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4 HI Line Observations of

NGC 3198 and NGC 2403

4.1 Introduction

The HI layers of NGC 3198 and NGC 2403 have been observed before,
and tilted ring models with zero thickness have been �tted to the observa-
tions successfully (Begeman 1987; see also Wevers 1986, and Bosma 1981).

For a measurement of the random velocity dispersion and layer thickness,
however, the existing observations are unsuitable, because their resolution
in position and velocity is insu�cient. The high velocity resolution is re-
quired because for the measurement of the layer thickness a contribution
to the observed velocity dispersion of only a few km/s must be measured
in the presence of a random velocity dispersion of approximately 8 km/s
(see Chapter 2, Table 2.1). With the 33 km/s (FWHM) velocity resolution
of the existing WSRT observations this is not possible. The high spatial
resolution is required because the size of the projection of the layer thick-
ness on the sky must be of the order of the size of the observational beam or
larger. In Begeman's (1987) observations of NGC 3198 the beam is 2500 � 3500

(FWHM). With this beam, layer thicknesses smaller than � 3100 (FWHM),
corresponding to 1.4 kpc at the 9.4 Mpc distance of the galaxy, cannot be
measured. In NGC 2403, with the 4500 � 4500 (FWHM) observational beam
of Wevers et al. (1986), in principle a layer thickness of � 5200 (FWHM),
which is 0.8 kpc at the 3.25 Mpc distance of the galaxy, can be measured,
but still the velocity resolution of the observations is too low.

Therefore, new 21 cm line observations have been obtained with the
WSRT, at a velocity resolution of 8.3 km/s (FWHM), and spatial resolu-
tions of respectively 12:500� 17:500 (FWHM) for NGC 3198, and 11:500 � 12:700

(FWHM) for NGC 2403, and 4� 12h observing time for each galaxy. In this
chapter tilted ring models will be �tted to the observed HI column density,
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mean velocity, and velocity dispersion �elds obtained from these observa-
tions.

There is a risk in the �tting of tilted ring models to the HI layer of a
spiral galaxy, however. Spiral features in the layer may become modelled as
a speci�c small scale variation with radius of the orientations of the rings.
For example, when in a tilted ring model all rings are assigned the same,
non-zero, inclination, but position angles (de�ned as the orientations of the
projections of the rings on the sky) that vary with radius, spiral features will
occur in the observed column density, mean velocity, and velocity dispersion
�elds. In this way, warping of the layer can result in the observation of spiral
features, and, the other way around, spiral features can become modelled as
warping. For this reason the tilted ring model is used here only to obtain a
global picture, which means that small scale uctuations in the parameters
of the rings are smoothed out.

4.2 NGC 3198

Observations

The standard Westerbork calibration procedures have been applied to
the data. After the removal of the bad visibilities and the fourier transform,
a data set consisting of 127 channel maps in velocity, each channel map
consisting of 256 � 256 pixels, was obtained (see table 4.1).

The channel maps have been processed with GIPSY software. The chan-
nels 1 and 117 to 127 could not be used due to the low response at the edges
of the velocity passband. The channels 25 to 108, with a velocity range from
488 to 832 km/s, contain the HI line emission of NGC 3198. The remaining
channels, 2 to 24 and 109 to 116, have been used to estimate the continuum
emission at each position in the sky, by �tting a linear polynomial to the
data in these channels, and the estimated continuum has been subtracted
from the entire data set.

To obtain a round observational beam, the channel maps and the dirty
antenna responses of the WSRT were smoothed to a resolution of 1800 � 1800

(FWHM). Next, the channel maps were cleaned in order to restore the base-
level and to get rid of the sidelobes of the dirty beam, using masks to separate
the regions with HI line emission from the regions without. In this way the
cleaning is speeded up and the number of clean components representing
noise instead of signal is reduced considerably. To obtain the masks, copies
of the channel maps and antenna patterns were smoothed to a resolution
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of 3500� 3500 (FWHM). Next, the smoothed copies were cleaned down to a
level of 2.5 times the r.m.s. noise and restored with a round Gaussian beam
of 3500 (FWHM), and clipped at a level of 2.5 times the r.m.s. noise. After
the clipping the regions with signal were isolated manually. With the use
of these masks, the channel maps at 1800 resolution have been cleaned down
to a level of 0.5 times the r.m.s. noise, and restored with a round Gaussian
beam of 1800.

Table 4.1 Observational parameters of NGC 3198

dates of observation 30 and 31 oct. 1988

27 and 28 dec. 1988

length of observation 4� 12
h

baselines (min{max{increment) 36{2736{36 m

pixel separation 5:000 � 7:000

synthesized beam (FWHM) 1800 � 1800

size of �rst grating ring 200 � 280

FWHP primary beam 37:50

r.m.s. noise in channel maps 0.95 mJy/beam

central frequency channel 1417.3327 MHZ

frequency increment between channels �0.01953125 MHZ

bandwidth 2.5 MHZ

number of channels 127

central velocity channel (heliocentric) 649.9 km/s

velocity increment between channels 4.14 km/s

velocity resolution (FWHM) 8.28 km/s (after Hanning smoothing)

�eld centre (1950) � = 10h16m48s � = 45�4700000

mJy/beam ! K 1.9 K

After the cleaning, the baselines in many of the velocity pro�les appeared
to have small non-zero slopes and o�sets. These could be traced to errors
caused by the use of a too small number of line free channel maps in the
determination of the subtracted continuum. Although at the low velocity
side 23 channels without line emission were available, at the high velocity
side there were only 7, and this was insu�cient, especially because strong
continuum sources are present in the observed �eld.

The o�sets and slopes of the baselines in the velocity pro�les will disturb
the study of the HI line emission of NGC 3198, and therefore they have been
removed. This has been done with an additional subtraction of the contin-
uum, but this time the continuum has not been calculated from the channel
maps without line emission, but from the regions without line emission in
the channel maps with the line emission. To isolate these regions the same
masks have been used as in the cleaning of the channel maps. The addi-
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tional subtraction of the continuum could only be done after the cleaning of
the channel maps, otherwise the estimate of the continuum would have been
disturbed by the negative bowl around the signal that is present in dirty
channel maps.

400 500 600 700 800

0

500

1000

Figure 4.1 The global HI pro�le of

NGC 3198. (Corrected for primary

beam attenuation) The pro�le repre-

sents the HI ux density in each chan-

nel map as a function of line of sight ve-

locity. The 1�-uncertainties in the pro-

�le are approximately 100 mJy. Due to

the Hanning smoothing of the channel

maps the values in the pro�le are not

independent.

The HI line ux density in each channel map (see �gure 4.1) is the sum
of the data values in the map, divided by the area of the observational
beam in pixels. Its formal uncertainty is the noise in the map, multiplied
by the square root of the total number of pixels in the map, and divided
by the square root of half the area of the observational beam in pixels.
The total HI ux (see table 4.2) is the sum of the ux densities in the
channel maps, multiplied by the channel separation. Its uncertainty is the
uncertainty in the HI ux density in a single channel map, multiplied by the
channel separation, the square root of the number of channel maps, and a
factor

p
8=3 to compensate for the Hanning smoothing of the channels. (See

also Chapter 3, Appendix A.) The total HI mass in NGC 3198 (see table 4.2)
is calculated from the total HI ux and the distance to the galaxy.

The Central Moments of the HI Velocity Pro�les

The tilted ring model of the HI layer of NGC 3198 is �tted to the
observed HI column density, mean velocity, and velocity dispersion �elds.
These are respectively the distributions on the sky of the zeroth, �rst, and
second central moments of the observed HI velocity pro�les. For a direct
calculation of these three quantities, however, the signal to noise in the ve-
locity pro�les was too low, and therefore a single component Gauss function
has been �tted to each velocity pro�le, and as the central moments of the
pro�le the integral, mean, and dispersion of the �tted Gauss function have
been used.
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As uncertainties in the column density, mean velocity, and velocity dis-
persion �elds the formal 1�-uncertainties in the parameters of the �tted
Gauss functions have been used, multiplied by a factor of

p
8=3 to compen-

sate for the Hanning smoothing of the velocity channels. To guarantee that
the uncertainties will be high if the �tting of the Gauss functions diverges,
they have been calculated from the actual covariance matrix in the �t, and
not from theoretical expressions (see Chapter 3, Appendices A and D).

Gauss functions �tted to noise can have arbitrary mean velocities and
velocity dispersions. Normally these are completely o� the values for the
signal, much more than it is predicted by their uncertainties, which are
usually not out of the ordinary. Therefore, before tilted ring models were
�tted to the column density, mean velocity, and velocity dispersion �elds,
the Gauss functions �tted to noise were removed. For this purpose �rst
the Gauss functions with mean velocities outside the velocity range of the
observations were deleted. Next, Gauss functions �tted to noise are identi�ed
and removed on the basis of their SNR (signal-to-noise ratio), de�ned as the
integral of a �tted Gauss function divided by its formal uncertainty. The
advantage of using the SNR for this purpose is that, in contrast to most
other parameters, the SNR always is low when a Gauss function has been
�tted to a pro�le without strong signal, even when the �tting has diverged.
The removal is done at the 3�-con�dence level, de�ned as the level below
which 99.73% of the distribution of the SNR of the Gauss functions �tted
to noise is located (see �gure 4.2). So, theoretically 99.73% of the Gauss
functions �tted to noise is removed. The collection of Gauss functions �tted
to noise that is needed to determine the distribution of the SNR of these
Gauss functions has been obtained by cutting out the region with signal
from the observed HI column density �eld (see also Chapter 3, Section 3.4).

After the rejection of the vast majority of Gauss functions �tted to noise,
the distribution in space and velocity of the signal has become known well
enough to be used for a further rejection of Gauss functions �tted to noise, on
the basis of the continuity of this distribution. To facilitate this, a model ve-
locity �eld calculated with the position angles, inclinations, and rotation ve-
locities measured by Begeman (1987, Ph.D. thesis) has been subtracted from
the observed mean velocity �eld. In this way the signal is con�ned to a veloc-
ity range from minus 30 km/s to plus 30 km/s, instead of 488 to 832 km/s,
and Gauss functions that are o� in mean velocity are easily recognized.

To �nd out whether or not the �tted Gauss functions correctly represent
the signal in the velocity pro�les, the �2's of the �ts have been used. The
�ts can be trusted if the �2's follow their theoretical distribution and show
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Figure 4.2 The statistical distributions of the central moments of the observed

HI velocity pro�les in NGC 3198. (Not corrected for primary beam attenuation.) The

top row represents the results of a straightforward calculation on the largest consecutive

positive peak in each pro�le, and the lower two rows the results of �tting single component

Gauss functions to the pro�les. The uncertainties presented in the bottom row are the

formal 1�-uncertainties, and the uncertainties in the mean velocities are virtually the same

as in the velocity dispersions. The thin lines indicate pro�les with only noise, and the thick

lines pro�les with signal. Each histogram consists of 50 bins, and has been normalized

with respect to its peak value. On top of each panel the medians of the distributions are

given, and also the 3�-con�dence level for pro�les with signal.
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no structure in their distribution on the sky.
To prevent that the �2's represent the �tting of the wings of the Gauss

functions to the noise instead of their peaks to the signal, in each veloc-
ity pro�le the �2 has been calculated from only the data points inside the
interval from minus to plus three times the average velocity dispersion of
the Gauss functions �tted to signal, around the mean velocity of the �tted
Gauss function. Theoretically this interval still contains the 3�-fraction of
the signal, and with the average velocity dispersion of the Gauss functions
�tted to signal of 12.6 km/s (see �gure 4.2, middle row, second panel from
left) and the channel separation in velocity of 4.14 km/s, it consists of 18
data points.

When the �2 of a �t is used to judge the agreement between data and
�tted model, it is compared to the degree of freedom in the �t. Here, how-
ever, standard least squares theory cannot be applied because this requires
uncorrelated data, whereas, due to the Hanning smoothing, the data points
in the velocity pro�les are correlated. Therefore the degree of freedom in the
�t will not be equal to the number of data points used in the �t minus the
number of three �tted parameters. Single component Gauss functions surely
correctly represent noise peaks, however. So, in pro�les without signal the
theoretical distribution of the �2's can still be found. The mean �2 in this
distribution is the degree of freedom in the �t, and the �2's are converted
to reduced �2's, with a theoretical value of one, by dividing them by this
mean.

Just as in the tilted ring models described in Chapter 3, in general the
�tted Gauss functions represent the observed velocity pro�les of the HI layer
of NGC 3198 correctly. Only in areas with noticeable spiral features this is
not the case. This is shown by the distribution on the sky of the reduced-
�2's of the �ts, which shows structure associated with spiral features in the
column density �eld (see �gure 4.3, lower right panel). It is also shown in the
di�erence between the mean value of the reduced-�2 's found in pro�les with
signal of 1.2, and the theoretical value of 1, and by the slight disagreement
between the statistical distribution of the �2's found in pro�les with signal
and the theoretical statistical distribution, as found in pro�les with only
noise (see �gure 4.2, lower right panel).

However, the only purpose of �tting the Gauss functions to the velocity
pro�les is to obtain determinations of the central moments of the pro�les
that are not too much disturbed by the noise. So detailed agreement for
the entire pro�le is not really required. Therefore the �ts with the highest
�2's have been inspected by eye and they have been considered good enough
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Figure 4.3 The central moments of the observed HI velocity pro�les in

NGC 3198.
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 In the column density map (upper left panel) the gray scales run from �19

to +900 mJy/beam km/s. (They are the same as in �gure 3.3.) It has been corrected for

primary beam attenuation. The ellipse indicates the largest circular ring that has been

�tted to the velocity �eld, with a radius of 634.5
00

. The observational beam of 18
00

� 18
00

(FWHM) is shown in the lower left corner. In the mean velocity �eld (upper right panel)

the contours indicate steps of 20 km/s around the systemic velocity of 659.2 km/s, and the

southern half of the galaxy is receding. The cross indicates the dynamical centre, derived

from �tted circular rings. In the velocity dispersion �eld (lower left panel), the gray scales

run from 8 to 24 km/s. (They are the same as in �gure 3.7.) The X-shaped feature is the

systematic velocity dispersion of the gas inside the volume spanned by the observational

beam and the layer thickness. It coincides with the regions in the velocity �eld where

the velocity contours are closest together. In the �eld with the reduced �2's of the Gauss

function �ts to the velocity pro�les (lower right panel) the gray scales run from 0 to 8.

for a determination of the central moments of the pro�les. Moreover, errors
associated with spiral features will probably not disturb the �tting of tilted
ring models to obtain a global picture of the HI layer of NGC 3198 anyway.

The Tilted Ring Model

The Rotation Velocities

To determine the central positions, systemic velocities, position angles,
inclinations, and the rotation velocities, tilted rings are �tted to the observed
mean velocity �eld.

In the �tting the uncertainties in the velocity �eld have been taken into
account. As uncertainties in the �tted parameters the 1�-uncertainties have
been used, calculated from the residual of the �t. So they may be considered
as real uncertainties that take into account the errors in the representation
of the velocity �eld by the �tted circular rings. The uncertainties have also
been corrected for the correlation of the data in the velocity �eld over the
area of the beam, by multiplying them by a factor of 4.6 (see Chapter 3,
Appendix A).

In the �t to the velocity �eld, each ring has been represented as a circular
annulus with a width equal to the separation of the rings in radius, and �tted
the data located at the projection of the annulus on the sky. So placed in the
plane of the layer the annuli would form a closed disk. In this way each ring
is �tted to di�erent data in the velocity �eld, and consequently the �tted
parameters of di�erent rings can be considered independent. Only if rings
signi�cantly overlap in the line of sight, due to di�erences in their central
positions in the sky, position angles, or inclinations, this will not work, but
in NGC 3198 this is not the case.
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In radius the rings should be critically sampled, which means that the
increment in their radii should be approximately half the size of the obser-
vational beam. The dispersion measure of the beam is 1800=2:35, and the
dispersion measure of the width of the annuli used to represent the rings
is the full width of the annuli divided by

p
12. So the increment in the

radii of the rings should be 1=2 � (1800=2:35) � p12 ' 1300. However, for the
determination of the central position, systemic velocity, inclination, and po-
sition angle of a ring, also data in the velocity �eld on the minor axis are
needed. Critical sampling along this axis would require that the increment
in the radii is taken projected along the minor axes, and therefore that it
is divided by the cosine of the inclination of the layer. With the inclination
of NGC 3198, of about 70�, it would become about 3900. As a reasonable
average, 2700 has been used as the increment in the radii of the rings.

Table 4.2 Parameters of NGC 3198

Type1 Sc(rs)I-II

Optical centre1 (1950) � = 10h16m52:10s�400 ; � = 45�4800:000�300

Kinematical centre HI (1950) � = 10h16m51:85s�3:800 ; � = 45�4803:000�6:900

Systemic velocity 659:4�2:6 km/s

Integrated HI ux 235�7 Jy km/s = (1:11�0:03)� 10�20 Watt=m2

Distance1 9.4 Mpc

MHI 4:9� 109 M�

LB
1 (9:0� 0:9)� 109LB�

LV
1 (7:3� 0:7)� 109LV�

disk scale length1 5800

R25
1 25200

Holmberg diameter1 11:90 � 4:90

1 Data from thesis Begeman, references therein.

First, the central position in the sky and systemic velocity of the entire
layer are determined (see table 4.2). For this purpose the rings are �tted
with all parameters free, and the central positions and systemic velocities of
the separate rings are averaged. Rings with radii larger than 48000 have not
been used because for the determination of the central position and systemic
velocity of an ring, data on both halves of the major axis are needed (see also
�gure 4.5). As the uncertainty in the central position and systemic velocity of
the entire layer, the dispersion from the separate rings divided by the square
root of the number of rings has been used. In this way also the di�erences
in the central positions and systemic velocities of the rings are taken into
account (see also Chapter 3, Appendix C). The real uncertainty that is
calculated in this way is about 7 times larger than the formal uncertainty in
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the average.
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Figure 4.4 The position angles, inclinations, and rotation velocities in the tilted

ring model of NGC 3198. In the upper panel on the left the position angles are shown,

in the lower panel the inclinations, and in the panel on the right the rotation velocities. The

measurements are indicated by the dots with the error bars which are the 1�-uncertainties,

calculated from the residual of the �t, and corrected for the correlation of the data over

the area of the beam. The thin solid lines represent the results of smoothing in the radial

direction. In addition to the rotation velocities measured here, also the those derived by

Begeman are indicated (dotted line).

Next, the position angles and inclinations of the rings are determined
(see �gure 4.4, panels on the left). For this purpose the rings are �tted a
second time, but with only the position angles, inclinations, and rotation
velocities as free parameters, and the central position and systemic velocity
kept �xed at the values determined before. For a good determination of all
three, the position angle, the inclination, and the rotation velocity of a ring,
data values are needed on at least one half of the major axis. At radii of
580.500 and 607.500, the rings have been �tted to a very small number of data
points, and the �tted position angles and inclinations are completely ad hoc,
and have therefore been rejected.

The small scale uctuations in the position angles and inclinations are
completely explained by spiral features and noise, and do not indicate any
real warping of the plane of the layer. Therefore, the measurements have
been heavily smoothed in the radial direction, by �tting a third degree poly-
nomial.

Finally, the rotation velocities are determined (see �gure 4.4, panel on the
right), by �tting the rings a third time, but with only the rotation velocities
as free parameters. For the position angles and inclinations the smoothed
values have been used.1

1It must be mentioned that the uncertainties in the parameters that are kept �xed
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Figure 4.5 HI position-velocity map along the major axis of NCG 3198. The map

has been obtained by taking a slice through the data at a position angle of 215�. It has not

been corrected for primary beam attenuation. The contours are at levels of �5.0, �2.5,

2.5, 5.0, 10.0 and 20.0 times the r.m.s. noise in the map of 0.8 mJy/beam. The pixels in

the map are 500 � 4:14 km/s. The instrumental resolutions are indicated by the tiny cross

inside the box in the lower right corner of the map. The velocity resolution is 8.3 km/s

(FWHM), and the angular resolution 19.400 (FWHM). The dots indicate the line of sight

components of the rotation velocities.

At small radii the measured position angles and inclinations show the
twist that is visible in the inner regions of the velocity �eld (see �gure 4.3,
upper right panel). At large radii they show that the layer is mildly warped
in its outer parts. This is in agreement with the results of Begeman (1987,
Ph.D. thesis, page 31).

The measured rotation velocities agree with the position-velocity map
along the major axis of NGC 3198 (see �gure 4.5), but there are di�erences
with the rotation velocities obtained by Begeman. At radii smaller than
�12000 Begeman's rotation velocities are higher than the ones found here.
Maybe, in spite of the better resolution of the observations, the present
rotation velocities are underestimated because no beam smearing correction
has been applied (see also Begeman 1987, Ph.D. thesis, page 31{32). At radii
larger than �55000 the rotation velocities found here are signi�cantly higher
than the value of �150 km/s found by Begeman, but also in Begeman's

in the determination of the position angles, inclinations, and rotation velocities have

not been taken into account, and that therefore the uncertainties these parameters are

underestimated.
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position-velocity map in the northern half of the layer there is a hint of
rotation velocities that increase with radius (see Begeman 1987, Ph.D. thesis,
page 34).

The HI Surface Densities

The HI surface density on each ring in the tilted ring model has been
derived by multiplying the average observed HI column density on the ring by
the cosine of the inclination of the ring. Its uncertainty has been calculated
from the dispersion of the HI surface densities on the ring.
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Figure 4.6 The HI surface densi-

ties from the tilted ring model of

NGC 3198. (Corrected for primary

beam attenuation.) The error bars in-

dicate 1�-uncertainties. The thin solid

line represents the result of smoothing

in the radial direction.

The used HI column densities have been obtained with a straightforward
integration of the observed velocity pro�les, and not from the �tting of the
Gauss functions. The reason is that the latter are unde�ned at the positions
in the sky where the signal to noise ratio in the observed velocity pro�les is
low, whereas the column densities obtained with a direct integration of the
velocity pro�les are de�ned at all positions. Their relatively high noise is
not a serious problem; it is well below the actual variation of the HI surface
density along the rings due to spiral features, and in the determination of
the average HI surface densities on circular rings the observed HI column
densities are averaged over substantial regions on the sky.

Due to the variation of the orientations of the rings as a function of
radius, at some positions the rings overlap in the line of sight while at other
positions holes occur between them. Therefore at some positions in the sky
the observed column densities are used twice or more, in deriving the average
surface densities on two or more rings, while at other positions they are not
used at all. In NGC 3198 the orientations of the rings vary only mildly with
radius, and therefore the errors introduced in this way are probably smaller
than the uncertainties caused by spiral features.
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The small scale uctuations of the HI surface densities (see �gure 4.6)
are consistent with the uncertainties in the measurements. They are caused
by the noise and spiral features, and not by actual variation of the average
HI surface densities on the rings as a function of radius. Therefore, the
measurements have been smoothed in the radial direction, by �tting a second
degree polynomial at small radii, smoothly shading o� into exp(�(r=r0)�)
at large radii. For � in this way a value of about 2:5 has been found.

The Random Velocity Dispersions and the Layer Thicknesses

Finally the random HI velocity dispersions and layer thicknesses have
been measured, but �rst the measurement will be explained (see Chapter 3,
Section 3.8, for a more extensive description of the method).

The observed velocity dispersion is the random HI velocity dispersion
increased by a systematic contribution due to the observational beam and the
layer thickness. This contribution is the dispersion of the systematic velocity
of the HI inside the volume that is spanned by the beam and the vertical
extent of the layer. It is proportional to the variation of the systematic
HI line of sight velocity with position, the size of the beam, and the layer
thickness, and in the observed velocity dispersion �eld it can be recognized
as an X-shaped feature (see �gure 4.3, lower left panel). The X-feature
coincides with the regions where the position dependence of the systematic
velocity of the gas is strongest, and consequently the gradient in the observed
mean velocity �eld is largest. So the X-feature can also be recognized in the
velocity �eld as the regions where the velocity contours are closest together
(see �gure 4.3, upper right panel).

Between the arms of the X-feature the gradient in the velocity �eld is
small. Consequently, also the systematic contribution to the observed ve-
locity dispersion is small, and the observed velocity dispersion is virtually
the random velocity dispersion. So between the arms of the X the random
velocity dispersion can be measured. On the arms of the X the gradient in
the velocity �eld is large. This means that also the systematic contribution
to the observed velocity dispersion is large, and that therefore the observed
velocity dispersion is strongly dependent on the layer thickness. So on the
arms of the X the layer thickness can be measured from the di�erence be-
tween the observed and random velocity dispersion and the gradient in the
velocity �eld.

For the measurement of the random velocity dispersions and layer thick-
nesses, in addition to the observed velocity dispersions, also the gradient
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vectors of the velocity �eld are needed. These can be determined in two
ways. In the �rst place theoretical gradient vectors can be calculated from
the position angles, inclinations, and rotation velocities in the tilted ring
model (see �gure 4.4). Because these parameters are in fact averages over
substantial regions in the sky, the uncertainties in the theoretical gradient
vectors will be negligible. In the second place, observed gradient vectors can
be determined as the linear coe�cients of two-dimensional, linear polynomi-
als, at each position in the sky locally �tted to the velocity �eld.

Following the method outlined above, the HI random velocity dispersions
and layer thicknesses have been derived from the observed velocity dispersion
�eld (see �gure 4.7, lower left panel). The theoretical as well as the observed
gradient vectors of the velocity �eld have been used. The 1�-uncertainties
have been calculated from the residual of the �t. Subsequently, also the
model velocity dispersion �elds have been calculated (see �gure 4.8).
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Figure 4.7 The random velocity dispersions and layer thicknesses in the tilted

ring model of the HI layer in NGC 3198. The panels on the left show the measure-

ments of the random velocity dispersion, and those on the right the measurements of the

layer thickness (1�-dispersion measures). The error bars are 1�-uncertainties calculated

from the residual of the �t, and corrected for the correlation of the data over the area

of the observational beam. The thin solid lines represent the results of smoothing as a

function of radius.

In tilted ring models the theoretical and observed gradient vectors work
about equally well to determine the random velocity dispersion and layer
thickness (see also Chapter 3, Section 3.8, �gures 3.13, and 3.14). The
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HI layer of NGC 3198 is seen as a tilted ring model, but with added spiral
features, and these inuence its observed velocity and velocity dispersion
�elds. The theoretical gradient vectors do not follow the spiral features,
but the observed ones do. It appears that therefore the latter give a much
better agreement between the observed and the model HI velocity dispersion
�eld (compare also �gure 4.3, lower left panel, with the panels in �gure 4.8).
This is also reected in the uncertainties in the measurements calculated
from the residual of the �t: with the theoretical gradient vectors they are
larger than with the observed ones. For these reasons, the measurements
with the observed gradient vectors have been adopted.

Figure 4.8 The model velocity dispersion �elds calculated from the measure-

ments of the random velocity dispersion and the layer thickness. The �eld on

the left is calculated with the theoretical, and the one on the right with the observed

gradient vectors of the velocity �eld. The gray scales run from 8.0 to 24.0 km/s, just as

in the observed velocity dispersion �eld shown in �gure 4.3. In the lower left corner of the

panel on the left the observational beam is shown.

Just as in the tilted ring models presented in Chapter 3, inside a radius
of 10000 the random velocity dispersion and layer thickness could not be
measured accurately, the former probably being overestimated and the latter
not being measured at all. In the tilted ring models, with the theoretical
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gradient vectors of the velocity �eld, however, the random velocity dispersion
could still be measured accurately at radii smaller than 10000. Therefore, at
radii smaller than 10000, the measurements of the random velocity dispersions
with the theoretical gradient vectors of the velocity �eld have been adopted.

To get rid of small scale uctuations caused by spiral features and noise
the measurements have been heavily smoothed as a function of radius. For
the random velocity dispersions this has been done by �tting a function
�ran(r) = � + s � exp(�(r=r0)�) to the measurements. At radii smaller than
10000 the results of the smoothing disagree with the measurements done with
the observed gradient vectors. This is caused by the large uncertainties
in these measurements. The results of the smoothing agree with the mea-
surements done with the theoretical gradient vectors, however, and at radii
smaller than 10000 these are supposed to be more reliable.

The measurement of the random velocity dispersion and the layer thick-
ness is disturbed by spiral features. When the theoretical gradient vectors
are used, the spiral features cause a bad representation of the observed ve-
locity dispersion �eld. This causes errors, especially if there is correlation
between the spiral features and the X-feature in the velocity dispersion �eld.
In this way, in the measurements with the theoretical gradient vectors, the
large spiral arm in NGC 3198 in the north-east causes an overestimate of
the layer thickness at large radii (see �gure 4.7, upper panel right). In the
measurements with the observed gradient vectors, errors may occur if the
random velocity dispersion and layer thickness are not constant on the circu-
lar rings, and either of them is correlated with spiral features. For example,
if at the location of spiral features the gradient in the velocity �eld is larger
than in between, the layer thickness will be measured at spiral features and
the random velocity dispersion between spiral features.

This can lead to systematic errors in average random velocity dispersions
and layer thicknesses measured on rings. In practice, with the theoretical
and the observed gradient vectors virtually the same random velocity dis-
persions are found. So there seems to be no di�erence between the average
random velocity dispersions on circular rings and random velocity disper-
sions measured in between spiral features. From this it can be concluded
that at least the random velocity dispersion is probably not strongly corre-
lated or anti-correlated with spiral features.
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Appendix

NGC 3198 (overview) In the upper left

corner the optical image of the galaxy is

shown. It has been extracted from the

Palomar 48-inch Schmidt Telescope Digi-

tized Sky Survey, and its angular resolu-

tion is about 200. In the upper right cor-

ner the distribution on the sky of the col-

umn density, and in the lower left corner

of the mean line of sight velocity of the

neutral hydrogen in the galaxy is shown.

Both maps have been obtained with the

Westerbork Synthesis Radio Telescope, at

an angular resolution is 1800 (indicated in

the lower left corner of the column density

map). In the velocity map the contours

are in steps of 20 km/s around the sys-

temic velocity of the entire galaxy, and

the southern half of the galaxy is reced-

ing. In all maps the dynamical centre of

the galaxy has been indicated by a tiny

circle in the centre.
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Table 4.3 Parameters of the tilted ring model of the HI layer of NGC 3198. (For

the layer thickness the 1�-dispersion measure has been given.) The uncertainties are the

1�-uncertainties, calculated from the residual of the �t, and corrected for the correlation

of the data over the area of the observational beam.

radius P.A. inc. vrot npix nHI �ran Z0
00 � � km/s 1020/cm2 km/s 00

13.5 52.4 � 26. 14 3.2 � 0.8 31.3 � 39 �5.9 � 178

40.5 209.8 � 3.5 74.0 � 6.4 93.7 � 6.4 53 4.0 � 0.6 20.9 � 16 �7.7 � 33.

67.5 212.9 � 1.9 75.4 � 3.1 124.7 � 5.5 93 5.6 � 0.6 16.0 � 9.3 �4.8 � 29.

94.5 214.5 � 1.3 72.0 � 2.0 140.2 � 3.5 135 6.4 � 0.4 13.4 � 3.4 6.8 � 8.2

121.5 216.7 � 0.9 69.4 � 1.5 147.2 � 2.7 180 7.2 � 0.5 12.0 � 1.8 9.1 � 5.2

148.5 218.3 � 0.6 69.8 � 1.1 151.4 � 2.0 229 6.8 � 0.5 10.5 � 1.2 8.8 � 4.0

175.5 218.4 � 0.5 70.8 � 0.9 156.2 � 1.9 276 6.5 � 0.4 10.7 � 1.0 8.0 � 4.0

202.5 217.1 � 0.4 70.7 � 0.6 159.4 � 1.3 322 5.8 � 0.4 10.3 � 0.8 8.0 � 2.3

229.5 216.4 � 0.5 71.3 � 0.7 156.3 � 2.0 368 5.0 � 0.4 9.0 � 1.0 10.4 � 2.4

256.5 216.0 � 0.4 70.8 � 0.7 151.5 � 1.5 420 4.5 � 0.3 8.7 � 0.7 9.5 � 2.8

283.5 216.2 � 0.4 70.4 � 0.7 153.7 � 1.2 472 4.3 � 0.3 7.8 � 0.5 11.2 � 2.6

310.5 215.8 � 0.4 70.0 � 0.6 153.2 � 1.4 512 3.8 � 0.3 8.4 � 0.6 9.4 � 3.0

337.5 215.1 � 0.4 69.0 � 0.6 152.4 � 1.5 546 3.4 � 0.3 9.8 � 0.8 7.8 � 4.4

364.5 215.3 � 0.3 70.1 � 0.5 152.2 � 0.9 596 3.3 � 0.2 8.4 � 0.6 11.3 � 2.9

391.5 215.2 � 0.4 70.6 � 0.7 151.5 � 1.2 619 3.0 � 0.2 8.6 � 0.5 12.6 � 2.5

418.5 214.4 � 0.6 70.5 � 0.8 150.1 � 1.6 562 2.4 � 0.2 8.9 � 0.6 12.5 � 2.6

445.5 213.5 � 0.7 70.8 � 0.9 147.8 � 1.9 529 2.0 � 0.2 8.4 � 0.7 13.4 � 2.6

472.5 213.3 � 0.7 71.7 � 1.0 147.9 � 2.0 467 1.6 � 0.2 8.0 � 0.7 14.7 � 2.8

499.5 212.2 � 0.8 72.3 � 1.1 149.7 � 2.1 398 1.4 � 0.2 7.9 � 0.8 17.6 � 3.3

526.5 212.6 � 1.1 71.5 � 1.0 150.9 � 1.8 355 1.2 � 0.2 8.2 � 0.9 16.6 � 4.9

553.5 213.7 � 1.3 71.2 � 1.1 153.3 � 1.4 273 0.9 � 0.2 8.5 � 1.0 12.3 � 7.6

580.5 157.4 � 1.6 196 0.7 � 0.1 8.7 � 1.0 �1.3 � 58.

607.5 158.7 � 1.6 114 0.5 � 0.1 9.0 � 1.3 8.3 � 19.

634.5 213.0 � 4.3 73.8 � 2.2 161.0 � 7.3 24 0.3 � 0.1 11.2 � 5.0 �6.5 � 74.

661.5 0.2 � 0.1

688.5 0.1 � 0.1

715.5 0.1 � 0.1
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4.3 NGC 2403

Observations

The data have been reduced using standard calibration procedures. Af-
ter the removal of the bad visibilities and the fourier transform a sequence
of 127 channel maps in velocity has been obtained, each channel map con-
sisting of 1024 � 512 pixels.

Table 4.4 Observational parameters of NGC 2403

dates of observation 28 oct. 1988

8, 15 and 21 dec. 1988

length of observation 4� 12
h

baselines (min{max{increment) 36{2754{18 m

pixel separation 5:000 � 5:500

synthesized beam (FWHM) 1300 � 1300

size of �rst grating ring 40:30 � 44:30

FWHP primary beam 37:50

r.m.s. noise in channel maps 0.85 mJy/beam

central frequency 1419.8626 MHZ

frequency increment between channels �0.01953125 MHZ

bandwidth 2.5 MHZ

number of channels 127

central velocity channel (heliocentric) 125.0 km/s

velocity increment between channels 4.12 km/s

velocity resolution (FWHM) 8.244 km/s (after Hanning smoothing)

�eld centre (1950) � = 7h32m1:00s � = 65�4205700

mJy/beam ! K 3.6 K

The channels are numbered from �63 to +63, and their velocities run
from �134.7 to +348.7 km/s. The channels �63, and +54 to +64 cannot be
used due to the low response at the two ends of the passband. This leaves
the channels �61 to +53 for the study of the HI layer of NGC 2403.

The channels �32 to +36, with velocities from �6.9 to +273.4 km/s,
show HI line emission from NGC 2403. The channels �33 to �29, with
velocities from�11.0 to +5.5 km/s, contain also galactic HI.2 This is present
over the entire observed �eld, also in the direction of NGC 2403. As a
consequence the channels with the galactic HI cannot be used for the study
of the HI layer of NGC 2403.

At each position on the sky the continuum emission has been calculated
from the channels free of HI line emission (�62 to �34 and +37 to +52),

2The galactic longitude and latitude of NGC 2403 are 150.5 and 29.2 degrees.
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by �tting a linear polynomial to the data as a function of velocity, and
it has subsequently been subtracted from the entire data set. After the
continuum subtraction, the channel maps and the antenna responses have
been smoothed to a resolution of 1300 � 1300 (FWHM), to get a round beam,
and subsequently the channel maps have been cleaned. For this cleaning,
masks have been de�ned at 10400� 10400 (FWHM) resolution. To obtain the
masks, copies of the channel maps have been smoothed, cleaned down to a
level of 1.5 times the r.m.s. noise, and clipped at the same level.

To clean the channel maps at 1300 (FWHM) resolution, the standard
H�ogbom clean cannot be used because the signal is too extended compared
to the beam and too many clean components would be found compared
to the number of observed visibilities. Therefore, a multi-resolution-clean
(Wakker et al. 1988) has been applied at resolutions of 1300 and 5200. With
this procedure the channel maps have been cleaned down to a level of 0.5
times the r.m.s. noise, and restored with a round Gaussian beam of 1300

(FWHM). With the multi-resolution-clean the negative bowl around the
signal could be completely removed, whereas with the standard H�ogbom
clean this could not have been achieved.

-100 0 100 200 300 400

0

2000

4000

6000 Figure 4.9 The global HI pro-

�le of NGC 2403. (Corrected for

primary beam attenuation) The 1�-

uncertainties in the pro�le are approx-

imately 180 mJy. Due to the Han-

ning smoothing the values in the pro�le

are not independent. The two vertical

lines indicate the velocity range of the

galactic HI.

After the cleaning it appears that all HI line emission of NGC 2403 is
located between 7h35m22s to 7h28m36s in R.A., and 65�2900000 to 65�5703000 in
DEC. Therefore, the total HI ux density in each channel map (see �gure 4.9)
is calculated from this region only. The total HI ux in NGC 2403 (see
table 4.5) is probably underestimated because in its calculation the channel
maps with the galactic HI have not been used.
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Figure 4.10 The statistical distributions of the central moments of the observed

HI velocity pro�les in NGC 2403. (Not corrected for primary beam attenuation.)

The top row represents the results of a direct calculation on the largest consecutive positive

peak in each pro�le, and the lower two rows show the results of �tting single component

Gauss functions to the pro�les. The uncertainties presented in the bottom row are the

formal 1�-uncertainties, and the uncertainties in the mean velocities are virtually the same

as in the velocity dispersions. The thin lines indicate pro�les with only noise, and the thick

lines pro�les with signal. Each histogram consists of 200 bins, and has been normalized

with respect to its peak value. Above each panel the medians of the distributions are given

together with the 3�-con�dence level for pro�les with signal.
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The Central Moments of the HI Velocity Pro�les

The �tting of the single component Gauss functions to the observed HI
velocity pro�les, which is done to obtain the column density, mean velocity,
and velocity dispersion �elds, presents two complications. The �rst is that
the channel maps with the galactic HI cannot be used. The radial helio-
centric velocities of these channels are close to zero, and they correspond to
positions on the major axis of the northern half in NGC 2403. Therefore at
these positions the column density, mean velocity, and velocity dispersion
of the HI of NGC 2403 cannot reliably be determined. The second is that
the signal is low compared to the noise, and its distribution in space and
velocity irregular. So there is hardly continuity of the signal that can be
used to obtain the initial estimates for the �tting of the Gauss functions
and to separate Gauss functions �tted to noise from those �tted to signal.
(For this situation actually, the extensive procedures described in Chapter 3,
Section 3.5 have been designed.)

To get rid of the Gauss functions that have not been �tted to signal, �rst
the functions with mean velocities outside the velocity range of the data
(�126.6 to +339.4 km/s) or within the velocity range of the galactic HI
(�15.2 to +9.6 km/s) are rejected. Next, the Gauss functions below the
3�-con�dence level in the signal-to-noise ratio are removed.

At this stage, after the rejection of the vast majority of the Gauss func-
tions �tted to noise, the distribution of the signal in space and velocity and
the parameter distributions of the Gauss functions �tted to signal have be-
come known well enough that they can be used for the further recognition
and rejection of Gauss functions �tted to noise on the basis of continuity. To
obtain a better de�nition of the continuity of the signal in velocity, a model
velocity �eld calculated with the rotation velocities measured by Begeman
is subtracted from the observed velocity �eld. In this way the velocity range
of the signal is reduced from �6.9 to +273.4 km/s to �30 to +30 km/s.

The �2's of the Gauss function �ts are calculated from only 15 channels
around the mean velocity of each �tted function. Since the velocity sep-
aration of the channel maps is 4.14 km/s and the median of the velocity
dispersion of the signal is �9.5 km/s (see �gure 4.10), the 3�-fraction of the
signal (99.73%) is still involved in the calculation. The �2's are converted to
reduced-�2's by dividing them by the mean �2 found in pro�les with only
noise.

The distribution on the sky of these reduced-�2 's shows only weak struc-
ture, which is associated with irregularities in the column density �eld (see
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Figure 4.11 The central moments of the observed HI velocity pro�les in

NGC 2403. In the column density map (upper left panel) the gray scales run from

�13 to +787 mJy/beam km/s. The �eld has been corrected for primary beam attenua-

tion. The ellipse indicates the largest circular ring (radius of 1150.500), with a measured

rotation velocity. The beam of 1300 � 1300 (FWHM) is shown in the lower right corner.

In the velocity �eld (upper right panel) the contours are in steps of 15 km/s around the

systemic velocity of 133.7 km/s, and the southern half of the galaxy is receding. The cross

indicates the dynamical centre of the layer. Inside the wedge around the major axis of the

northern half of the galaxy, where the line of sight velocities of the HI are close to zero,

the velocity pro�les are disturbed by galactic HI. In the velocity dispersion �eld (lower

left panel) the gray scales run from 5 to 21 km/s. The reduced-�2's of the Gauss function

�ts to the velocity pro�les are shown in lower right panel where the gray scales run from

0 to 8.
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�gure 4.11, upper left and lower right panel). The somewhat worse represen-
tation of the velocity pro�les at these positions by the �tted Gauss functions
also shows up as minor di�erences between the distribution of the �2's found
in pro�les with signal and the theoretical distribution found in pro�les with
only noise (see also �gure 4.10, lower right panel). The �ts with the largest
reduced �2's have been inspected by eye and considered good enough for
a correct determination of the pro�le integral, mean velocity, and velocity
dispersion.

The Tilted Ring Model

The Rotation Velocities

Table 4.5 Parameters of NGC 2403.

Type1 Sc(s)III

Optical centre1 (1950) � = 7h32m2:9s�400 ; � = 65�4204200�200

Kinematical centre HI (1950) � = 7h32m1:74s�3:200 ; � = 65�42044:500�2:800

Systemic velocity 133:7�1:0 km/s

Position angle 123:9�0:4�

Inclination 60:9�1:1�

Integrated HI ux 1318 � 10 Jy km/s = (6:23� 0:05)� 10�20 Watt=m2

Distance1 3.25 Mpc

MHI 3:27� 109 M�

LB
1 (7:9� 0:7)� 109LB�

LV
1 (3:1� 0:3)� 109LV�

disk scale length1 13000

R25
1 53400

Holmberg diameter1 29:00 � 15:00

1 Data from thesis Begeman, references therein.

The observed velocity �eld of NGC 2403 contains a lot of small scale
structure caused by spiral features and a considerable amount of noise so
that in the �tting of the circular rings there is a large risk of �nding local
�2 minima. Therefore, in order to �nd the real, global �2-minima, di�erent
initial estimates have been used.

With the beam of 1300 (FWHM) and the inclination of NGC 2403 of
about 60�, a critical sampling of the rings along the major axis of the galaxy
would require an increment of 9.500, and along the minor axis of 1900. In
practice a value in between these two has been used, and the rings have
been �tted with a radial increment of 1300.

For the determination of the central position and systemic velocity (see
table 4.5) only rings with radii smaller then 84000, with signal on both halves
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Figure 4.12The position angles, inclinations, and rotation velocities for the tilted

ring model of NGC 2403. The upper panel shows the position angles, the middle

panel the inclinations, and the lower panel the rotation velocities. The measurements

are indicated by the dots with the error bars, which are the 1�-uncertainties calculated

from the residual of the �t. The thin solid lines represent the results of smoothing in the

radial direction. In addition to the rotation velocities measured here, also those derived

by Begeman are indicated (dotted line).

of the major axes have been used (see �gure 4.13).

In the inner regions the measured position angles and inclinations (see
�gure 4.12, upper two panels) show the twist that is visible in the velocity
�eld (see �gure 4.11, upper right panel). No further global trend with radius
seems to be present. The small scale uctuations with radius are probably
caused by spiral features, and do not indicate real small scale warping of the
plane of the layer. The spiral features show up primarily in the inclinations
of the �tted rings. These small scale uctuations are neglected, and the
plane of the layer is assumed to be at. As position angle and inclination of
the HI layer, the average values found for radii smaller than 96000 have been
used. Also there must be signal on at least one half of the major axes (see
also �gure 4.13).

The rotation velocities (see �gure 4.12, bottom panel), measured with the
central positions, systemic velocities, position angles, and inclinations kept
�xed at the average values for the entire layer, are in good agreement with
the position-velocity map along the major axis of NGC 2403 (see �gure 4.13),
and also with the rotation velocities found by Begeman (1987, Ph.D. thesis).
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Figure 4.13 HI position-velocity

map along the major axis of

NGC 2403. The map has been ob-

tained by taking a slice through the

data at a position angle of 124�. It has

not been corrected for primary beam

attenuation. The contours are at lev-

els of �5.0, �2.5, 2.5, 5.0, 10.0 and

20.0 times the r.m.s. noise in the map

of 0.8 mJy/beam. The pixels in the

map are 5
00

� 4:12 km/s. The instru-

mental resolutions are indicated by the

tiny cross inside the box in the lower

left corner of the map. The velocity

resolution is 8.2 km/s (FWHM), and

the angular resolution 13.700 (FWHM).

The dots indicate the line of sight com-

ponents of the rotation velocities in the

tilted ring model. The two straight

lines indicate the velocity range of the

galactic HI.
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The HI Surface Densities
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Figure 4.14 The HI surface densities from the tilted ring model of NGC 2403.

(Corrected for primary beam attenuation.) The error bars represent 1�-uncertainties cal-

culated as the dispersion in the surface densities. The thin solid line represents the result

of a smoothing as a function of radius.

To avoid the e�ect of the galactic HI in the determination of the average
HI surface densities the channel maps with the galactic HI have not been
used, and also a wedge from �20 to +20 degrees around the major axis of
the northern half of the galaxy has been excluded.

The smoothing of the measurements in the radial direction has been done
by �tting a low degree polynomial at small radii smoothly shading o� into an
exp(�(r=r0)�) function at large radii. For � a value of 2.0 has been found,
which indicates that at large radii the HI surface density falls o� with radius
more or less like a Gaussan function.

The Random Velocity Dispersions and the Layer Thicknesses

Because of the high noise in the observations and the irregular dis-
tribution of the HI in NGC 2403, the observed velocity dispersion �eld is
extremely irregular and noisy, and no X-shaped feature indicating the inu-
ence of the observational beam and layer thickness is visible (see �gure 4.11,
lower left panel). The dispersion of the data values in the �eld is 3.6 km/s.
So anX-shaped feature of this amplitudemay be present without being seen.
This would correspond to a layer thickness with a 1�-dispersion measure of
�3000 (see Chapter 2, Table 2.1).

In spite of the absence of an X-shaped feature as in tilted ring models
or in NGC 3198, still an attempt is made to measure the random velocity
dispersions and layer thicknesses from the correlation between the velocity
dispersion �eld and the gradient in the velocity �eld. With the theoretical
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Figure 4.15 The random velocity dispersions and layer thicknesses in the tilted

ring model of the HI layer in NGC 2403. The �rst and third panel from top show

the measurements of the random velocity dispersion, and the second panel from top and

the bottom panel the measurements of the layer thickness (1�-dispersion measures). The

error bars are 1�-uncertainties, calculated from the residual of the �t. The thin solid lines

represent the results of smoothing as a function of radius. (The negative values found for

the layer thicknesses at the smallest and largest radii are caused by the sparse sampling

and the high noise in the mean velocity and velocity dispersion �elds.)

gradient vectors of the velocity �eld, calculated from the parameters of the
�tted circular rings, only the random velocity dispersions can be measured
(see �gure 4.15, upper two panels). With the observed gradient vectors,
however, between radii of 10000 and 70000 also layer thicknesses are found
(see �gure 4.15, lower two panels). This is purely caused by small scale cor-
relation between the observed velocity dispersion �eld and the gradient in
the observed mean velocity �eld due to spiral features.
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Figure 4.16 The model velocity dispersion �elds calculated from the measure-

ments of the random velocity dispersion and the layer thickness. The �eld on

the left is calculated with the theoretical, and the one on the right with the observed

gradient vectors of the velocity �eld. The gray scales run from 5.0 to 21.0 km/s just as in

the observed velocity dispersion �eld shown in �gure 4.11. In the lower right corner of the

panel on the left the observational beam is shown.

In addition to the measurements of the random velocity dispersions and
the layer thicknesses also the model velocity dispersion �elds have been cal-
culated. It appears that with the observed gradient vectors the spiral fea-
tures in the observed velocity dispersion �eld are represented, while with
the theoretical gradient vectors they are not (compare �gure 4.11, lower left
panel, with the panels in �gure 4.16). This is actually the reason why with
the observed gradient vectors layer thicknesses are found, while with the
theoretical gradient vectors they are not.

Finally it must be mentioned that in the model velocity dispersion �elds
the average velocity dispersion is lower than it is in the observed velocity
dispersion �eld. The reason is that the uncertainties in the observed velocity
dispersions are proportional to their values. Therefore high values systemat-
ically get less weight in the measurement of the random velocity dispersion
and the layer thickness, and consequently they are less well represented in
the model velocity dispersion �elds based on this measurement.
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Appendix

NGC 2403 (overview) In the up-

per left corner the optical image of the

galaxy is shown. It has been extracted

from the Palomar 48-inch Schmidt Tele-

scope Digitized Sky Survey, and its an-

gular resolution is about 200. In the up-

per right corner the distribution on the

sky of the column density, and in the

lower left corner of the mean line of sight

velocity of the neutral hydrogen in the

galaxy is shown. Both maps have been

obtained with the Westerbork Synthe-

sis Radio Telescope, at an angular res-

olution is 1300 (indicated in the lower

left corner of the column density map).

In the velocity map the contours are in

steps of 15 km/s around the systemic

velocity of the entire galaxy, and the

southern half of the galaxy is receding. In all maps the dynamical centre of the galaxy has

been indicated by a tiny circle in the centre.
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Table 4.6 Parameters of the tilted ring model of the HI layer of NGC 2403. (For

the layer thickness the 1�-dispersion measure has been given.) The uncertainties are the

1�-uncertainties, calculated from the residual of the �t.

radius P.A. inc. vrot npix nHI �ran Z0
00 � � km/s 1020/cm2 km/s 00

19.5 116.3 � 12. 52.2 � 29. 43.2 � 7.5 26 8.6 � 2.6 12.8 � 3.4 �5.7 � 14.

32.5 119.8 � 6.0 63.8 � 13. 59.2 � 4.9 47 8.5 � 2.0 11.1 � 1.7 �4.0 � 7.3

45.5 120.1 � 3.5 68.8 � 6.7 71.6 � 4.5 60 8.3 � 1.3 10.2 � 1.8 �3.9 � 3.3

58.5 127.1 � 3.4 68.2 � 6.4 76.2 � 4.1 81 7.8 � 1.2 8.8 � 1.9 �1.1 � 24.

71.5 126.8 � 2.2 61.5 � 4.5 79.4 � 3.0 106 8.3 � 1.2 10.7 � 1.1 �4.8 � 3.1

84.5 125.8 � 1.8 63.9 � 3.6 83.6 � 2.8 117 9.4 � 1.3 10.9 � 1.1 5.8 � 8.6

97.5 126.6 � 2.2 55.9 � 5.2 87.6 � 3.0 140 8.8 � 1.1 10.4 � 0.9 4.4 � 5.5

110.5 126.4 � 2.3 56.0 � 4.5 91.1 � 3.1 151 8.5 � 1.2 9.9 � 0.7 �0.1 � >99

123.5 123.1 � 2.1 59.6 � 3.7 92.1 � 2.3 163 8.8 � 1.2 9.3 � 0.8 5.2 � 5.0

136.5 121.1 � 1.8 59.2 � 3.3 94.8 � 2.0 171 9.1 � 1.3 9.2 � 0.8 4.2 � 6.5

149.5 120.8 � 1.5 62.2 � 3.0 97.7 � 1.9 192 9.4 � 1.2 9.0 � 0.7 3.1 � 7.1

162.5 121.1 � 1.2 63.4 � 2.7 98.5 � 2.4 224 9.3 � 1.2 9.4 � 0.7 7.9 � 3.8

175.5 119.0 � 1.1 61.1 � 2.5 99.8 � 2.5 247 10.1 � 1.2 9.8 � 0.7 8.2 � 4.6

188.5 118.3 � 0.7 57.5 � 1.9 101.6 � 2.1 252 10.8 � 1.2 9.8 � 0.6 12.1 � 4.9

201.5 120.2 � 0.7 57.5 � 2.1 105.8 � 1.8 277 10.8 � 1.3 9.6 � 0.5 8.2 � 4.2

214.5 122.0 � 0.9 52.7 � 2.4 109.7 � 1.7 297 10.8 � 1.1 9.7 � 0.5 8.1 � 4.7

227.5 121.5 � 0.9 54.6 � 2.1 112.8 � 1.7 322 11.1 � 1.0 9.6 � 0.5 7.5 � 6.4

240.5 123.0 � 0.9 55.4 � 1.9 114.8 � 1.8 346 11.0 � 0.8 9.7 � 0.5 10.3 � 4.3

253.5 123.3 � 0.7 57.3 � 1.6 117.0 � 1.5 344 10.5 � 0.8 9.2 � 0.6 12.7 � 4.9

266.5 123.3 � 0.8 59.5 � 1.5 119.5 � 1.3 388 10.4 � 0.9 8.7 � 0.5 10.5 � 3.3

279.5 123.3 � 0.8 60.7 � 1.5 121.1 � 1.4 401 9.5 � 0.8 9.2 � 0.6 12.0 � 3.5

292.5 123.8 � 0.8 62.7 � 1.4 121.8 � 1.5 410 9.0 � 0.7 9.1 � 0.5 11.7 � 3.8

305.5 124.5 � 0.7 63.1 � 1.3 122.8 � 1.6 439 9.2 � 0.8 9.2 � 0.4 9.4 � 4.9

318.5 124.4 � 0.7 64.3 � 1.3 122.7 � 1.6 444 8.5 � 0.8 8.9 � 0.5 12.7 � 7.8

331.5 124.0 � 0.7 64.9 � 1.2 126.5 � 1.6 433 8.2 � 0.9 8.4 � 0.5 12.8 � 5.7

344.5 124.9 � 0.6 58.6 � 1.2 127.9 � 1.5 451 7.4 � 0.8 8.4 � 0.4 10.8 � 5.7

357.5 125.0 � 0.6 59.5 � 1.2 128.5 � 1.5 457 7.1 � 0.8 8.3 � 0.4 10.1 � 5.3

370.5 124.6 � 0.5 58.9 � 1.2 128.4 � 1.3 487 7.5 � 0.7 7.8 � 0.5 14.9 � 5.5

383.5 124.9 � 0.6 59.3 � 1.2 128.0 � 1.2 511 6.8 � 0.7 7.8 � 0.4 15.0 � 4.9

396.5 124.6 � 0.6 60.3 � 1.3 128.4 � 1.3 537 7.4 � 0.6 7.9 � 0.4 12.8 � 4.1

409.5 124.2 � 0.6 59.4 � 1.3 128.5 � 1.2 552 7.4 � 0.6 7.8 � 0.4 12.9 � 3.7

422.5 124.2 � 0.6 60.4 � 1.3 128.0 � 1.2 587 7.1 � 0.6 7.9 � 0.4 10.4 � 3.8

435.5 124.0 � 0.6 60.3 � 1.3 127.4 � 1.4 566 7.4 � 0.6 8.0 � 0.4 6.8 � 3.4

448.5 125.2 � 0.6 61.0 � 1.3 125.8 � 1.2 614 7.4 � 0.6 7.8 � 0.4 6.2 � 4.0

461.5 124.8 � 0.6 61.9 � 1.2 127.0 � 1.2 620 7.1 � 0.5 7.7 � 0.3 7.2 � 3.6

474.5 124.3 � 0.6 62.3 � 1.3 127.6 � 1.3 645 7.1 � 0.5 7.4 � 0.4 9.6 � 3.1

487.5 125.1 � 0.6 54.6 � 1.2 127.9 � 1.5 661 6.8 � 0.5 7.3 � 0.4 10.0 � 3.5

500.5 125.4 � 0.5 55.8 � 1.1 127.4 � 1.4 658 7.1 � 0.4 7.6 � 0.3 5.6 � 4.3

513.5 125.4 � 0.4 57.4 � 1.0 127.4 � 1.3 698 6.2 � 0.5 7.3 � 0.3 8.4 � 3.5

526.5 125.4 � 0.4 58.4 � 0.9 127.8 � 1.3 730 5.8 � 0.5 7.3 � 0.3 8.1 � 4.0

539.5 125.2 � 0.5 59.2 � 0.9 128.4 � 1.3 737 6.0 � 0.5 7.8 � 0.3 8.6 � 3.8

552.5 125.0 � 0.5 60.1 � 0.9 128.6 � 1.1 755 6.2 � 0.4 8.2 � 0.3 8.6 � 3.7

565.5 124.9 � 0.4 61.0 � 0.8 128.3 � 1.0 754 5.8 � 0.5 7.8 � 0.4 10.9 � 5.1

578.5 125.0 � 0.4 61.8 � 0.9 128.0 � 1.1 744 5.8 � 0.5 7.5 � 0.4 17.1 � 4.5

591.5 125.2 � 0.4 61.1 � 0.9 127.4 � 1.0 743 5.8 � 0.5 7.5 � 0.4 14.8 � 5.4

604.5 123.8 � 0.4 57.8 � 0.9 128.0 � 1.0 712 5.4 � 0.5 7.3 � 0.3 10.2 � 4.5

617.5 123.7 � 0.4 58.7 � 0.8 128.3 � 0.9 749 5.1 � 0.4 7.1 � 0.3 11.3 � 4.2

630.5 123.8 � 0.3 58.6 � 0.7 127.5 � 0.9 740 4.9 � 0.5 6.9 � 0.3 9.6 � 4.2

643.5 124.1 � 0.3 59.2 � 0.7 127.0 � 0.8 753 5.0 � 0.4 6.8 � 0.3 10.0 � 5.6

656.5 124.2 � 0.4 59.9 � 0.7 127.8 � 0.8 749 4.8 � 0.4 6.7 � 0.3 3.8 � 10.
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Table 4.6 Parameters of the tilted ring model of the HI layer of NGC 2403.

Continued.

radius P.A. inc. vrot npix nHI �ran Z0
00 � � km/s 1020/cm2 km/s 00

669.5 123.6 � 0.3 60.5 � 0.7 129.2 � 0.8 751 5.0 � 0.4 6.7 � 0.3 7.6 � 6.2

682.5 123.7 � 0.4 61.6 � 0.6 129.8 � 0.8 736 4.8 � 0.4 6.7 � 0.3 6.3 � 6.3

695.5 123.9 � 0.3 61.8 � 0.6 129.5 � 0.8 752 4.4 � 0.4 6.7 � 0.3 9.0 � 4.6

708.5 123.8 � 0.3 62.2 � 0.6 129.3 � 0.9 721 4.5 � 0.4 6.8 � 0.4 10.1 � 4.8

721.5 123.7 � 0.3 62.2 � 0.6 128.6 � 0.9 688 4.2 � 0.4 7.1 � 0.4 6.9 � 5.6

734.5 124.0 � 0.3 62.7 � 0.6 129.0 � 1.0 588 3.9 � 0.4 7.2 � 0.4 3.9 � 6.7

747.5 123.8 � 0.3 63.5 � 0.6 130.0 � 1.1 554 3.5 � 0.4 6.7 � 0.4 �2.8 � 7.9

760.5 123.8 � 0.3 63.7 � 0.6 130.4 � 1.2 526 3.3 � 0.4 6.9 � 0.4 �1.1 � 21.

773.5 123.9 � 0.3 63.9 � 0.6 131.5 � 1.3 512 3.5 � 0.4 6.9 � 0.4 5.0 � 9.5

786.5 124.0 � 0.3 64.4 � 0.6 133.0 � 1.4 507 3.5 � 0.4 6.8 � 0.4 7.8 � 8.1

799.5 124.0 � 0.3 65.0 � 0.6 134.2 � 1.7 483 3.4 � 0.4 6.3 � 0.3 5.6 � 12.

812.5 123.9 � 0.3 65.2 � 0.7 136.6 � 2.2 469 3.3 � 0.4 6.2 � 0.4 �3.5 � 9.1

825.5 124.0 � 0.3 65.8 � 0.8 138.1 � 2.8 452 3.4 � 0.4 6.2 � 0.4 2.4 � 15.6

838.5 122.3 � 0.5 65.4 � 1.2 139.9 � 3.5 413 3.0 � 0.4 6.2 � 0.4 5.8 � 10.7

851.5 122.3 � 0.5 65.9 � 1.3 140.5 � 3.1 395 2.9 � 0.4 6.3 � 0.4 �6.3 � 0.8

864.5 121.1 � 2.5 51.2 � 4.5 141.8 � 2.7 373 2.7 � 0.4 6.2 � 0.5 �4.4 � 6.2

877.5 122.4 � 1.1 57.4 � 2.2 143.9 � 2.6 327 2.5 � 0.4 6.0 � 0.4 �6.3 � 1.1

890.5 123.3 � 1.6 51.9 � 8.6 140.8 � 3.3 280 2.2 � 0.4 6.2 � 0.5 �5.1 � 3.9

903.5 123.8 � 1.6 53.0 � 37. 135.9 � 4.5 224 2.4 � 0.4 7.0 � 0.7 �6.3 � 0.5

916.5 123.8 � 0.6 56.2 � 3.0 130.9 � 5.6 177 2.0 � 0.4 7.3 � 0.8 �6.3 � 0.2

929.5 123.7 � 0.7 57.0 � 2.0 131.5 � 4.5 179 1.8 � 0.4 6.7 � 0.7 �6.2 � 1.9

942.5 123.5 � 0.6 57.5 � 4.9 132.9 � 4.1 174 1.8 � 0.4 6.7 � 0.6 �5.0 � 3.9

955.5 123.2 � 0.7 58.4 � 1.8 132.2 � 3.3 147 1.9 � 0.4 6.5 � 0.6 �6.3 � 1.0

968.5 124.2 � 18. 54.0 � 28. 128.7 � 3.2 147 1.9 � 0.4 5.7 � 0.7 �3.8 � 12.

981.5 124.1 � 1.3 61.4 � 2.5 130.5 � 3.1 155 2.0 � 0.4 5.8 � 0.7 �5.9 � 6.7

994.5 124.0 � 0.7 59.4 � 2.5 130.0 � 3.1 161 1.7 � 0.4 5.8 � 0.7 �5.8 � 7.8

1007.5 122.4 � 1.2 57.0 � 37. 129.1 � 3.7 155 1.6 � 0.4 5.9 � 0.6 �6.3 � 1.2

1020.5 124.6 � >99 56.7 � >99 131.2 � 3.7 141 1.3 � 0.4 6.3 � 0.7 �4.9 � 7.1

1033.5 122.7 � 0.7 59.8 � 15. 134.0 � 3.6 119 1.2 � 0.4 5.8 � 0.9 �0.7 � 96.

1046.5 123.8 � 3.0 58.1 � >99 129.9 � 3.7 98 1.1 � 0.4 5.8 � 0.9 �4.8 � 4.5

1059.5 123.8 � 1.9 58.6 � >99 127.4 � 5.2 71 1.4 � 0.4 5.2 � 1.2 �6.2 � 2.3

1072.5 123.8 � 2.2 59.0 � >99 126.7 � 7.5 44 1.1 � 0.4 5.6 � 1.9 �6.3 � 1.4

1085.5 123.9 � 2.2 59.5 � >99 128.2 � 7.5 36 0.9 � 0.4 5.0 � 2.0 �6.1 � 17.

1098.5 124.0 � 2.2 59.9 � >99 115.9 � 19. 26 1.3 � 0.4 6.2 � 1.7 �6.0 � 17.

1111.5 123.8 � 2.8 60.3 � >99 121.4 � 17. 18 1.0 � 0.4 9.2 � 3.9 �6.2 � 5.5

1124.5 121.6 � 19. 60.4 � >99 140.8 � 8.6 18 1.1 � 0.4 6.4 � 4.2 82.2 � >99

1137.5 123.5 � 3.5 60.9 � >99 144.9 � 7.5 11 0.8 � 0.4 4.9 � 3.9 120.1 � >99

1150.5 121.8 � 24. 61.2 � >99 137.6 � 22. 7 0.6 � 0.4 3.9 � 15. �6.3 � 22.

1163.5 121.0 � 0.9 63.0 � 25. 0.8 � 0.4

1176.5 123.2 � 2.4 62.4 � >99 1.0 � 0.4

1189.5 123.3 � 2.2 62.8 � >99 0.8 � 0.4

1202.5 122.3 � 1.9 63.2 � >99 0.9 � 0.4

1215.5 121.7 � 36. 62.9 � >99 0.5 � 0.4

1228.5 123.2 � 2.1 63.8 � >99 0.6 � 0.4

1241.5 121.9 � 1.7 64.3 � 56. 0.5 � 0.4

1254.5 122.1 � 7.9 64.0 � >99 0.4 � 0.4

1267.5 122.9 � 2.0 64.7 � >99 0.6 � 0.4

1280.5 123.3 � 0.8 66.7 � 16. 0.4 � 0.4

1293.5 123.3 � 0.8 66.9 � 17. 0.2 � 0.4

1306.5 140.4 � 60. 2 0.6 � 0.4
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