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ABSTRACT

This is the second of a series of papers in which the kinematics of disk galaxies is studied by analysing spectroscopic data. Making
use of the methods presented in Paper I, this work focuses on the large-scale distribution of disk and Dark Matter halo material by
analysing the structure of warped galaxies. HI observations of three disk galaxies showing regular large-scale (“‘grand-design’) warps
are presented and their structure is analysed. The kinematics and geometry of the galaxies are modelled by fitting a tilted-ring model
directly to the data cube, thereby avoiding problems due to orbit crowding or beam smearing.

The galaxies follow the previously known “rules for the behaviour of warps”. Furthermore, at large radii the H1 disk settles into a
relatively coplanar disk that is inclined with respect to the inner one. With increasing radius, the measured rotation velocity shows a
rise. In one of the cases, NGC 5204, the rotation curve shows a jump at the transition radius. While the best fits in the other two cases
also suggest that such a jump is present, the change in rotation velocity is compatible with a gradual rise. In two cases, the surface
density of the warped H I layer shows a clear drop at the transition radius and decreases only very slowly further out, while this feature
is not as clear for UGC 3580. A literature search shows that these properties are shared by a number of other galaxies. In all cases, an
additional, slowly rotating gas layer is found to be present.

The change in the rotation velocity and the remarkable geometry of the disks together indicate that the radius at which the warp starts
marks the transition between two dynamical regimes, an inner one governed by the stellar disk and an outer one determined by the

Dark Matter halo.
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1. Introduction

Warps in the disks of spiral galaxies are ubiquitous. If traced
sufficiently well beyond the optical radius, independent of the
environment, galaxy disks bend away from the plane defined by
the inner portion of the disk (Garcia-Ruiz et al. 2002).

Today, warps are particularly interesting in the context of
cosmology on galaxy scales. Usually they are interpreted as the
result of an external torque exerted on the disk (e.g. by a mis-
aligned and flattened outer halo as is often seen in cosmologi-
cal simulations, Sharma & Steinmetz 2005, see below), possibly
being the visible part of “excitations of the oscillation modes of
quasi-equilibrium halos” (Gao & White 2006). Once fully un-
derstood, determination of their properties can serve to put con-
straints on the large-scale structure and evolution of galaxies and
their Dark Matter (DM) halos, and hence on galaxy formation
scenarios. This second paper in a series presents a detailed anal-
ysis of the large-scale morphological and kinematical structure
of prototype warped galaxies. While the literature does not pro-
vide a uniform picture, most recent studies (Garcia-Ruiz et al.
2002; Sanchez-Saavedra et al. 2003) indicate that warp shapes
are dominated by the (anti-) symmetric S-shaped “grand-design”
warp, the projection of the galaxy resembling an S or an integral
sign.

* Table 6 and Figs. 5 to 13 are only available in elctronic form at
http://www.aanda.org

http://www.aanda.org

A few rules for the behaviour of such (antisymmetric) warps
exist although they are not strictly followed by all galaxies, the
rules were proposed by Briggs (1990). Of these the most im-
portant ones are: i) Galactic (HI-)disks are planar within Rjs.
The kinematical minor axis is straight inside a transition radius
Ry =~ Ryo. (Rule 1 in Briggs 1990.) This implies that, if the
inner galactic disk is precessing, the disk keeps the same pre-
cession frequency inside Ry, where a warp is already occurring.
ii) Warps change character at Ry, (Rule 2 in Briggs 1990). iii)
For radii larger than Ry, (*Ry;), the kinematical minor axis pro-
gresses in the direction of the galactic rotation (Rule 3 in Briggs
1990), implying the onset of a characteristic differential preces-
sion pattern at radii 2Ry;). iv) A unique reference frame exists in
which the kinematical minor axis exhibits two straight regimes,
one inside Ry and one beyond Ry (Rule 4 in Briggs 1990.
One thus finds an outer regime, in which co-precession is also
present, cf. Revaz & Pfenniger 2001). v) Warps are common and
occur in all environments (Rogstad et al. 1974; Bosma 1978).
The environment plays a role insofar as the amplitude of warps is
higher (Reshetnikov & Combes 1998; Schwarzkopf & Dettmar
2001; Sédnchez-Saavedra et al. 2003) and warps are more asym-
metric in dense environments (Garcia-Ruiz et al. 2002). vi) No
warp exists that shows clear differences of amplitude in the stel-
lar and the gaseous component (Cox et al. 1996, but see also
Florido et al. 1991). While the rules 1), ii), iii), v), vi) are com-
monly accepted, iv) is a controversial point that has been put
down to projection effects (Briggs & Kamphuis 1991).

http://dx.doi.org/10.1051/0004-6361:20066165
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Recent studies of Sanchez-Salcedo (2004, 2006) indicate
that the intergalactic medium in the form of magnetic fields
(Battaner et al. 1990b,a; Battaner & Jimenez-Vicente 1998) or
intergalactic gas (Kahn & Woltjer 1959; Lépez-Corredoira et al.
2002) can be ruled out as an interaction partner that enables warp
formation. The possibility of the growth of self-inflicted bend-
ing instabilities is discussed by Revaz & Pfenniger (2004). Such
models have the drawback that their warp amplitude is too small
to explain the numerous isolated galaxies with large symmetric
warps and that they partly violate rule iii).

Tidal interactions with small companion galaxies as a pos-
sible origin of warps are an attractive proposal. More and more
small stellar systems in the environment of seemingly isolated
warped galaxies are detected due to the improvement in instru-
mental sensitivity (e.g. Shang et al. 1998). In denser environ-
ments more interaction partners are present, hence that warps are
stronger in denser environments has a natural explanation. Warp
excitation by tidal interaction has been examined in a number of
studies (Burke 1957; Kerr 1957; Elwert & Hablick 1965; Avner
& King 1967; Weinberg 1998; Brada & Milgrom 2000; Bailin
2003), but only recently could it be shown that the shape and the
amplitude of the rather irregular Milky Way warp can be quali-
tatively reproduced in a simulation of tidal interaction with the
Large Magellanic Cloud (Weinberg & Blitz 2006). In the same
study it was shown that beneath the “grand-design” m = 1 verti-
cal distortion, other modes are excited so that a warp generated
by tidal interaction will in general have an asymmetric appear-
ance. While certainly explaining the fact that warps are more
asymmetric in denser environments, the high frequency of regu-
lar grand-design warps cannot be explained by a tidal interaction
scenario alone.

Bending modes in the presence or without the presence of
a stiff DM halo in order to ensure a long-lived warping of the
disk have been studied extensively (Lynden-Bell 1965; Hunter
& Toomre 1969; Binney 1978; Tubbs & Sanders 1979; Dekel
& Shlosman 1983; Toomre 1983; Sparke 1984, 1985; Sparke
& Casertano 1988; Kuijken 1991). All these models fail to re-
produce rule iii). Proposals that warps could be temporary fea-
tures that reflect the settling into a bending mode or a modified-
tilt mode (Hofner & Sparke 1994; see also Christodoulou &
Tohline 1986) could be excluded when the halo was not longer
regarded as a stiff entity but as a live (reactive) system (Nelson &
Tremaine 1995; Dubinski & Kuijken 1995; Binney et al. 1998)
that quickly aligns with the disk in the region of the disk. It is
nevertheless an issue of discussion whether for a realistic setup
bending modes of a coupled disk-halo system might exist, a
point stressed by Binney et al. (1998). They observe that, while
in their simulations the warp winds up rapidly, the “warping en-
ergy” is still preserved. For the right setup of an initial model,
a simulation could possibly converge to a steady-state “mode”,
involving disk and (flattened) DM halo.

Being aware of the problems with bending modes in the pres-
ence of a (static) DM halo, Ostriker & Binney (1989) and Binney
(1992) demonstrate that secondary cosmic infall on the halo,
reorientating it steadily, might be responsible for warp forma-
tion. Various simplified computer simulations in which cosmic
infall was taken into account have been performed. Debattista
& Sellwood (1999) find a surprisingly realistic warp by simu-
lating the evolution of a initially flat disk in a DM halo with in-
clined spin axis, successfully reproducing Briggs’ (1990) rules.
Following up an earlier experiment by Jiang & Binney (1999),
Shen & Sellwood (2006) used an improved setup to simulate
the evolution of a disk-halo system into which halo material
was injected into an inclined torus. The torus was set up to be
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non-reactive, thereby acting as an external agent. They were able
to produce a transient, but quite long-lived warp fulfilling the
three accepted rules i)-iii). They made a testable prediction: at a
large radius the sign of differential precession (iii) would be re-
versed, with the “twist radius” depending on the position and the
mass of the torus. After removal of the torus, the produced warp
dampens extremely slowly by an (rather ineffective) exchange of
angular momentum between the misaligned inner and outer por-
tions of the flattened DM halo. Such long-lived misalignment
between inner and outer portions of DM halos has been found
to evolve in a cosmological concordance scenario (Bailin et al.
2005) and is indeed reminiscent of a steady-state bending struc-
ture of the disk-inner halo system and an outer flattened halo,
a bending mode including disk and an intrinsically misaligned
halo.

In this paper we present the study of the kinematical warp
structure of three galaxies, selected to show the prototype of
symmetric grand-design warps of intermediate up to large am-
plitudes. The goal of this study is to scrutinise the rules formu-
lated by Briggs (1990), to check their validity, and furthermore
to possibly constrain the general structure of grand-design warps
further, making use of the higher sensitivity provided by today’s
telescopes and improved analysis methods.

The paper is laid out as follows: In Sect. 2 the selection
and global properties of the observed galaxies are described.
Section 3 presents details of the HI synthesis observations con-
ducted with the Westerbork Synthesis Radio Telescope and the
data reduction. In Sect. 4 the data analysis by means of a new
technique to perform a tilted-ring modelling is described, the re-
sults of which are shown in Sect. 6, and Sect. 5 briefly describes
the distance estimation using the fitting results. In Sect. 7 the fit-
ting results are critically reviewed and the influence of violating
systematic effects is taken into account. Section 8 contains a dis-
cussion of the final results in view of possible mechanisms that
drive warping. Supplementary figures and tables not essential for
a reading of this paper are placed in the online publication, and
more details on data reduction and analysis can be found in J6zsa
(2006).

2. The galaxies studied

The selection of suitable candidates was dominated by the desire
to choose prototype grand-design warps that do not show direct
signs of tidal interaction or other peculiarities in their HI struc-
ture. The galaxies were selected to be classified as non-barred in
the RC3 (de Vaucouleurs et al. 1991) and not to be members of
a galaxy cluster. In order to be able to get an impression whether
a galaxy would serve for the intended purpose, the WHISP
(van der Hulst et al. 2001) database, which provides HT total
intensity maps and, equally important, velocity maps of a large
sample of galaxies, was consulted in order to select the spiral
galaxies NGC 2541, UGC 3580, and NGC 5204 as suitable ob-
jects.

NGC 2541 is a well-known smaller late-type spiral galaxy
in the NGC 2841 galaxy group, which contains 7 larger spi-
ral galaxies in total. While listed in the RC3 as a non-barred
galaxy, it is classified as showing a bar in the PGC (Paturel
1989). Chapelon et al. (1999) and Cabrera-Lavers & Garzon
(2004) show in their photometric analyses that this galaxy has a
central isophotal twist that they interprete as a bar with a diame-
ter of ~38”. Analysing photometric observations, Coccato et al.
(2004) do not confirm the presence of a bar, but find a strong
velocity gradient along the minor axis of the galaxy in their
long-slit data. Using Fabry-Pérot spectroscopy, Garrido et al.
(2004) found a characteristic kinematical feature at the end of the
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assumed bar, the extent of which they estimate to be 30" in pro-
jection. Either NGC 2541 possesses a small bar or an inclined
inner disk at the innermost radii. It is a convenient coincidence
that NGC 2541 is part of the HST key project to measure the
Hubble constant, and it has been used as a Tully-Fisher calibra-
tor. Its distance has been measured with great accuracy using
the Cepheid period-luminosity relation (Ferrarese et al. 1998;
Freedman et al. 2001).

UGC 3580 is an early-type spiral of similar size as
NGC 2541. This galaxy is poorly studied and has no obvious
companions. While the RC3 (de Vaucouleurs et al. 1991) classi-
fies this galaxy as being unbarred, in the PGC (Paturel 1989) it
is classified as containing a central bar.

NGC 5204 is a rather small galaxy of Magellanic type. It
entered this study because of it’s extraordinary large and sym-
metric warp. The galaxy is supposed to lie at the border of the
M101 group (Karachentsev et al. 1994, 2003) but has no obvi-
ous companions or interaction partners. The distance of 4.6 Mpc,
determined by Karachentsev et al. (2003) (compare to 4.95 Mpc
found by Swaters & Balcells 2002), is rather low for a member
of the M101 group (see also Table 1). Because of its symmetry, it
entered several kinematical and dynamical studies (Sicotte et al.
1996; Sicotte & Carignan 1997; Swaters et al. 2000; Swaters
2001; Swaters et al. 2003).

Basic properties of the galaxies, derived in this work or taken
from literature, are listed in Table 1.

3. H 1 observations and data reduction

The galaxies were observed in the HI emission line in-between
December 2002 and May 2003 with the upgraded WSRT:
NGC 2541 and UGC 3580 for 1 x 12 h, NGC 5204 for 2 x 12 h.
Details of the observations are listed in Table 2.

The data underwent a standard data reduction with the
Miriad software package (Sault et al. 1995). After the initial cal-
ibration, editing, and second-order continuum subtraction, a self
calibration of the subtracted continuum data was performed to
correct the small phase- and — if necessary — amplitude errors
of the broad-band gain. A second continuum removal was per-
formed by subtracting the inversion of the obtained continuum
model from the visibilities and subsequent fitting of the contin-
uum residuals to first or (if necessary) second order. After in-
version of the line data using various weighting schemes (see
Table 2), the data were CLEANed iteratively determining more
and more accurate CLEAN regions and lower cutoff parameters.
The iteration was stopped at a cutoff of one third to half of the
rms noise in the channel maps. For the subsequent analysis, two
data cubes were used per galaxy, a high-resolution data cube (see
Fig. 6 in the online version of this paper) using uniform weight-
ing at full resolution, and a low-resolution data cube (Fig. 5 in
the online version), decreasing the velocity resolution by a factor
of two and using only baselines with a size of maximal 6.5 kAy;
(dg: = 21.1cm) and a robust weighting of 0.4. Total intensity
maps and first-moment maps were generated by first masking the
cubes with the finally applied clean masks. Also in the follow-
ing analysis it was refrained from generating velocity fields more
suitable to representing the mid-plane kinematics of the galaxies
like Gaussian or Gaussian Hermite velocity fields (introducing
more parameters to characterise spectra), since the the velocity
fields were mainly used to check the quality of the tilted-ring
models as derived directly from the data cubes (Sect. 4) them-
selves. As the tilted-ring model was fitted to global spectra, a
velocity field better representing the global aspects of the single
spectra with one parameter was preferred. The resulting maps
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are shown in Fig. 2 and in Fig. 7 and 8 in the online version of
this paper.

For the calculation of the total HI flux in Table 1, a primary
beam correction was applied, while for the later work uncor-
rected maps were used in order to keep the noise distributed uni-
formly over the channel maps. A more detailed description of
the data reduction can be found in Jézsa (2006).

4. Tilted-ring modelling

The HT kinematics of the observed galaxies were parametrised
by means of the tilted-ring model (Rogstad et al. 1974) employ-
ing the newly developed software “TiRiFiC” (see J6zsa et al.
2007a, hereafter Paper I). TiRiFiC automatically fits synthetic
observations of a galaxy parametrised in terms of the tilted-ring
model directly to the data cube optimising the model parameters
via y? minimisation. This approach significantly mitigates the
problems due to beam smearing and avoids problems due to am-
biguities caused by the line-of-sight intersecting the disk twice
or more, which might occur when analysing velocity fields, es-
pecially in the case of warped galaxies.

In order to optimise the parameters, the golden-section ap-
proach described in Paper I was applied. Initial guesses for the
parametrisation of the galaxies were taken from the literature
(Sicotte & Carignan 1997) or estimated from velocity fields. As
discussed in Paper I, a few iterations on the initial values for
TiRiFiC were necessary to obtain stable results for all param-
eters. This approach is necessary, because for (only) a few pa-
rameters the y* minimisation algorithm lacks efficiency in terms
of scanning the parameter space. In Paper I it is shown that this
technique of stirring up the parameters in order to enable the re-
peated search for the y*> minimum in slightly different regions in
parameter space quickly leads to the best fit.

For each galaxy, the low-resolution cube was analysed first,
varying the number of point sources between 1.7 x 10° and
4.0 x 10°. The centre of the galaxy, the global velocity disper-
sion, and the scaleheight were kept as free parameters but were
not allowed to vary independently from ring to ring (in case of
the velocity dispersion, the user has no other choice). The sym-
metry of the galaxies allowed for this restriction (see Sect. 7).
For each ring, the surface brightness, the orientational parame-
ters, and the rotation velocity were varied independently. For the
estimation of the errors, a traditional, crude method was applied
by comparing individual fits to the approaching and the receding
side of the galaxies, and. if necessary, by visual inspection of the
data cubes varying individual parameters. The errors of the cen-
tral position and the systemic velocity of the galaxy had to be
estimated without a cross check, but these global values proved
to be very robust from fit to fit and changes were well inside the
observational beam and the velocity resolution, respectively, less
than 4” or 1 kms~!. The errors that may safely be adopted here
can be estimated to be less than 12" for the position of the kine-
matical centre and less than 2 km s~ for the systemic velocity.

In all cases, the models (triangles in Fig. 1, red in online ver-
sion) showed a central tilt of the disk in the innermost few tens
of arcseconds. Whether this is a real feature cannot be decided.
Alternatively, TiRiFiC could fail for these inner few rings due to
the small number of independent data points (a statistical error,
see also Paper I) or due to non-circular motions that are confused
for a change in the orientational parameters (a systematic error).
Therefore, for each galaxy, another model was fit assuming a flat
disk in the the inner part of the galaxy. The disk was forced to
retain equal but variable orientational parameters inside a radius,
outside of which the outer warp starts, i.e. well inside the radius
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Table 1. Basic properties of the examined galaxies. (1) de Vaucouleurs et al. (1991); (2) Freedman et al. (2001); (3) This work; (4) NED; (5)

LEDA (Paturel et al. 2003).

Descr. Par. NGC 2541 UGC 3580 NGC 5204  Ref.
Classification of galaxy Type SA(s)cd SA(s)a SA(s)m (@8]
Right Ascension (J2000) (NED) RA 08"14™m40%07  06"55™30586  13M29™36551 “)
Declination (J2000) (NED) Dec +49°03'4172  +69°33'4770  +58°25'07"4 ()]
Optical heliocentric systemic velocity (kms™') Viys 559.5 + 2.0 1200.1 = 2.0 200.8 + 2.0 3
Distance of object (Mpc) D 11.2 + 0.8 15.1 + 3.5 4110 (23
Scale between distance on sky and true distance (" pc™!). sc 544 + 39 73 £ 17 20.0 + 4.8 3)
Apparent B-band magnitude (mag). mg 12.36 £ 0.34  13.87 £ 0.35 11.71 = 0.12 5)
Apparent /-band magnitude (mag). my 10.86 + 0.06 11.55 + 0.08 9.79 £ 0.10 (5)
Extinction-corrected apparent B-band magnitude (mag). mg, 11.60 + 0.34 1334 £ 0.35 11.30 = 0.12 “)
Extinction-corrected apparent /-band magnitude (mag). my 10.57 + 0.07 11.25 = 0.09 9.71 + 0.10 3)
Absolute B-band magnitude (mag). My -18.6 £ 04 -17.6 £ 0.6 -16.8 £ 0.5 3)
Absolute /-band magnitude (mag). M, -197+02 -196 £05 -184 + 0.5 3)
B-band luminosity (10° Ly). Ly 45 + 1.6 1.64 + 0.92 0.81 + 0.39 3)
I-band luminosity (10° Ly). L; 3.20 £ 0.50 3115 0.96 = 0.46 3)
Total HT flux (Jykms™"). Fu, 142 + 15 41.6 £ 4.2 135 + 14 3)
H1 mass (10° My). My, 423 + 0.74 22+ 1.1 0.54 + 0.27 3)
B-band optical radius (”). 25 173 = 61 97 + 28 140 = 10 (®)]
H1 radius (). TH1 420 + 30 240 + 30 240 + 30 3)
Terminal radius (). T 590 + 30 375 = 30 420 + 30 3)
B-band optical radius (kpc). R>s 9.39 + 0.67 7.1 + 1.7 2.82 + 0.66 %)
H I radius (kpc). Ry 229 + 1.7 17.6 + 4.1 48 + 1.2 3)
Terminal radius (kpc). R, 321 £23 275 £ 64 84 £20 3)
Rotation velocity at terminal radius (kms™!). Vi 127 = 25 121 + 17 105 + 25 3)
Rotation period at terminal radius (Gyr). t 1.55 £ 0.04 1.39 + 0.04 0.49 + 0.03 3)
Dynamical mass (10° M). My, >121 = 49 > 94 + 34 >22 + 12 3)
Ratio of HI mass and B-band luminosity (M Lgl). AZ‘;‘ 09 +0.2 1.4 + 0.23 0.7 + 0.07 3)
Ratio of H1 mass and /-band luminosity (M, L(;l). MLI'I“ 1.3 £02 0.7 = 0.08 0.6 = 0.06 3)
Ratio of dynamical mass and HT mass. 1}\\44‘2’:‘ >29 + 4 >42 + 12 >40 + 11 3)
Ratio of dynamical mass and B-band luminosity (Mo Lg"). MLdé" >27 £ 12 >57 + 23 >27 + 15 3)
Ratio of dynamical mass and /-band luminosity (Mg Lg}). ley" >38 + 16 >30 £ 12 >23 + 13 3)
Table 2. Summary of observations and data reduction.
Name of galaxy NGC 2541 UGC 3580 NGC 5204
Total on-source integration time (h) 1x12 1 x12 2x12
Observation dates 4-5/01/03 1-2/01/03 24-27/04/03
Type of data cube (resolution) high low high low high low
Applied weighting scheme uniform  robust 0.4 uniform robust 0.4 uniform robust 0.4
Pixel size () dx 4 7 4 7 4 7
Channel width (kms™") dv 2.06 4.12 2.06 4.12 2.06 4.12
HPBW along the beam major axis (") HPBW 14.4 30.0 12.2 25.4 12.67 24.81
HPBW along the beam minor axis (") HPBW nin 12.0 25.2 11.4 27.1 11.4 21.51
Beam position angle (°) PApeam 3.1 4.4 -9.2 -11.5 -14 -19.6
rms noise (mJy/beam) in the cubes O rms 0.81 0.45 0.84 0.49 0.59 0.39
rms noise (Av = 2 - dv) (10" atoms cm™?) o 2.14 0.54 2.74 0.65 1.86 0.65
rms noise (Av = 2 - dv) (M pc™2) o 0.172 0.043 0.219 0.052 0.149 0.053
Max. rms noise, total intensity (Jy/beamkms™') O tms, tot 0.022 0.018 0.022 0.020 0.014 0.0135
Max. rms noise, total intensity (10" atoms cm~2) N ot 14.4 2.56 17.3 3.17 10.8 2.78
Max. rms noise, total intensity (Mo pc=2) T ot 1.15 0.205 1.39 0.254 0.864 0.223

where the orientational parameters begin to change substantially.
Then, visually comparing the original data cubes with the arti-
ficial data cubes stemming from the models with an inner flat
disk and with a radius-dependent orientation of the inner disk,
it was decided whether to accept a model with an inclined inner
disk. Except for the case of NGC 2541, the data were found to
be consistent with an inner flat disk, while for NGC 2541 the
spectra were slightly better represented allowing for a change of
the inner disk orientation.

In the region of the flat inner disk, the finally adopted er-
ror bars of the orientational parameters for UGC 3580 and

NGC 5204 are the difference between the original fit results
without enforcing a flat inner disk and the best-fit results with
enforcement of a flat inner disk. For NGC 2541 the previously
determined error bars were adopted. For the outer disks of all
galaxies, the error bars from the first fits were taken over.

In order to refine the spatial resolution of the rotation curve
and the surface brightness profile, the high-resolution data cubes
were used. Up to a maximal radius, the spacing of the ring radii
was refined and the ring parameters and their error bars were
determined via linear interpolation. The number of point sources
was increased to a value between 5.0 x 10° and 1.4 x 107 in order
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Fig. 1. Tilted-ring parametrisations of the galaxies (the figure is contin-
ued on subsequent pages). SD: surface density. VROT: rotation velocity.
INCL: inclination. PA: position angle. R: radius. Dots and connecting
lines (black in online version): finally adopted best-fit model. Triangles
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optical radius r,s. NGC 2541.

to then fit the rotation curve, the surface brightness profile, the
global scaleheight, and the global velocity dispersion only in the
selected region. For the final result, represented by the black
dots in Fig. 1, the error bars in the surface brightness profile and
the rotation velocity were again derived by fitting to the receding
and approaching halves of the galaxy.

Several ways to check the quality of the finally resulting fits
are possible and have been exhausted, as shown in detail in J6zsa
(2006). Figure 2 shows overlays of corresponding moment maps
of the original data and the synthetic ones. As with TiRiFiC one
fits to the unmasked data cube, it is possible to extend the model
beyond the derived moment maps. Inside the radius where the to-
tal intensity and first moment maps were derived, a good agree-
ment between data and model is found. For larger radii, PV dia-
grams (see Fig. 3) or the data cubes could be compared directly
(see Fig. 5 in the online version of this paper). Table 3 shows
the final adopted global parameters of the models. In all fits, the
scaleheight with an assumed sech?-law and the dispersion were
kept as free parameters. A rough estimate of the uncertainties of
these quantities may be derived from the differences in the low-
resolution fits and the high-resolution fits. The resulting values
for both parameters lie in an acceptable range. As both values
were fitted as global parameters they are not very meaningful
in terms of a physical interpretation. It is, however, remarkable
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(see Table 1).

that the velocity dispersion found for the high-resolution data
is systematically higher than found for the low-resolution data
and that the scaleheight is systematically lower. A simple expla-
nation lies in the weighting scheme applied to make both data
cubes. For the high-resolution data, the detected HT is more con-
fined to the disk as the fitted scaleheight is lower. This indicates
that in the low-resolution data cubes, a smoother component is
detectable that is not as confined to the disk.

Remarkably, a close look at the PV diagrams (Fig. 3) shows
that, at the lowest contour levels, all target galaxies possess an
excess in the width of the velocity profiles in the central regions.
This is most evident for NGC 5204, but also visible in the case of
NGC 2541 and UGC 3580, as a comparison with the model data
cubes and PV diagrams shows. A single-disk tilted-ring model
is not able to completely describe the gas distributions at the
faintest level. Such features have been detected and analysed in
other galaxies (e.g. Fraternali et al. 2004) and have been in-
terpreted as a gas component that belongs to a thickened disk
or a halo of neutral gas, which rotates at a lower rotation speed
than the central disk. Hence, it is not surprising that the scale
height resulting from the low-resolution fits is higher. This is be-
cause the halo gas, detected with a higher sensitivity in the low-
resolution cubes, partly alters the results of the fits with respect

to the scale height. However, since the effect is visible where the
emission of the galaxy is strongest, the single component tilted-
ring models for the central disk presented here are not likely to
be strongly affected by the presence of this excess component.
The issue of the anomalous gas components present in all of the
three sample galaxies is followed up (see J6zsa et al. 2007b) and
results will be reported elsewhere.

At the same time the fitted velocity dispersion is higher for
the high-resolution data cubes. This can be explained by the
fact that the fitted velocity dispersion is determined primarily
by local deviations in the disk from the assumed symmetry. It
fits into this picture that NGC 2541, which is the galaxy with
the most pronounced spiral arms in the small sample, shows the
most obvious deviations in the velocity dispersion comparing
high-and low-resolution fits and, at the same time, the largest
uncertainties in the parametrisation of the radially dependent
parameters. Table 6 in the online version of this paper lists the
radially dependent best-fit parameters shown in Fig. 1.

5. Distance estimation and global parameters

In order to estimate some of the global parameters shown in
Table 1, a distance to the galaxies has to be assumed. In the
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levels, respectively (see Table 1).

case of NGC 2541, the Cepheid distance given in Freedman
et al. (2001) was adopted. For the two remaining galaxies, hav-
ing H1 data available, together with /-band magnitudes from the
literature, the Tully-Fisher relation as described in Sakai et al.
(2000) was applied (for details see Jézsa 2006). For the nec-
essary estimation of the HI linewidth, the derived models were
used. A comparison for NGC 2541 of the Tully-Fisher distance
of (11.6+2.6) Mpc with the cepheid distance of (11.22+0.8) Mpc
as derived by Freedman et al. (2001) shows that this method
works well. In order to estimate a lower limit to the dynami-
cal masses of the galaxies, the terminal radius R; (in physical
units) was determined as the second-largest radius in the best-fit
models and the dynamical mass

l ey

inside that radius was calculated with the best-fit rotation veloc-
ity V, at that radius and the gravitational constant G.

The scales for the luminosities were defined by M3 = 5148
in the B-band and M) = 4708 in the /-band (cf. Binney &
Merrifield 1998).

6. Global features in the tilted-ring models

The finally adopted tilted-ring models (Fig. 1) can be visualised
in different ways, as shown in Fig. 4 (see also Figs. 9 and 10 in

the online version). Up to a certain radius, basically all rules for
the behaviour of warps formulated by Briggs (1990) (rules i-iv
in Sect. 1) are followed by the three galaxies within the given er-
ror bars. The disks stay flat out to approximately r,5 and start to
show the warp at somewhat larger radii. Panels a) and b) in Fig. 4
show the tip-LON plots introduced by Briggs (1990) in order to
develop his rules. They show the projection of the normal vector
of each ring onto a plane, the distance to the origin indicating
the so-called warp angle or tip angle, the azimuthal angle being
the so-called line-of-the-nodes (LON). Briggs’ first, second, and
third rules can be checked by inspecting tip-LON plots in which
the reference plane is chosen to be the central (flat) plane of the
galaxies as shown in Fig. 4b. Linear plots containing the errors
of the warp (tip-) angle and the LON are presented in the on-
line version of this paper (Fig. 10, see also Table 6). According
to the first rule, the line of the nodes should stay straight for a
few data points in the region of the commencement of the warps;
in other words, the tips of the normal vectors should lie on one
straight line that goes through the origin of the plots. While this
is barely visible in the case of UGC 3580, which has the warp
with the smallest amplitude in the sample, this feature is appar-
ent for NGC 2541 and NGC 5204. Beyond a certain radius 7y
according to Briggs’ rules, the LONs should form a leading spi-
ral. Optical images of the galaxies were inspected in order to
determine the sense of rotation from dust-lane features or from
the orientation of spiral arms, assumed to be trailing. In Fig. 4a)
the sense of rotation is indicated by an arrow. The plots (compare
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Fig. 3. a) PV diagrams along the kinematical major axis comparing the final best-fit models ( light grey contours, pink in online version) with the
original low-resolution data ( dark grey contours, blue in online version). The vertical line marks the systemic velocity, the boxes connected with
the lines denote the rotation curve corrected for the inclination. b) PV diagrams along the kinematical minor axis comparing the final models ( light
grey contours, pink in online version) with the original low-resolution data (dark grey contours, blue in online version). The ellipses in the lower
left corner indicate the major axis HPBW and the velocity resolution (FWHM). NGC 2541. Contour levels are 1,4, 16 mJy/beam. NGC 2541.

with Fig. 10 in the online version) show that within the errors,
rule iii) is followed up to a certain radius. For larger radii the
data points do not show a clear tendency toward a spirality, but
the LON stays comparably constant.

Also the question whether the “forgotten” fourth rule of
Briggs is obeyed by the sample galaxies can be answered.
His observation that a reference frame can be found in which
two straight lines of the nodes exist, one for the inner part
of the galaxy and one for the outer part, has been a matter
of discussion and has since been rejected by Briggs himself

(Briggs & Kamphuis 1991). However, this rule is reproducible
with the parametrisations derived here. Figure 4c shows the at-
tempts to find the reference plane in which this feature is most
visible.

Figure 4c shows “tiltograms” of the galaxy parametrisations,
i.e. images in which the inclination 6y of a (sub-)ring with a
(sub-)ring at a different radius is colour-coded (see also Fig. 11
in the online version of the paper). Light (yellow) areas in the
diagram show regions where the mutual inclination is low, and
dark (blue) areas show regions where the mutual inclination is
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high. These tiltograms are a representation of the orientational
parameters of the tilted-ring model that is independent of the
orientation of the galaxy with respect to the observer. The exis-
tence of two well-separated, roughly rectangular regions in the
diagrams within which the pixel values do not change much, in-
dicates that all three H1 disks show two separate regions within
which the orientational parameters do not change significantly
and that these two regions are misaligned with each other. The
same diagram for a galaxy with a disk that continuously changes
orientation towards larger radii would not show two rectan-
gular regions; it would rather exhibit one rectangular region
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representing a flat inner disk and a tail of lower values in the
vicinity of the diagonal. The galaxies seem to show outer and
an inner flat disks that are connected by a region in which the
disk orientation changes more or less rapidly. For a more quan-
titative approach, the best-fit parameters from the fit to the low-
resolution data cubes without enforcing an inner flat disk (Fig. 1,
see also Fig. 11 in the online version) were used to identify two
ranges of radii, an inner one and an outer one, within which
the orientational parameters stay comparably constant (listed in
Table 4). Then, the mean and the standard deviation of the in-

trinsic mutual inclination of the rings within these regions, é:?n



912 G. I. G. J6zsa: Kinematic modelling of disk galaxies. II.

Table 3. Global best-fit tilted-ring parameters for the examined galaxies.

Name of galaxy NGC 2541 UGC 3580 NGC 5204
Right Ascension (J2000), fitting results RAg 08"14™40383  06"55™3089  13"29™36:30
Declination (J2000), fitting results Decg; +49°03'3376  +69°33'4774  +58°25'10"8
Right Ascension (J2000) from NED RAxgp 0871440507  06"55™30586  13"29™36551
Declination (J2000) from NED Decngp  +49°03'4172  +69°33'4770 +58°25'0774
Heliocentric optical systemic velocity (km s7h Viys 559.5 1200.1 200.8
Type of data cube used for analysis, high-resolution or low-resolution high low  high low  high low
Dispersion (km s7h Vidisp,tot 13.4 11.4 9.6 9.4 9.4 9.7
Internal dispersion, instrumental dispersion subtracted (km s7h Vdisp,int 13.3 10.8 9.4 8.7 9.2 9.0
Global scaleheight (") 20 11.5 12.1 7.4 9.7 155 20.6
Global scaleheight (pc) 7 628 656 545 708 312 414

1c)

RADIUS (arcsec)

20
RADIUS (kpc)

Fig. 4. Various visualisations of the adopted tilted-ring models for the galaxies. a) and b) tip-LON plots, the filled circles are the projection of the
tip of the normal vectors of the rings at different radii onto a reference plane the innermost radius (0) denoted by a larger circle. The circles in
panels a) and b) are drawn at intervals of 10°. a) The reference plane is determined by the orientation of the fifth ring (see Fig. 1 and Table 6 in
the online version). The arrows indicate the sense of rotation. b) The reference plane is chosen such that two straight LONS are visible, resembling
the fourth rule of Briggs (1990). At larger radii the dots are clustered around the same position, indicating an outer planar disk. ¢) Tiltogram of
the galaxies. This is a pixel map showing the mutual inclination 8y of rings at different radii. Most clearly, this diagram shows the existence of
two planar disks, an inner one and an outer one (see also Fig. 11 for a comparison). Note that large errors are assigned to the last data points at the
largest radii (see Fig. 10 in the online version). NGC 2541. The first two data points in a) and b) are indicative of an inner tilt of the disk of this
galaxy or an erroneous fit due to non-circular motions in the innermost region of this galaxy.
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Fig. 4. continued. UGC 3580.

and 98;‘:, and the mean of the mutual inclination taking into ac- fitting to the low-resolution data cube without enforcing an in-
count only ring-pairs consisting of one ring from the inner disk ner flat disk were used. As shown in Table 4, the differences

and one ring of the outer disk 7" was determined (the corre- 65 — 6% are close to zero, while 65" — 9{3[ and G5 — 6% dif-

sponding regions in the tiltograms are marked in Fig. 11 in the  fer significantly from zero. The flatness of the outer disk &0 is
online version of this paper). In order to get a reference for an in- comparable to that of the inner disk éipl , while the change in the
trinsic scatter representative of a flat disk, the best-fit parameters ult
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Fig. 4. continued. NGC 5204.
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Table 4. Mean mutual inclinations of the galaxy disks, comparing different regions (see Sect. 6 and Fig. 11 in the online version).

Galaxy name NGC 2541 UGC 3580 NGC 5204
Range of inner disk (") 30-240 30-180 30-180
Range of inner disk (kpc) 300-590 240-375 240-420
Range of outer disk (") 1.6—-13.1 2.2-13.2 0.6-3.6
Range of outer disk (kpc) 16.3-32.1  17.6-27.5 4.8-8.4
Intrinsic mean mutual inclination of inner disk @:ﬁ[( %) 34+2.6 46+4.0 75+59
Intrinsic mean mutual inclination of outer disk 931“[‘( ) 5.8+49 29+29 6.2+29
Mean mutual inclination of inner and outer disk Ot () 17.6 4.4 13.9+25 41.1+£57
o =6, () 143 +5.1 93+47 337+82
Qu"}‘[“ =65 () 11.8 £ 6.5 109+3.8 349+64
0 — 6 (°) 2455 1.7+49 1.3+6.6

orientation g
G or O,

The most figurative visualisation of this feature is given by a
three-dimensional model of the galaxies shown in Fig. 9 in the
online version of this paper. These two disks can be readily seen
in all visualisations shown here. At large radii, the orientational
parameters remain constant within the error bars in Fig. 1, and
the data points that belong to large radii cluster about the same
position in the tip-LON plots. Knowing this, it is a simple task to
find a realisation of a tip-LON plot in which the two “straight”
lines of the nodes are visible. The fundamental plane of the plot
has to be chosen to be the plane in which a ring lies that is in the
intermediate region between the two disks. This position can be
determined by looking at the tiltogram as the radius at which the
two regions make contact. It is then not surprising that rule 4 is
obeyed by the sample galaxies, as a few rings lie in the interme-
diate region that must connect two clusters of points in the tip-
LON diagram. If the transitional region where the disk changes
from one orientation to the other is small, two “straight” lines of
the nodes are seen looking at a tip-LON plot.

A further question is whether the changes in the disk orien-
tation are accompanied by other signs of a change in the phys-
ical conditions for the disk at the transition radius, where the
warp commences. An answer can be found by inspecting Fig. 1.
At about the transition radius both the rotation curve and the
surface brightness profiles change their behaviour with varying
significance.

The surface density shows a drop and reaches a regime in the
region of the outer disk where the gradient of the profile becomes
very shallow, a feature that has already been connected with the
warping phenomenon by Garcia-Ruiz et al. (2002). This drop

is significant compared to the intrinsic flatness

is well-defined in the case of NGC 2541 and NGC 5204, but is
less significant for UGC 3580. In Table 1 the HI radius ry; is
included as the radius at which this transition occurs.

The rotation velocity of NGC 5204 shows a distinct feature:
the rotation curve rises at the transition radius and then becomes
comparably flat again in the region of the outer disk. While this
feature is not easily seen in the viewgraphs for the two other
cases (Fig. 1), an attempt was made to check whether there are
indications of its existence and to possibly quantify it in all cases.

In order to have a robust estimate of the amplitude of a pos-
sible change in rotation velocity at the warp radius, another se-
ries of fits to the low-resolution data was performed. For each
galaxy, two regions were selected for which the rotation curve
was relatively flat in the best-fit models, one inner region and one
outer region. Then, for both regions, as a first guess, the same
average rotation velocity was assigned. A fit was performed for
each galaxy, leaving all parameters variable as in the initial fit-
ting process (also the orientational parameters), keeping the ro-
tation curve flat and at the same value in each separate region,
and allowing these two rotation velocities to vary independently
(see Jozsa 2006 for details). Here, the resulting best-fit model
is called “rise model”. The change in the rotation velocity (1)
derived from these models is listed in Table 5.

In order to estimate the significance of the change in the rota-
tional velocity, a new test series of fits was performed identical
to the latter with the only difference being that the two selected
regions were forced to have the same rotational velocity. The
resulting best-fit model from this fitting run is called the “flat
model”. Both data cubes were then compared by eye with the
original ones. Since the differences show up at lower contour
levels, it is not immediately evident in the data cubes whether a
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Table 5. Statistical evidence for a rise in the rotation curves from the inner flat regime to the outer flat regime. In order to test whether a rise in the
rotation curve is present and statistically relevant, two fits per galaxy to the low-resolution data cube were performed. For each fit and each galaxy
an inner and an outer region was selected within which the rotation curve was kept flat (see also Fig. 1). A first fit was performed allowing the
regions in which the rotation velocity was kept flat to have a different velocity (“rise model”). A second fit was performed enforcing the two regions
to have the same rotation velocity (“flat model”). All other parameters were left to vary freely as described in the text. The y? was calculated in
two ways, once taking into account all data points in the data cube, and once taking into account only those pixels which significantly differed
from zero in either model data cube. The ratios of the resulting y? probability densities support a rise in the rotation velocities outwards.

Name of galaxy. NGC 2541 UGC 3580 NGC 5204
best-fit x? for flat model, calculated using the whole data cube. 6.590 x 10°  1.3999 x 10°  4.605 x 10°
best-fit x? for rise model, calculated using the whole data cube. 6.565 x 10°  1.3904 x 10°  4.529 x 10°
number of data points in the whole data cube. 2.33 x 10° 1.08 x 10°  2.91 x 10°
probability density function p(y?) of flat model divided by p(x?) of rise model, 1.3x 10710 1.0x1072  23x107%
calculated for the whole data cube.

best-fit y? for flat model, derived only in regions with emission in the model data cubes. ~ 4.786 x 10° 5.36 x 10° 2.17 x 10°
best-fit x? for rise model, derived in regions with emission in the model data cubes. 4.760 x 10° 5.26 x 10° 2.09 x 10°
number of data points in regions with emission in the model data cubes. 5.35x 10° 2.02 x 10° 2.91 x 10°
probability density function p(y?) of flat model divided by p(x?) of rise model, 2.6 x 1071° 1.3x10°  8.0x1077
calculated only in regions with emission in the model data cubes.

rotation velocity of the inner disk in the rise model (kms™!). 102.1 108.9 67.9
difference in velocity from inner to outer regime in the rise model (kms™!). 6.7 9.7 14.6
change of rotation velocity from inner to outer disks in the rise model. 6% 9% 22%

step in velocity is necessary to reproduce the original data cubes.
But a close inspection shows that the original data cube is repre-
sented better for NGC 5204 and UGC 3580 when allowing for
a change in rotation velocity, while for NGC 2541 the quality of
the fit when allowing for an independent variation of the rotation
velocity in both regions was marginally better and did not allow
an ad hoc conclusion. As an illustration Fig. 12 in the online
version of the paper shows comparisons of PV diagrams derived
from both (rise- and flat) model data cubes with PV diagrams
derived from the original data. A purely statistical treatment,
however, favours in all three cases the existence of a rise in the
rotation velocity from inner to outer disks (see Table 5). In all
three cases, Xz was lower for the best-fit models allowing for
two regions with differing velocities. The ratio of the x> proba-
bility functions was calculated with the number of data points in
the data cubes. The volume of the 3D instrumentational function
can be calculated from Table 2 and was used to account for the
dependence of the data points (pixels in the data cube). Because
it is hard to estimate how many pixels in the data cubes are rel-
evant for the y? evaluation during the minimisation process, the
calculations were made in two variants. In one case all pixels
in the data cube were taken into account for the y? evaluation.
In the other case a smaller number of data points was used by
flagging those data points that show no emission in both best-
fit model data cubes (the flat- and the rise model). The results
(Table 5) show that, regardless of the method, the ratios of the ,\(2
probability densities favour the rise models.

In the case of NGC 2541 and UGC 3580, the results are ro-
bust against a possible degeneracy of rotation velocity and in-
clination: the rotation velocity rises where a slight increase in
the inclination takes place. This is not the case for NGC 5204.
Indeed, when keeping the rotation velocity fixed for inner and
outer disks in the flat model, this change is partly compen-
sated by a mean rise in the inclination of about 5.5 kms~! in the
outer parts. This change is significantly larger than an error that
could arise from a TiRiFiC tilted-ring fit for a galaxy of sim-
ilar properties as NGC 5204. In the course of testing TiRiFiC
in Paper I, a synthetic observation of a down-sized idealised
model of NGC 5204 containing realistic noise identical to that
in the data cube of NGC 5204 was handed to an “observer”.
This observer then analysed this synthetic observation like a real

observation (see test 13, Fig. 22 and Table 14 in the online ver-
sion of Paper I). For the test, an artificial shift of the centre and
the systemic velocity was added in order to enhance the difficulty
for the observer to fit the observation. Nevertheless, the rms error
in inclination taking the fainter regions into account amounted
to 2° (larger errors occurred only in the central few arcseconds).
In Paper I it was shown that TiRiFiC generally produces reliable
fits with respect to the inclination above 25°. Analysing symmet-
ric warps in noisy data cubes, the error in inclination was lower
than 228 in the well-defined reliable range in these tests. Thus,
even ignoring the statistical evidence, it very unlikely that for
NGC 5204 the rise in velocity is due to a degeneracy of inclina-
tion and rotation velocity.

These results indicate that a rise in the rotation velocity with
increasing radius is needed in all three cases in order to ex-
plain the observations utilising a tilted-ring model. Except for
NGC 5204, the change in rotation velocity could in principle be
gradual as has been observed in other galaxies. Hence, in the
case of NGC 2541 and UGC 3580, any connection to the warp
has to be treated with caution. However, a comparison of the
obtained changes with the rotation velocities measured for the
inner disk shows the dynamical importance of this feature:
the change in rotation velocity ranges from 6 per cent to
22 per cent (see Table 5).

7. Non-circular motions and their possible
influence on the results

In the previous section evidence was given to the fact that the
rotation velocity changes from the inner disk to the outer disks.
This was done under the assumption of circularity of orbits in-
herent to the tilted-ring model. The detection of a change in this
rotation velocity means that the physical conditions change from
the inner to the outer disk. This holds at least for NGC 5204,
where the data show most clearly that the change occurs abruptly
at the transition radius. A change in the dynamics from the in-
ner to the outer disk of NGC 5204 is thus very likely and sug-
gested in the other two cases. Two explanations for the measured
rise in the rotation velocity exist. The first possibility is that the
change in the measured rotation velocity (derived using a tilted-
ring model) is due to the fact that indeed the local axisymmetric
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potential changes. This would then cause a real rise in the ro-
tation velocity. A second possibility is that the local potential
changes its symmetry, causing a different shape of the orbits. In
that case the kinematics of the galaxies is only approximated by
the tilted-ring model, and the changes in the symmetry are erro-
neously measured as a change in the tilted-ring rotation velocity.

In order to decide whether the shape of the orbits changes, it
would be necessary to introduce more parameters in the tilted-
ring analysis (e.g. orbit ellipticity, radial and vertical motions,
harmonic terms). These possibilities are not yet included in
TiRiFiC; moreover, the degeneracies one introduces with such
an approach have not been studied yet. A similar approach work-
ing with velocity fields (Schoenmakers et al. 1997) is even more
prone to line-of-sight ambiguities than a tilted-ring modelling of
velocity fields (Begemann 1987, see Paper 1), especially in the
presence of warps. It is therefore not a good option here.

The simplest approach has been used in order to get an im-
pression of the influence of deviations in the kinematics of the
galaxies from the symmetry inherent to the tilted-ring model.
For each galaxy, the first-moment velocity map of the best-fit
model data cubes was subtracted from the first-moment velocity
map derived from the original observation (Fig. 13 in the on-
line version of this paper). These difference maps are suited to
spotting possible deviations in the fitted model kinematics from
the observation. Such errors can arise because the model is not
able to represent the galaxy kinematics; in Sect. 6 it has already
been mentioned that, with the single-disk approach, at least the
presence of the broadened profile at low intensities in the PV dia-
grams cannot be reproduced. For UGC 3580 and NGC 5204 and
for the inner disk of NGC 2541, the largest systematic contribu-
tion to the deviations are of an antisymmetric (2 = 1) nature.
In the region of the outer disk, NGC 2541 shows a systematic
enhancement of the velocity difference (an m = 0 feature).

Since the differences of the velocity maps show slight sys-
tematics, the possibility of an erroneous measurement cannot be
excluded: the changes in the rotation velocities that were mea-
sured under the assumption of circular orbits possibly do not re-
flect a change in the axisymmetric potential. They might reflect
a change of the orbit geometry without changing the character
of the radial potential.

8. Summary of the results and discussion

Within the errors the sample galaxies follow the rules for the
behaviour of warps laid down by Briggs (1990) up to a certain
radius. In addition, the following features are found to be present
in the examined H 1 disks:

i) The galaxies show an outer comparably planar regime, so
they have an inner flat disk in which most of the visible stars
reside and an outer flat disk. Both regions are connected at
the transition radius, at which the disk orientation changes
rapidly.

ii) In two cases (NGC 2541 and NGC 5204), the HI surface
density profile shows a drop at the transition radius, which is
seen with less significance in the case of NGC 3580. Beyond
the transition radius, the HI surface density is falling only
slowly with radius or even remains constant.

Briggs® Briggs (1990) fourth rule is a direct consequence of a
flat outer disk. It is found that:

iii) Under the assumption of circularity of orbits, the rotation
curve changes from the inner part of the galaxy to the outer
one.
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Statistical evidence for this change is presented in all three cases.
In the case of NGC 5204, the change in rotation velocity clearly
shows up as a sudden increase at the transition radius. In the
other two cases, the rotation curve is compatible with a gradual
rise.

iv) In all three cases, a slowly rotating extraplanar gas compo-
nent is detected.

This gas component shows up in a comparison of measurements
with single-disk model data cubes and as broadened profiles in
the PV diagrams, in NGC 5204 even gas at forbidden velocities
is seen. At this stage, it is not clear whether the presence of this
gas component is connected to the warping phenomenon, but the
coincidence is striking (see below).

The studied galaxies have been selected to be highly sym-
metric, and it could be shown that they maintain their symme-
try to very large radii. The large orbital times at these radii (see
Table 1) imply that the warps in the galaxies studied are either
long-lived stationary structures or very slowly evolving transi-
tional phenomena. While the number of galaxies presented in
this work is by far too small to draw any general conclusions, the
presence of the reported features in possibly all three cases raises
nevertheless the question of whether they are immanent to a cer-
tain type of long-lived symmetric warp. Searching the literature,
one can find several reports indicating that the same warp struc-
ture in other disk galaxies (NGC 628, NGC 1058, NGC 2841,
NGC 3344, NGC 3718, NGC 5055, and M 83: Briggs 1990;
Kuijken 1991; but see also Battaglia et al. 2006 for NGC 5055.
M 33: Corbelli & Schneider 1997. Milky Way: de Boer et al.
2005; Dedes et al. 2005; Levine et al. 2006, a detailed discus-
sion can be found in J6zsa 2006).

The question arises as to whether these findings can help put
constraints on the underlying warp formation process. Proposed
scenarios mainly have to face the fact that in the examined galax-
ies with the existence of the flat outer disk rule 3 of Briggs (1990)
does not hold at large radii, where the LON stops to show a clear
tendency to increase in the direction of rotation. As already dis-
cussed in Sect. 1, scenarios that connect warping with cosmic
infall are presently the most successful ones. In these models,
the tendency of the LON to wind up towards larger radii is ex-
plained by an outwards decreasing torque on the disk. Without
the presence of an agent that acts in a reverse manner at large
radii, these models must fail to reproduce a flat region in the
galactic disk, as is the case in Debattista & Sellwood (1999) and
Bailin & Steinmetz (2003).

As discussed in Sect. 1, the simulations of Shen & Sellwood
(2006), in which cosmic infall was simulated by actively inject-
ing particles on a fixed orbit inclined with respect to the disk,
show that a realistic warp could be reproduced, given that a fur-
ther increase in sensitivity would clearly show a regressing wind-
up of the LON at even larger radii. In this model, the artificial
outer ring imposes an additional outwards increasing torque on
the disk that in a twist region balances up the (prograde) dif-
ferential precession due to the outwards decreasing torque from
the disk itself. While a direct detection of such a twist cannot
be reported on here (see Figs. 4 and 10 in the online version),
given the presence of sufficiently large errors, such a feature can
be identified as a (comparably) constant orientation within the
reach of the twist radius. Therefore a scenario with an agent
that produces an outwards increasing torque at large radii could
possibly be compatible with the detection of an outer flat re-
gion in a galaxy disk, provided, a model setup can be found for
which the region is very large within which the spirality of the
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LON changes. In the specific models shown in Shen & Sellwood
(2006) however, this does not seem to be the case.

A remarkable incidence is the rise of the rotation curve to-
wards the warp region, which could be explained in principle by
the presence of a ring of debris at this position. In order to exert
the same torque and at the same time be the cause for a rise in the
rotation velocity, at smaller radii such a ring would have consid-
erably less relative mass than the one used by Shen & Sellwood
(2006) (2.5 disk masses). In that case, however, the treatment of
the torus as a passive external agent for warp formation would
not be valid anymore, as its moment of inertia would be reduced
significantly, and the torque exerted from the disk on the torus
would be significantly larger. The presence of the extraplanar
gas possibly supports the accretion scenario: it is known that the
kinematical structure of extraplanar gas detected in other galax-
ies cannot be explained by internal processes alone (Collins et al.
2002; Fraternali & Binney 2006), but an external supply of (pri-
mordial) gas with low angular momentum is needed. One might
therefore speculate that the slowly rotating extraplanar gas com-
ponent is acquired in the same accretion event that excites the
warp. However, in order to follow up on this, detailed studies
are necessary and will be presented in a forthcoming paper.

The velocity rise can also indicate a change of the DM halo
shape. In response to a massive torus the halo is expected to
become increasingly flattened outwards (see also Bailin et al.
2005) and the rotation velocity will increase in response. This
issue will be followed up on in a case study of the spiral galaxy
NGC 755 presented in Paper III of this series.

The detection of the flatness of the outer disks in the ob-
served galaxies is possibly compatible with a very slowly evolv-
ing temporary structure. The extent of the flat outer disks, how-
ever, is rather indicative of a long-lived stationary structure, as
within the errors no differential precession seems to be present
over a wide range of radii.

In their simulations, (Shen & Sellwood 2006) find that, after
the removal of the forcing agent that ignites the warp in their
simulations, the warp maintains its amplitude while the disk
tends to wind up slowly at infermediate radii (see also Binney
et al. 1998). But as the inner (aligned) disk-DM halo system and
the outer (flattened) DM halo exchange angular momentum very
ineffectively, their mutual inclination decreases very slowly. The
question remains as to how a thin, gaseous disk at Jarge radii re-
acts to the forces stemming from the outer DM halo and how it
evolves in the long term.

In simulations using a standard cosmological setup, follow-
ing the time evolution of a disk-DM halo system after a last
merger event, Bailin et al. (2005) find the same intrinsic mis-
alignment of the DM halo to be present. Within the disk, disk
and halo have the same orientation, while at larger radii the (flat-
tened) halo is tilted with respect to the inner disk-halo system.
The mutual inclination of both systems stays constant until the
end of the simulation is reached (after 2.2 Gyr). If a thin gaseous
disk traced the outer flat halo (Bailin et al. 2005), the whole disk
structure would show a warp structure with an outer flat disk as
described here.

Thus, the warps of the galaxies studied in this paper are pos-
sibly tracing a long-lived, rather stationary structure, consisting
of an inner, flattened disk-DM halo system and an outer mis-
aligned flattened DM halo, which precess slowly about each
other, the amplitude of the misaligned decreasing very slowly
due to an ineffective exchange of angular momentum between
the inner and outer portion of the DM halo.
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Fig. 5. continued. NGC 5204. The contours represent the 1,4, 16 mJy/beam levels.
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Fig. 6. Selected images from the high-resolution data cubes (channel resolution of 2.06kms~!, uniform weighting, all visibilities used). The

numbers in the upper left give the heliocentric radio velocity in km s~!. The blue dot represents the clean beam. NGC 2541. The contours represent
the 2, 6, 18 mJy/beam levels.
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Fig. 6. continued. UGC 3580. The contours represent the 2, 8, 16 mJy/beam levels.



DEC (J2000) DEC (J2000) DEC (J2000) DEC (J2000)

DEC (J2000)

33
30
27
24
21
18
58°15'
33
30
27
24
21
18
58°15'
33
30
27
24
21
18
58°15'
33
30
27
24
21
18
58°15'

33

30

_7

24

21

18

58°15

G. L. G. J6zsa: Kinematic modelling of disk galaxies. II., Online Material p 7

I P G A P e P P B T T e T T TSV Tl (R IR Had™ ) B LY, el A2 5
= g 4 L ® . B |
<127 o ? | 138, X -
B ~ - (28" » 1 e - < o .\ 4
- S 1,5 R S B . g Al { ~
~ ., - 4 - . . X . — » d
- e ° - . 2 o . . o -
% . R .
I3 . ' oF ¥ [ b v WL 4 ° . 7 i
= . v X003 - A R e T . 1 S
L . ~ " v; . 4 F o o . - B
e =L . e B - - " % A e
- . o o0 A LM —F - & " Sov — - |
F " A e S . ™ -
- Y AN o S o . 5 i o
[ I A " 5] [ - J 2] 4
¥ s 4 e o 4--‘ . )/ - . 'y B ° ~
r - =1l g r - . . . 3 5
. . o .

- v =/ ’ - ; <]
- b 3 “4E . . 4F or . 2
1 P et BTy (S L et ATy D S S S ] 1 e Lo 13 ANV I O PP Yy W 6]

e P TR o T T L T g TR T YT e [ VKSR N TIEh W A LB At Fo e
[ 158 i’ . | (11698 e LN £ 11 179 s Y, - H
] k . — AL L - . r Lt iy
L o 1t B =
= 2 (e - 2 | AR e f
-, A7 A7 = . & . ° -
E 5 K . 7 ar .\ - s
T - 3 = o A ] 22 .o =
o el 5 o L= YT F 4
L . 3 P 2| [ .
L ; L ¢ . 1 . 4

. 3
g £y A = ~ — | —
. 3
L t d . o e
- 4 » . 3 ~ - K2
RN Uedt B ol O N B A e Tl d|
TR R e oA |
189 2 1 =
L ik = L
K ° ,’ . 4 { o
. ¥, | ]
LTt gye v . o |
L 4 4
SEN AN Ve N NN T SN Y le |
TR T TR T TR T
I 220 . Y [ 231 Y L L5 . , sl
oo \ L f ey pAS . d
. . "] #
B Y < . r W n S
B . o X . 5 S e d e | 4 ! 1
L 4k 4k dioky =
L ~IE ] |8 SRRz AR e 24 =
- 4t 4F ! Al 1. e i
BN al ol 8 — ! M d;.,‘\ - =]
RaE B Eh ol
L iy B o dF - Ceesdly o % e
- o = = L - =l = 2 ',oi":é\ S =
L . dle . 35 v 0 A e
o - e . o Tonri%e
- v 4k . . At e s 5 Al
= B . B | o i | 4 “o E =
- - . . . 4
- o o i AV e {4 5 o |2 ° oy A1 4
O T e T A i he o G TR R R e AT LT B AN B8 (A e W AR BRI NGV ]
R T T ST T N S T T R R B R P LD P o e e
[ 251" " 2 . ‘[ 261 NG . EAE ot - W
| . - = i o 2 i e - e A 0 e
\ i X o - 7 . < . °
L - - B o . s 4 1 o - 4
i - 4 A5 ° . J . .
A 7 va] N . AT RSP . 5 B ‘o
G 2 gl [ \tei o) fap iyl A T ol Ik R s L ‘e ]
> - 4F y ' :..' X . -4 : ) ¢ . . ;.
ke ’ £ s By 4 J ke - . <
Co 10 ; @ et g ST ARy
°. e 5 . & .
B e o ot ot T HF - 'y . ey 71
X B N =
< B = ’ P A o Baftan A
Gt &y Ping 1 A . ."'
. 3 g Vet e .
r 3 o . 1 T e 1F '3 B
— v =l B o, \ = P
. . of NS5y 4 ® o .
s f . [ . Y Ile J te S o W ke, M N o . wwan]
o PG S A [P o] B OB L T N o freb A SN RS T et N L i L Ch SR e (ST N

13%30™30°530™0° 30° 29™0° 30°

RA (J2000)

30™0° 30° 29™0° 30°

RA (J2000)

Fig. 6. continued. NGC 5204. The contours represent the 1.5, 6 mJy/beam levels.
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Fig. 7. continued. UGC 3580. The contours represent the 6, 19,57, 114,228 x 10" atoms cm™2 levels and the Vs £ 0,20, 40, 60, 80, 100kms™!
levels, respectively (see Table 1). The approaching side is oriented SE.
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Fig.7. continued. NGC 5204. The contours represent the 2.5, 8,25, 75, 145,225 x 10" atoms cm~2 levels and the Vs £ 0,15,30,45, 60kms™!
levels, respectively (see Table 1). The approaching side is oriented NE.
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Fig. 8. continued. UGC 3580. The contours represent the 8, 35, 69, 139,208 x 10" atoms cm™2 levels and the Vs £ 0,20, 40, 60, 80, 100kms™!
levels, respectively (see Table 1). The approaching side is oriented SE.
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Fig. 8. continued. NGC 5204. The contours represent the 11,32,97, 194 x 10" atoms cm™ levels and the Vi % 0,15,30,45,60kms™! levels,
respectively (see Table 1). The approaching side is oriented NE.



G. L. G. J6zsa: Kinematic modelling of disk galaxies. II., Online Material p 12

Table 6. Radially dependent best-fit parameters for the examined galaxies. (1) Radius (”). (2) Radius (kpc, according to Table 1). (3) Error of r,
(kpc) (4) Face-on surface brightness (Jy kms™). (5) Error of I, (Jy kms™"). (6) Face-on HI column density (10'° atoms cm™2). (7) Error of Ny,
(10" atoms cm~2). (8) Face-on surface density (Mg pc™2). (9) Error of o (Mg pc~2). (10) Rotation velocity (kms™"). (11) Error of V,o (kms™).

v I Ar Tiort A Lous Nu: ANy o Ao Vie€k  AVig
(1 @ 3 @ 5 (® M _® O do dn
0 0.00 0.00 77.6 2.0 969 25 7.8 0.2 0.0 4.1
12 0.65 005 754 2.0 942 25 75 02 42.1 20.0
24 1.31 0.09 623 20 778 25 6.2 0.2 46.7 4.7
36 1.96 0.14 55.1 2.0 689 25 55 02 64.0 6.4
48 2.61 0.19 58.1 20 725 25 58 0.2 62.9 6.3
60 326 023 61.0 2.0 762 25 6.1 0.2 73.4 4.1
72 392 028 63.5 20 793 25 64 0.2 81.0 4.1
84 457 033 66.1 2.0 825 25 6.6 02 87.9 4.1
96 522 037 643 2.0 80.3 25 64 0.2 94.2 4.1
108 587 042 584 2.0 73.0 25 58 02 1023 4.1
120 6.53 047 523 2.0 653 25 52 0.2 1027 4.1
132 7.18 051 475 2.0 593 25 48 02 1042 4.1
144 7.83 056 42.8 2.0 535 25 43 02 1046 4.1
156 849 061 433 20 540 25 43 0.2 104.0 4.1
168 9.14 0.65 489 2.0 61.1 25 49 02 1025 4.1
180 979 0.70 54.7 2.0 683 25 55 0.2 1009 4.1
192 1044 0.74 53.6 20 670 25 54 02 1009 4.1
210 1142 0.81 51.6 20 644 25 52 0.2 101.0 8.2
240 13.06 0.93 199 9.8 248 122 2.0 1.0 1063 8.2
270 14.69 1.05 24.1 3.1 30.1 3.8 24 0.3 96.7 8.2
300 1632 1.16 17.9 32 223 40 1.8 03 1024 14.8
330 17.95 1.28 9.9 52 124 6.5 1.0 0.5 109.7 23.8
360 19.58 1.40 7.1 2.4 8.9 3.0 0.7 02 71.7 18.4
390 21.21 1.51 6.0 3.8 7.5 47 0.6 04 1283 24.2
420 2285 1.63 3.9 2.6 49 33 04 03 81.3 25.0
450 2448 1.75 1.3 2.0 1.6 25 0.1 0.2 119.7 12.0
520 2829 2.02 0.6 2.0 0.7 2.5 0.1 0.2 117.2 29.5
590 32.09 2.29 0.6 2.0 0.8 25 0.1 0.2 1272 25.0
660 3590 2.56 0.1 2.0 0.2 25 0.0 02 1020 25.0
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Table 6. continued. NGC 2541. (12) Inclination (°). (13) Error of i (°). (14) Position angle (°). (15) Error of PA (°). (16)—(23) are Cartesian
components of the spin normal vector n of the ring and their errors. (16) Spin normal vector component towards W (natural units). (17) Error
of nw (natural units). (18) Spin normal vector component towards N (natural units). (19) Error of ny (natural units). (20) Spin normal vector
component towards observer (natural units). (21) Error of n; os (natural units). (22)—(25) contain the tip angle and the LON. The reference plane is
chosen such that a reference ring with the inclination of 6623 and the position angle of 261°2 is seen face-on. (22) Tip (warp) angle (°). (23) Error
of tip (°). (24) LON (°). (25) Error of LON (°).

p i Ai PA APA nw Anw nN Any nLos Anios tip A tip LON ALON
(H d2y a3  d4  ds) ae) 17 (13) (19 (20 21y (22 (23 (24 (25)
0 833 10.0 2832 15.0 -0.967 0.063 -0.227 0.253 0.117 0.173  27.2 13.1  -125 28
12 833 100 2832 150 -0967 0.063 -0.227 0.253 0.117 0.173 272 13.1 -125 28
24 77.8 100 2717 150 -0.977 0.038 -0.029 0.256 0.211 0.171 153 122 -137 50
36 656 100 263.1 15.0 -0.904 0.077 0.109 0.237 0414 0.159 1.9 13.2 -67 180
48 663 10.0 2612 150 -0.905 0.078 0.141 0.237 0.402 0.160 0.0 0.0 -125 180
60 67.0 53 2592 79 -0905 0.043 0.172  0.126  0.390 0.086 1.9 7.2 112 170
72 66.8 4.0 2594 6.0 -0.904 0.032 0.169 0.095 0.393 0.064 1.7 5.5 107 140
84 66.6 4.0 259.5 4.0 -0.903 0.030 0.167 0.064 0.397 0.064 1.5 3.8 101 149
96 66.0 4.0 2598 4.0 -0.899 0.030 0.163 0.063 0.407 0.064 1.3 3.7 77 172
108  65.0 4.0 260.1 40 -0.893 0.031 0.156  0.063 0.423 0.063 1.7 3.9 37 130
120  64.0 5.2 2604 4.0 -0.886 0.041 0.150 0.062 0.439 0.081 2.5 5.1 17 88
132 639 5.0 260.0 40 -0.884 0.040 0.156  0.062 0.440 0.079 2.6 4.9 23 85
144 639 49 259.7 5.5 -0.883 0.040 0.161 0.084 0.440 0.077 2.8 5.0 29 101
156  64.0 4.0 259.1 46 -0.882 0.033 0.170  0.071 0.438 0.063 3.0 4.1 39 78
168 64.3 4.0 2582 40 -0.882 0.032 0.184 0.062 0.434 0.063 3.3 3.8 52 67
180 64.6 40 2574 4.0 -0.882 0.032 0.197 0.062 0.429 0.063 3.8 3.7 63 60
192 639 4.0 257.1 40 -0.875 0.033 0.201 0.061 0.440 0.063 4.5 3.8 56 51
210 62.8 4.6 256.5 40 -0.865 0.039 0.207 0.061 0.457 0.072 5.5 4.1 49 45
240 58.4 4.0 261.5 4.0 -0.843 0.037 0.126  0.059 0.524 0.059 7.9 4.0 -2 25
270  58.1 40 271.6 40 -0.849 0.037 -0.024 0.059 0.528 0.059 123 3.7 -46 18
300 56.0 4.0 2719 40 -0.828 0.039 -0.028 0.058 0.560 0.058 14.0 3.7 -40 16
330 58.4 5.0 2772 5.7 -0.845 0.047 -0.107 0.085 0.524 0.074 16.2 4.9 -57 18
360 58.4 4.0 2749 5.3 -0.849 0.037 -0.073 0.079 0.524 0.059 14.5 4.5 -54 17
390 62.8 6.3 2804 10.0 -0.875 0.057 -0.161 0.153 0.456 0.097 17.7 8.9 =75 21
420 59.8 59 2750 100 -0.861 0.053 -0.075 0.150 0.503 0.088 139 8.3 -59 27
450 626 150 2829 53 -0.865 0.119 -0.198 0.084 0.461 0.232  19.9 4.9 =75 44
520 65.1 7.5 2778 5.5 -0.899 0.056 -0.124 0.087 0.421 0.118 152 5.1 -82 29
590 68.4 6.3 287.6 6.6 —0.886 0.050 -0.281 0.102 0.368 0.103 24.5 6.2 -90 16

660 58.6 9.7 2719 6:0 -0.845 0.088 -0.117 0.090 0.521 0.144 16.7 6.1 -59 32
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Table 6. continued. UGC 3580.

Table 6. continued. UGC 3580. The reference ring for (22)—(25) has an inclination of 67°2 and a position angle of 9623.

p It Ar Loy Al Nui ANy, o Ac Vi€ AVt
(1) 2 3 @ (5) (6) M @ ©» Jdo dn
0 0.00 0.00 75.9 352 94.8 440 7.6 3.5 0.0 0.0
12 0.88 0.20 9438 459 1184 573 9.5 4.6 78.5 79
24 1.76 040 81.6 159 101.9 19.9 8.2 1.6 77.6 7.8
36 264 061 550 12.3 68.6 153 55 1.2 94.3 9.4
48 3,51 081 349 5.4 43.6 6.7 3.5 0.5 100.8 9.8
60 439 1.01 420 5.0 52.4 6.3 42 0.5 95.0 7.6
72 527 121 427 2.1 53.3 2.7 43 0.2 103.7 4.1
84 6.15 142 41.8 10.1 52.2 126 4.2 1.0 110.7 4.1
120 8.78 202 359 2.5 44.8 3.1 3.6 03 106.2 4.1
150 1098 2.53 129 54 16.1 6.7 1.3 05 1144 8.2
180 13.18 3.03 174 2.0 21.7 25 1.7 0.2 121.1 8.2
210 1537 3.54 7.6 2.4 9.5 3.0 0.8 02 1222 8.7
240 17.57 4.04 2.8 2.2 3.5 2.7 0.3 0.2 1353 10.0
270  19.76  4.55 4.5 2.0 5.7 25 05 02 111.2 8.2
300 21.96 5.05 14 2.0 1.7 25 0.1 0.2 1203 8.2
330 24.16 5.56 1.7 2.0 2.1 25 02 02 1132 10.0
375 2745 6.32 0.8 2.0 1.0 25 0.1 02 1213 16.9
420 30.74 7.08 0.7 2.0 0.9 25 0.1 0.2 89.6 27.0

p i Al PA APA nw Anw nN Any nLos Anyos tip A tip LON ALON
H [d2) a3 d4 3ads  de 47 (18 19 (20 (21 (22) (23 (24 (25)
0 672 8.6 96.3 8.6 0916 0.060 0.102 0.138 0.388 0.139 0.0 0.0 123 180
12 672 8.6 963 8.6 0916 0.060 0.102 0.138 0.388 0.139 0.0 0.0 123 180
24 67.2 84 963 4.0 0916 0.057 0.102 0.064 0.388 0.135 0.0 0.0 123 180
36 672 6.7 96.3 4.0 0916 0.046 0.102 0.064 0.388 0.108 0.0 0.0 123 180
48 67.2 4.0 96.3 4.0 0916 0.028 0.102 0.064 0.388 0.064 0.0 0.0 123 180
60 67.2 4.0 96.3 4.0 0916 0.028 0.102 0.064 0.388 0.064 0.0 0.0 123 180
72 67.2 4.0 96.3 4.0 0916 0.028 0.102 0.064 0.388 0.064 0.0 0.0 123 180
84 672 4.0 96.3 4.0 0916 0.028 0.102 0.064 0.388 0.064 0.0 0.0 123 180
120 67.2 4.0 96.3 4.0 0916 0.028 0.102 0.064 0.388 0.064 0.0 0.0 123 180
150 67.2 5.6 963 4.0 0916 0.038 0.102 0.064 0.388 0.090 0.0 0.0 123 180
180 70.1 40 913 4.0 0940 0.024 0.021 0.066 0.340 0.066 5.5 3.9 121 41
210  67.6 4.1 874 4.0 0923 0.028 -0.042 0.064 0.382 0.067 8.2 3.7 91 29
240 66.8 8.9 813 10.0 0909 0.065 -0.139 0.159 0.394 0.142  13.9 9.2 86 37
270 749 4.0 82.1 4.1 0956 0.020 -0.133 0.069 0.261 0.067 155 4.0 117 15
300 684 109 804 46 0916 0.070 -0.156 0.074 0.369 0.177 14.8 4.5 91 42
330 70.4 40 825 40 0934 0.025 -0.123 0.065 0.336 0.066 133 3.8 101 17
375 67.1 40 79.2 44 0905 0.030 -0.173 0.070 0.389 0.064 15.8 4.1 86 15
420 59.0 4.6 78.1 9.5 0.839 0.050 -0.177 0.139 0.515 0.068 18.2 7.8 59 17
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Table 6. continued. NGC 5204.

Table 6. continued. NGC 5204. The reference ring for (22)—(25) has an inclination of 5621 and a position angle of 257°4.

rp I A Ft Ilnt,f A Itot,f NH 1 A NH 1 o Ao Vrot A th
@ @ 3 (G ) (0) n ® O do db
0 0.00 0.00 184.7 17.4  230.6 21.7 185 1.7 0.0 4.1
12 024 0.06 111.8 59.4  139.6 742 112 59 47.7 14.4
24 048 0.11 95.3 29.9 119.0 37.3 9.5 30 47.5 4.1
36 072 0.17 73.2 17.3 91.4 21.6 7.3 1.7 53.8 4.1
48 096 0.23 69.8 16.5 87.1 20.6 7.0 1.7 59.9 4.1
60 1.20 0.28 574 22.1 71.7 27.5 57 22 65.4 4.1
72 145 034 52.7 2.0 65.9 2.5 53 02 64.6 4.1
84 1.69 040 52.0 12.6 65.0 15.7 5.2 1.3 64.5 5.1
96 193 045 54.8 20.4 68.4 25.5 55 20 68.9 44
108 2.17 0.51 51.0 20.4 63.6 25.4 51 20 71.2 4.1
120 241 0.57 38.8 54 48.5 6.7 39 05 70.1 4.1
132 2.65 0.62 434 3.1 54.2 3.9 43 03 69.8 4.1
144 289 0.68 40.1 39 50.1 4.8 40 04 66.2 4.1
156 3.13 0.74 53.0 12.2 66.2 15.2 5.3 1.2 64.2 4.1
168 3.37 0.79 49.9 9.5 62.3 11.9 50 1.0 58.7 4.1
180 3.61 0.85 41.7 2.0 52.1 2.5 42 0.2 56.3 8.2
210 422 099 21.7 2.0 27.0 2.5 22 02 72.2 114
240 4.82 1.13 11.5 2.6 14.4 3.2 1.2 03 80.4 8.9
270 542 127 11.9 2.0 14.9 2.5 1.2 02 79.6 9.7
300 6.02 141 11.2 2.1 14.0 2.6 1.1 02 84.0 8.2
330 6.63 1.56 9.1 3.0 11.3 3.7 09 03 82.9 8.2
360 7.23 1.70 10.2 2.0 12.8 2.5 1.0 02 81.1 8.2
390 7.83 1.84 7.8 2.0 9.7 2.5 0.8 0.2 84.8 8.2
420 8.43 198 4.2 2.0 5.2 2.5 04 0.2 105.0 25.0
450 9.04 2.12 4.7 2.0 59 2.5 05 02 1312 25.0

p i Ai PA APA ny Any nN Any nos  Anpos tip Atip LON ALON
(H d2 a3 a4 ds) ae) 47 as)y 19 (o0 (2) (22) (23) (@4 (25)
0 56.1 237 2574 262 -0.810 0.240 0.181 0.374 0.558 0.343 0.0 0.0 349.0 180.0
12 56.1 141 2574 387 -0.810 0.181 0.181 0.547 0.558 0.204 0.0 0.0 349.0 180.0
24 56.1 40 2574 110 -0.810 0.051 0.181 0.156 0.558 0.058 0.0 0.0 349.0 180.0
36 56.1 7.4 2574 6.2 —0.810 0.073 0.181 0.089 0.558 0.107 0.0 0.0 349.0 180.0
48 56.1 9.5 2574 4.0 -0.810 0.092 0.181 0.060 0.558 0.138 0.0 0.0 349.0 180.0
60 56.1 11.7 2574 7.2 -0.810 0.113 0.181 0.105 0.558 0.169 0.0 0.0 349.0 180.0
72 56.1 6.2 2574 43 -0.810 0.061 0.181 0.062 0.558 0.090 0.0 0.0 349.0 180.0
84 56.1 40 2574 4.0 -0.810 0.040 0.181 0.057 0.558 0.058 0.0 0.0 349.0 180.0
96 56.1 4.0 2574 4.0 -0.810 0.040 0.181 0.057 0.558 0.058 0.0 0.0 349.0 180.0
108  56.1 40 2574 40 -0.810 0.040 0.181 0.057 0.558 0.058 0.0 0.0 349.0 180.0
120  56.1 4.0 2574 4.0 -0.810 0.040 0.181 0.057 0.558 0.058 0.0 0.0 349.0 180.0
132 56.1 40 2574 4.0 -0.810 0.040 0.181 0.057 0.558 0.058 0.0 0.0 349.0 180.0
144  56.1 40 2574 4.0 -0.810 0.040 0.181 0.057 0.558 0.058 0.0 0.0 349.0 180.0
156  50.4 4.0 258.8 4.0 -0.756 0.045 0.150 0.053 0.638 0.054 5.8 4.0 3498 31.1
168 48.0 40 2614 40 -0.735 0.047 0.111 0.052 0.669 0.052 8.6 3.9 3399 21.1
180 42.7 4.0 264.0 40 -0.674 0.051 0.070  0.047 0.735 0.047 143 3.9 3415 12.0
210 28.9 4.0 286.3 6.1 —-0.464 0.060 -0.136 0.053 0.876 0.034 329 3.5 3346 6.6
240  30.1 40 3106 189 -0.381 0.117 -0.327 0.132 0.865 0.035 429 9.3 3239 6.5
270 348 4.0 309.7 40 -0439 0.051 -0.365 0.048 0.821 0.040 41.6 24 317.1 6.0
300 37.6 4.0 3175 40 -0412 0.049 -0.449 0.050 0.793 0.043  46.0 2.5 3127 5.6
330 393 4.0 3l16.1 40 -0439 0.049 -0456 0.050 0.774 0.044 452 2.6 310.3 5.7
360 424 4.0 3185 4.0 -0.447 0.049 -0.505 0.050 0.738 0.047 469 2.8 306.1 5.5
390 39.0 40 3194 40 -0409 0.049 -0478 0.050 0.778 0.044 472 2.6 3109 5.5
420 34.1 250 3222 250 -0.344 0294 -0.443 0322 0.828 0.245 486 141 3175 33.4
450 233 250 3221 250 -0.242 0.281 -0.312 0334 0919 0.172 49.2 104 3319 32.8
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1) 2) 3)

Fig. 9. Three-dimensional models of the H1 disk of the galaxies according to the derived tilted-ring models. The models are rotated and artificially
made opaque in order to again show the presence of an outer planar disk. 1) NGC 2541. 2) UGC 3580 3) NGC 5204.
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Fig. 10. Linear representation of tip angle (upper panels) and LON (lower panels) as given in the tip-LON diagrams in Fig. 4a). 1) NGC 2541. 2)
NGC 2541, blow-up. 3) UGC 3580. 4) NGC 5204.
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Fig. 11. Tiltogram of the galaxies, showing the mutual inclination 6, of rings at different radii, derived from the best-fit parameters fitting to the

low-resolution data cube without enforcing an inner flat disk. The mean mutual inclinations ézﬁ{"‘“/ ™ of Table 4 were determined inside the regions

encompassed by the red lines. 1) NGC 2541. 2) UGC 3580. 3) NGC 5204.
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Fig. 12. Comparison of fits to the low-resolution data cube selecting two regions with flat rotation curves. Two fits to the data cube were performed:
a) shows the fitting results for the parameters variable with radius, b) and ¢) are comparisons of PV diagrams of the original data cube and model
data cube along the kinematical major axis. The ellipses in the lower left corner indicate the major axis HPBW and the velocity resolution
(FWHM). b) and the blue curve in plot a): Enforcing the two selected regions to have the same rotation velocity. ¢) and the red curve in plot a):
Enforcing the rotation curve to be flat inside the selected regions but allowing the rotation velocity to vary from region to region. Black curve in a):
Low-resolution best-fit rotation curve 1) NGC 2541. Contours at 1,4, 16 mJy/beam. 2) UGC 3580. Contours at 1,4, 16 mJy/beam. 3) NGC 5204.
Contours at 1,4, 16,32 mJy/beam.



G. L. G. J6zsa: Kinematic modelling of disk galaxies. II., Online Material p 20

B 15
1)49“15' N 2) 69°40'[— 10
38
10 I
49°10' — _ i 5
S 36l
s < r
] 5 =
S ' i 0
Z 49705 — w8 34' 0 ~
g >0 L =
3 S8
2 M-; L <)
£ 8 L
S o = 382
a Q I
49°00 - @ |
/ [ -5
30+
- -5
48°55/ - 28—
F1—-10
1 S B A SR B
| | | | | L 6"56™00°  55™30° 55™00°
8R15™15%15™00° 14™45° 14™30° 14™15° 14™00°
Right Ascension (J2000) Right Ascension (J2000)
3) s
. 58°30'H
o B
o
3 5
o 5
B
-
: I <
25
0 =
= i S
© 5
g |
=
=
8 |
[ 20—
PR S R NN R A SRR MR R |
13%30™30530™00% 29™30°% 29™00°% 28™30°

Right Ascension (J2000)

Fig. 13. Difference of velocity maps derived by subtracting the model first moment map from the original first moment map. 1) NGC 2541, 2)
UGC 3580, 3) NGC 5204.



