matter dom-
inated at all radii (e.gl,_de Blok & McGaugh 1997; Verhdije397; Swaters et al. 2000), one would
naturally think that CDM models should work best for them,ttaes contribution of stars in these
galaxies is small. Current and well-motivated attemptsewoncile CDM models and the obser-
vations involve halo tri-axiality and the effects of nometilar motions (e.gl,_Hayashi et al. 2004a;
Hayashi & Navarid_2006;_Hayashi ef 1. 2D07). As CDM halos tarexial (see alsd_Frenk etlal.

11988;| Dubinski & Carlbefg 1991; Capuzzo-Dolcetta et al. A0he ellipticity of the potential can
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induce large non-circular motions in the central regionthefsimulated galaxies, which should then
blur the derived rotation velocities, thus letting an imsic “cusp” (i.e., a cuspy, steep inner den-
sity profile) appear as a constant-density “core” (i.e., § flanstant inner density profile). Non-
circular motions have been measured by several groupsﬁﬂmmakem.eﬂﬂ..ﬂ)dl:ﬂ&ng_dt al.
12004; Gentile et al. 200%; Trachternach ét al. 2D08a), boeraf these authors report large enough
non-circular motions to account for the different slopegha density profiles. In the few cases
where relatively large non-circular motions are foundythee generally associated with a bar (cf.
'Spekkens & Sellwood 2007).

In addition to quantifying non-circular motionis, Trachiach et al.|(2008a) also put constraints
on the elongation of the potential in the plane of the diskeiil hesults, derived for a sample of 18
spiral and dwarf galaxies from the THINGS survey (WalterlE2@08; de Blok et a|. 2008), show that
all galaxies in that sample are consistent with having adqeotential and that the average elongation
is small (00174 0.020, cf. Chapteld2 of this thesis), particularly when comepaio what is found in
CDM simulations (chEmnkﬁLMBEﬁamhL&JﬁmtﬂmpdﬂanhlﬂnanhﬂhLMSa) also
find that the elongation does not decrease towards the cefitiee galaxies. The tightly correlated
BTF relation constructed here therefore constrains thgtielty of galaxy potentials independently
from the analysis of Trachternach et al. (2008a), but resmlconsistent limits.

\alenzuela et all (2007) use a different approach to the/caspproblem. They reason that non-
circular motions, together with projection effects and gaessure support from hot gas cause a severe
underestimate of the central velocities which createslliigon of a constant-density core. Although
these effects might reconcile the different density slpfiesy 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 overngge range of galaxy masses and rotation
velocities. We present and discuss several estimateg fgr the maximum rotation velocity. The
different estimates show a good agreement and the BTFaelaised on them are equally well-
constrained. We discuss the choice of stellar mass-to-fhigiio (Y'.) and show that its choice is
not crucial for the extreme dwarf galaxies in our samplegesifor them, the stellar mass generally
contributes less to the total baryonic mass as it is the aaskifinous high-mass galaxies. Our
results furthermore show that some of these dwarf galaxeseat rotationally supported, although
better spatial resolution might reveal some rotation eeethem.

Including the sample ¢f McGaugh (2005), the galaxies ptesehere show rotation velocities
of 25 kms? < Vimax < 300 kms?t. The BTF holds over this large range with a remarkably small
scatter ofoy = 0.28 mag. This small scatter puts strong constraints on tiieity of the potential
in the plane of the disk of the galaxies. Following the argataton of W_(1992),
we conclude that the ellipticities are likely to be betweed.0@6, which is in contrast to ellipticities
from recent theoretical simulations, which predict muchhieir elongations of the order of 0.1-0.3
(cf.Hayashi & Navarlo 2006). Our results confirm those ftamark & de Zeeuwl(1992), Franx etlal.
(1994), and_Trachternach ef al. (2008a), indicating thaeast 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 ofsaumple (Figd—4.10-4.20) and channel
maps for the galaxies from the rotation curve sub-samplgs(E.2IEZ.726).

The summary panels consist of two rows with three panels, @achcontain the following maps:

Top row: Left panel:0" moment map with grayscales. Grayscales run from a columsitgesf
Nyi = 1-10'° cm™ (white) tony; = 2- 1071 cmi? (black). The 3 level is indicated by the black contour.
Middle panel: 13t moment map. The systemic velocity is indicated by the thmktour, the contours
are spaced by 10 km’s(unless mentioned otherwise). The approaching side caddrgified by
the light grayscales and black contours, and the recedifegtsi dark grayscales and white contours.
Right panel:2"d moment map. Grayscales run from 2 to 40 kfn4Jnless mentioned otherwise, the
contours levels are given at 5, 10, and 15 ki &or all moment maps, the beam size is indicated in
the bottom right corner. Additionally, if the center of thalgxy has been derived kinematically with
therROTCURanalysis, the resulting center is indicated in all momenpsray a cross.

Bottom row: Left panel: Major axis position-velocity diagram. The position angfele slice
is generally indicated in the top-left corner of the panalayacales run from&to 3Qr, and contour
levels are given at@+nx 4o (i.e., 2,6,10,14,18). The dashed line indicates the systemic velocity.
If a Vpy has been derived witkGAUPROF, the resulting velocities at either side of the rotatiorveur
are indicated by arrowsMiddle panel: Minor axis position-velocity diagram. Grayscales and con-
tours are identical to the major axis position-velocitygiam. Right panel:Global H profile of the
Hanning smoothed data cube.
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Chapter

Summary and Conclusions

5.1 Summary

The motivation for this thesis is to confront the resultgriroosmological cold dark matter simulations
with new observations. The thesis addresses the cusp/oakem, i.e., the differences between the
predicted and observed slopes of the density profiles in ¢éiéecs of (especially) dwarf galaxies.
While the density profiles from CDM simulations show steepti@ cusps, the observed density
profiles of dwarf galaxies show flat inner cores. What caubisdiscrepancy is still a matter of
debate. Recent attempts to explain why observations fdiétect cuspy density profiles often include
the effect of non-circular motions (e.g., Rhee et al. 2004yashi et all 2004a; Hayashi & Navarro
2006:Valenzuela et Al. 2007). As the dark matter halos frddMGimulations are tri-axial (e.g.,
IFrenk et al| 1988; Dubinski & Carlbétg 1991; Hayashi et aDP0 the elongation of the potential
can cause large deviations from circular rotation, whiclepading ta Hayashi & Navarro (2006) can
“hide a cusp in a core”.

The first part of this thesis deals with a sample of 19 galakie® “The H Nearby Galaxy
Survey” (THINGS, Walter et al. 2008; de Blok ef Al. 2008). lhaptel®, various center positions
are estimated for these galaxies, including photometnitere as well as kinematic centers. The
results discussed in Sectibn 2]6.1 show that for the largerityaof the galaxies in the sample, the
kinematic and photometric center estimates agree well. izations for genuine offsets between
photometric and kinematic centers are found. The secortp&@hapteR deals with the harmonic
decomposition of the velocity fields of the galaxies in thegke (following the formalism presented
in ISchoenmakers etldl. 1997 and Schoenmakers 1999). Theitydields are decomposed up to
the third harmonic order and the amplitudes of the non-tarcmotions in the THINGS galaxies
are quantified. The results presented in Sections]2.6.Z_&n8 €how that the absolute amplitudes
of the non-circular motions are smallest in the dwarf gaaxiespecially in their inner parts. Large
non-circular motions in the centers of the galaxies aregpa¢fy found in luminous and/or barred
galaxies, which might lead to speculations that the notut@r motions in these galaxies are caused
by baryonic features and not the DM halo. Within the samgie, dverage amplitude of the non-
circular motions isA, = 4.8+ 4.0 kms for the inner 1 kpc andy = 6.7+ 5.9 kms?® when averaged
over the entire radial range of the galaxies. However, ricoukar motions of the order of 20 km's
over a large fraction of the disk are needed in order to seffity blur a cuspy density profile so

that it will look cored (de Blok et al. 2003; Kuzio de Naray €t2008). The results presented in this
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thesis therefore clearly show that the amount of the nanlzr motions is too small to explain the
cusp/core problem by invoking non-circular motions.

Although the dwarf galaxies in the sample show the smallestaircular motions in absolute
terms, they also have the smallest rotation velocities. nidizing the non-circular motions in the
central regions of the galaxies by the local rotation véjotherefore enables one to quantify the
amount of non-circular motions relative to the circular io$. For the THINGS galaxies, the results
show that even though the non-circular motions in the dwandssmall, the non-circular motions are
— in relative terms — not necessarily much smaller than thioggmlaxies of higher luminosity. At
a radius of 1 kpc, Hayashi etlal. (2004a) propose non-circulations as high as 50 percent of the
local rotation velocity. The non-circular motions quasetifiin this thesis are generally far smaller.
Averaged over the sample, the median amplitude of the noodar motions in the inner 1 kpc is
8+ 3 percent of the local rotation velocity. Only three galaxieit of 18 show non-circular motions
which are larger than 20 percent of the local rotation v&jodiwo of these galaxies are barred, again
suggesting that large non-circular motions are associatétdbaryonic features. The subsample of
THINGS which is studied in this thesis contains four dwarfagees (NGC 2366, NGC 2976, IC
2574, and DDO 154); all of them showing a density profile whighnconsistent with an NFW
profile, but better approximated with a constant—densitg ¢see de Blok et &l. 2008; Oh etlal. 2008).
Only one dwarf galaxy, IC 2574, shows rather large non-tarcmotions of 26 percent of the local
rotation velocity in its inner 1 kpc. Howeveér, Oh et m&me shown that even after the removal
of the non-circular motions by means of creating a so-cabed velocity field, IC 2574 remains
inconsistent with a cuspy density profile. The non-circufations in the centers of the other three
dwarf galaxies in the sample are of the order of 10 percente@s) of the local rotation velocity.
This is far smaller than what Hayashi et al. (2004a) land_Hziv@dNavarro (2006) predict in order
to reconcile the differences in the density slopes by inwgkion-circular motions. The small non-
circular motions for these galaxies show that the mass raquekented ih_de Blok etlal. (2008) and

w& are not significantly affected by non-ciacuhotions, and that the density profiles of
these galaxies are likely to be truly cored.

The results of the harmonic decomposition can also be usedtimate the ellipticities of the
potential in the plane of the disk of the galaxies, apart feonunknown viewing angle,. The grav-
itational potential in the simulations bf Hayashi & Nava(@06) is elongated in the inner parts as
(epot) = 0.2+ 0.1. For the galaxies studied here, the average elongatidredjravitational potential
and its scatter, both statistically corrected for the umkmwiewing anglepy, is (epor) = 0.017+0.020.
This is significantly lower than the predictions from cosogital simulations. The individual elonga-
tion measurements show that the large majority of the gedaixi the sample have elongations which
are systematically below the CDM predictions. The elorayetiof all galaxies in the sample are con-
sistent with a round potential, although some galaxies klage enough uncertainties to make them
also (marginally) consistent with the lower end of the prestl range for CDM halos. Furthermore,
the results do not suggest that the elongations increasgdewthe centers of the galaxies. The work
presented in this thesis shows therefore no indication Bgmificant tri-axiality within the H disks
of the THINGS galaxies.

The results from Chaptél 2 are double-checked in Ch&pteh8ravemphasis is placed on non-
circular motions not quantified by the previous analysisgsTircludes non-circular motions of higher
harmonic order, as well as the detection efficiency of thdttoutine. The velocity fields of the
galaxies from the THINGS survey are decomposed using a fifith, and fifteenth order harmonic
decomposition and the results are compared with those fnerthird order decomposition presented
in Chaptef®2. The analysis presented in Sediioh 3.1 showshbagh increasing the maximum fit
order does result in somewhat larger non-circular motitims,amplitudes are still far too small to
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reconcile the different density profiles. Furthermore, itteased number of free parameters for a
high-order harmonic decomposition results in a decreasatber of galaxies suitable for this kind of
analysis. Focussing again on the dwarf galaxies, the iseregthe non-circular motions (with respect
to the local rotation velocity) is 3.4 percent on averagee mbn-circular motions in three out of the
four dwarfs in the sample are therefore of the order of 13gu@rof the local rotation velocity, and thus
still far smaller than what is predicted, e.g. by Hayashil=2{20044) or Hayashi & Navalro (2006). In
Sectior 3R, artificial velocity fields with a known amountrmin-circular motions have been created
and analyzed. The harmonic decomposition of the artificies \6hows that in 80 percent of the
galaxies, the amplitudes of the detected non-circular ansttiffer by less then ten percent from the
ones that have been inserted into the artificial VFs. Theafleetrecovery-rate (i.e., the ratio between
the detected and the inserted non-circular motions) is ®&epé on average. In absolute numbers,
the differences between the inserted and the detectedirauiac motions are below 1 kmfor all
galaxies in the sample, with an average of 0.2 kin$he analysis presented in Chagikr 3 therefore
shows thaRESWRIis able to quantify most non-circular motions within a vétpdield of a galaxy
and that the contribution of harmonic terms of high ordemsi. This implies that the velocity fields
of the galaxies studied in this thesis do not contain largewarnof unquantified non-circular motions
and that the conclusions from Chagdier 2 remain unchanged.

In the second part of this thesis (Chaikr 4), the baryonlty-Risher relation for a sample of
11 extremely low-mass dwarf galaxies is studied. Seveffédrdint estimates fo¥max the maxi-
mum rotation velocity are presented and discussed. Therdifft BTF relations generally show good
agreement. Furthermore, it is shown that the choice of tlastmass-to-light ratio has only little
effect on the baryonic (gas + stars) mass of these extremd dalaxies. By combining the highest-
quality galaxies from sample presented in Seclioh 4.2 (thealed “rotation-curve sub-sample”)
with high-quality data from_McGaufh (2005), a BTF relatiggasning four orders of magnitude in
baryonic mass with rotation velocities of 25 ki 3< Vinax < 300 kms? is constructed. The dwarf
galaxies from the sample presented in this chapter fall siregactly onto the BTF relation as con-
structed using the high-mass galaxies from the samplle_ofavigh (2005). This indicates that the
BTF relation is a fundamental and extremely tight relatidmcl all rotationally supported galaxies
seem to follow. The scatter of the (baryonic) Tully-Fishelation can be used to constrain the el-
lipticities of the gravitational potential in the plane dfetdisk. As the halos of CDM simulations

are supposed to be tri-axial (e.g.._Frenk et al. 1988; Dub®aarlberd| 19911 | Hayashi et El. 2007;
\Capuzzo-Dolcetta et dl. 2007), the mixture of viewing asgiéll cause some scatter in the (B)-TF
relation.. Franx & de Zeeuw (1992) analyzed the Tully-Fisiedation for a sample consisting mostly
of high-mass galaxies. They conclude that if all the scattére TF relation (0.46 mag in their analy-
sis) is due to a mixture of viewing angles, the elongatiorhefiotential is confined to be smaller than
0.1. However, as it is highly unlikely that there is no othearse of scatter, they assume that half of
the scatter in the TF relation is due to different viewinglaagwhich then constrains the ellipticity of
the gravitational potential to be between 0 and 0.06. Whiteanalysis of Franx & de Zeeli 92)
was restricted to high-mass galaxies, the data presentgtapteil¥¥ covers many different galaxies
ranging from dwarf galaxies to high-mass spirals. The haicydully-Fisher relation presented in
SectiolTZ.55 has a scatter of 0.28 mag, which indicatesetreat with the inclusion of the extreme
dwarf galaxies, the ellipticities of the DM halos are likddgtween 0-0.06, but certainly below 0.1.
These limits are consistent with what has been found in @nBhtbut 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 camtith and improved in several ways.
Firstly, the low-mass end of the BTF relation (presentechis thesis) is relatively sparsely popu-
lated, future work could focus on increasing the sample.eMmportantly, however, is to reduce the
scatter due to observational/instrumental reasons, lBygptaining H data of high sensitivity and
spatial resolution. For instance, a number of these dwdaidkges could be observed in the same way
as the galaxies from the THINGS survey have been obsened iLA BCD-arrays). This would
result in better resolved velocity fields and thus allow aeraetailed modelling of the rotation curves
of these galaxies. As an increased spatial resolution wadgdlt in better-constrained kinematic in-
clinations, the scatter which is due to inclination undetias would decrease. Work in this direction
is done by Hunter et all (2007) with the so-called “LITTLE T#BS” survey. The largest source of
scatter in the BTF relation, however, is the galaxies’ dista Obtaining independent distance es-
timates would therefore produce a much cleaner BTF relatidtogether, it would be desirable to
minimize the part of the scatter which is due to observatianaertainties, as this would significantly
improve the assessment of the elongation of the gravitaltiootential.

Non-circular motions in cold dark matter halos

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

The H data analyzed in Chaptelid 2 didd 3 are of the highest datayquaalrently available.
Nevertheless, a higher resolution would allow to study tbe-circular motions in the central parts
of the galaxies in an even greater detail. It is currentlynpéd to observe some of the THINGS
galaxies with the A-array of the VLA. Combining these datts s&ith the existing sets of the BCD-
array would lead to far smaller beam sizes and thus an imgrepatial resolution. It has been
already mentioned several times that the cusp/core prolsienost apparent for dwarf galaxies. As
the sample studied here contains only four dwarfs, inangeatbieir number would put the results on a
firmer statistical footing. Work to increase the sample igently undertaken by observing galaxies
from the southern hemisphere with the Australia Telescapagact Array (ATCA). Once this survey
(called THINGS-South) is fully observed and reduced, thertosmic decomposition can be extended
to more dwarf galaxies. Furthermore, with the advent of a generation of radio telescopes like
the Square Kilometre Array (SKA), it will be possible to obse galaxies at much larger distances,
which also allows to study evolutionary effects.

As a second point, one could think of refining the analysiswds shown in Chaptdi 3, that
RESWRIIis capable of detecting almost all non-circular motiongitexd into avelocity field However,

a velocity field is already processed data, where each @xglen a “representative” velocity. The
best way to test for the detection efficiencyrEswRIwould therefore consist of modelling a data
cube with a certain (known) amount of non-circular motioogate a velocity field from the data
cube and analyze this. It is also imaginable to work directiythe data cubes, e.g., with the program
TiRIFiC (Tilted-Ring-Fitting Code, Jézsa etlal. 2007). Tigh this program has great potential, more
work on the speed and stability of the fitting routine shoudldve whether it is also applicable to high
resolution data cubes as those from the THINGS survey.

Although modifications of the analysis are possible, andrawgments on the size of the sample
and the data quality are always appreciated, the main fottleeduture work lies with the CDM
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simulations. The work presented in this thesis clearly shibvt the non-circular motions are not large
enough to “hide a cusp in a core”. Therefore, the cored depsiffiles found, e.g., bmal.

(2008) and_Oh et all (2008) are most likely truly cored. Thiplies that there is a strong need for a
modification of CDM simulations.
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