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2Deep H I
observations of
NGC 6946

ABSTRACT — We report new deep H I observations with the Westerbork
Synthesis Radio Telescope of the nearby face-on spiral galaxy NGC 6946. In the
extended H I disk we find numerous holes and high-velocity gas complexes. In
some cases, holes and high-velocity H I appear to be connected. In addition, there
are anomalous H I complexes in the outer regions, which are probably due to
accretion events. Several phenomena suggest that NGC 6946 has been accreting
gas over the last few 108 yr. This may be related to the high level of star formation.

2.1 Introduction
NGC 6946 is a nearby face-on spiral galaxy showing a fair amount of star formation
activity. The last 30 years NGC 6946 has been observed several times in the 21-cm
band. Rogstad, Shostak & Rots (1973) made the first synthesis observation at the
Owens Valley Radio Observatory. Their H I map already showed a gas disk that
extends well beyond the optical image and deviations from circular rotation could
already be seen in their velocity field. The resolution of these data was, however,
only 2

�
. Tacconi & Young (1986) confirmed these results with their 40

� �
data from the

Very Large Array. Carignan et al. (1990) and Boulanger & Viallefond (1992) made a
more detailed study of the kinematics and the distribution of the H I in NGC 6946 us-
ing the Westerbork Synthesis Radio Telescope (WSRT). They were the first to report
the presence of holes in the H I distribution. In addition, they reported the detection
of a few isolated H I clouds. Kamphuis (1993) studied the H I hole distribution and
the gas kinematics and Kamphuis & Sancisi (1993) found evidence for a widespread
high-velocity component in the H I. This result was, however, only found after heav-
ily smoothing the data and contains no information about the detailed distribution
of this component.

Since the last H I study the WSRT has been upgraded with completely new fron-
tends and a new backend. Now all 91 baselines can be correlated without loss in
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Table 2.1– General information on NGC 6946
Type SAB(rs)cd 1
Distance 6 Mpc 2
Position of nucleus � (2000) 20h34m52.3s 3� (2000) 60 � 09 	 14 	 	
Kinematical centre � (2000) 20h34m52.36 
 0.13s 5� (2000) 60 � 09 	 13 
 2 	 	
Holmberg radius 7.8 	 4
aD25 11.2 	 4
b ��� 1 115.2 	 	 4
Mean position angle 242 � 5
Inclination 38 
 2 � 5
Vsys 43 
 3 km s � 1 5
c MB -21.38 4
dLB 5.3  1010L � 4
H I mass 6.7  109 M � 5
21-cm Flux 788 Jy km s � 1 5
Notes
a diameter at the 25 B mag arcsec � 2; b disk scale length
c absolute B magnitude; d total B luminosity
1 de Vaucouleurs, de Vaucouleurs & Corwin (1976)
2 Karachentsev, Sharina & Huchtmeier (2000)
3 Van Dyk et al. (1994)
4 Carignan et al. (1990)
5 this study

frequency resolution. These improvements together increased the WSRT sensitiv-
ity significantly. For this study we observed NGC 6946 at 21 cm with the upgraded
WSRT for 16 � 12 hours with a limiting sensitivity of 0.2 mJy beam � 1 and a velocity
resolution of 4.2 km s � 1 at the highest angular resolution.

In Sec. 2.2 we give a description of the observations and the data reduction. In
Sec. 2.3 we describe the distribution and the kinematics of the H I in NGC 6946. In
Sec. 2.4 we show evidence for accretion in the outer regions of NGC 6946. Finally, we
discuss implications of the results in Sec. 2.5.

2.2 Observations and reduction
We observed NGC 6946 with the upgraded WSRT, which now has cooled frontends
on all 14 telescopes. The present Tsys is 30 K. Sixteen 12-hr observations were made
between December 15 2001 and June 7 2002. We used the WSRT 36, 54, 72 and 90 m
configurations to achieve an almost uniform uv-coverage. Each 12-hr observation
was preceded by a short observation of 3C286 and followed by a short observation
of 3C48 or 3C147 for calibration purposes.

The uv-data reduction was done in the MIRIAD package (Sault, Teuben & Wright
1995). With respect to the final sensitivity of the combined data, the bandpass of each
observation changed significantly over 12 hours. We therefore used as bandpass an
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average of the calibration observation before and after each 12-hr run. In addition,
the data were Hanning smoothed to suppress Gibbs ripples. Subsequent steps were
taken to improve the quality of the data with self-calibration on the continuum after
the cross-calibration. We used the MIRIAD task UVLIN to separate the continuum
and line emission, by interpolating the continuum emission across the channels con-
taining line emission, using a 2nd-order polynomial. The errors in the phases were
iteratively corrected. In a single iteration step, first a model of the sky brightness dis-
tribution of the continuum emission was formed using CLEAN components. With
that model, the phase errors were corrected. After this improvement of the calibra-
tion, a better sky model was formed for the next iteration.

The data were Fourier-transformed with a robustness weighting of 0 (Briggs
1995). For the deconvolution of the data at the highest resolution, the multi-resolution
clean (MRC) algorithm (Wakker & Schwarz 1988) was used within the GIPSY pack-
age (Van der Hulst et al. 1992; Vogelaar & Terlouw 2001). This was necessary because
of the large extent of the H I emission in each channel. The MRC algorithm was
able to produce channel maps with a flat noise level. The resolution of the maps is
12
� � � 14

� �
and the r.m.s. noise per channel is 0.22 mJy beam � 1. The velocity resolution

is 4.2 km s � 1.
We also constructed low-resolution sets of channel maps to optimise the signal-

to-noise ratio for extended emission. These sets were CLEANed in MIRIAD using
the Clark algorithm. A different Robustness than for the high-resolution data was
used to improve the CLEAN process. Regions with line emission were identified by
smoothing the data and clipping just above the highest grating ring in the map. This
was repeated until a CLEAN level well below 1 � was reached and rings had disap-
peared. The resulting clean beams for the low-resolution data sets are 20.7

� � � 23.4
� �

and 63.6
� � � 65.6

� �
. The noise level per channel for the � 22

� �
resolution set is 0.34

mJy beam � 1 and for the � 65
� �

data cube 0.5 mJy beam � 1.

2.3 Results
2.3.1 21-cm Continuum
In Fig. 1 the image of the 21-cm radio continuum is shown. The total flux density is
1.9 � 0.1 Jy, which is slightly more than the earlier values obtained by Boulanger &
Viallefond (1992) and Van der Kruit, Allen & Rots (1977). We probably have detected
more low-level extended emission, since our r.m.s. noise is 0.046 mJy beam � 1 versus
0.8 mJy beam � 1 of Van der Kruit et al.: an improvement of a factor 17. Emission is
found over the entire bright optical disk. There are quite a few discrete sources, but
most of the emission seems extended. The emission traces the spiral structure and
the regions of massive star formation (see also Fig. 3.19 for the H � emission). An
elongated region of bright continuum emission of about 1

�
in extent coincides with

the central bar. About 5
�
west of the nucleus, a enclosed region almost totally devoid

of emission coincides with a large H I hole (see Figs. 2 and 3). The continuum emis-
sion distribution looks very similar to that of the 15 � m from ISOCAM (Dale et al.
1999; Walsh et al. 2002), as well as Spitzer data at 24 and 70 � m (Murphy et al. 2006).
The largest difference between the 15- � m and the 21-cm continuum emission is the
double-peaked source just north of the large hole. This is most likely a double-lobed
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Table 2.2– Observing parameters
Instrument Westerbork Synthesis Radio Telescope
Date of observations December 2001 – June 2002
Total observing time 16  12 hours
Observed baselines 36 to 2772 m in steps of 18 m
Field centre � (2000) 20h34m52.3s� (2000) 60 � 09 	 14 	 	
Heliocentric velocity of central channel 48 km s � 1

Total bandwidth 5 and 10 MHza

FWHM of primary beam 36 	
Calibration sources 3C286, 3C48 and 3C147
Radii of first grating ring ( �� � ) 40.4 	� 47.1 	
Number of antennas 14
Number of channels 512 and 1024a

Channel separation 2.05 km s � 1

FWHM velocity resolution 4.1 km s � 1

Frequency taper Hanning
FWHM of synthesised beam 12 	 	  14 	 	
R.m.s noise per channel image 0.2 mJy (beam area) � 1

Conversion factor TB(K)/S(mJy) 3.6
Note – a The first 8 observations have been done with 512 channels and 5 MHz
bandwidth, the rest has been observed with 1024 channels and 10 MHz bandwidth.

background radio galaxy as confirmed by high-resolution radio data (Van der Hulst,
private communication). The strong resemblance is probably related to the well-
known radio-FIR correlation (De Jong et al. 1985; Helou, Soifer & Rowan-Robinson
1985; Wunderlich, Wielebinski & Klein 1987). Perhaps, this correlation is also true
locally, like is seen in other galaxies, e.g., M 33 (Hippelein et al. 2003). Although,
the authors argue that the local correlation is due to quite different components than
those that lead to the global radio-FIR correlation.

2.3.2 H I distribution
Figure 2 gives an overview of the line emission in the data cube. The channels at
velocities from about � 60 to � 10 km s � 1 suffer from confusion with Galactic fore-
ground H I. Despite this confusion, the high-intensity emission of the rotating disk
of NGC 6946 can be distinguished clearly. In general, the emission from the Milky
Way appears much smoother.

The channels show the pattern of a differentially rotating gas disk with the east-
ern side approaching and the western side receding. In addition, the channel maps,
especially those around the systemic velocity, show clear evidence of non-circular
motions.

The numerous smaller structures, such as holes and clouds, are better seen in
appendix A in the more detailed and quantitative contour plots of the same channels.

The total H I map was constructed by using low-resolution masks to define the
area of the emission and subsequently adding up the channels. The Galactic H I
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Figure 1– Image of the 21-cm radio continuum. Contours are at � 10.1, 0.1 (2 � ), 0.2, 0.4, 0.7,
1.0, 1.3, 1.8, 2.4, 3.2, 4.8, and 6.4 mJy beam � 1. The beam is shown in the lower left corner. The
dashed ellipse indicates the R25 isophote.

emission was masked by hand using the GIPSY task BLOT. The result is shown in
Fig. 3 together with the optical picture and in contours in Fig. 6.

As seen in many spiral galaxies, the H I disk is much more extended than the
bright optical disk. The inner gas disk shows the same pattern of filamentary spiral-
arm structure as the optical. Outwards, this H I disk seems to undergo a dramatic
change. There, the spiral arms become much more pronounced. At least three spiral
arms can be traced well. The northern arm is the most gas rich. It is more open
and there is a high arm-interarm contrast. The inner H I disk shows a sharp edge
on the side of the northern spiral arm at a different location than the edge in the
light distribution. It is the only region where the stellar disk extends beyond the H I
contour of 5 � 1020 cm � 2 (Fig. 4). All outer spiral arms bifurcate half way, giving the
outer edge a frayed appearance with many short spiral fragments (Fig. 6), except the
south-western edge (see also Fig. 7). Besides the large amount of gas, the arms also
contain stars. A deeper optical picture than the Sky Survey plates shows that there is
structure in the stellar disk beyond the optical radius R25. Figure 4 clearly shows that
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Figure 2– Cleaned maps of the 21-cm H I emission at the highest resolution. The size of the
synthesised beam is 12 	 	  14 	 	 . The velocity of each channel is shown at the top left corner in
km s � 1. Every second channel is shown.
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Figure 2– Continued.
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Figure 3– The left panel is an optical image of NGC 6946 from the Digitized Sky Survey plates. The right panel is the deep (192 hours
integration) H I map on the same scale as the optical. A full-colour version can be found in the back of this thesis.
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Figure 4– Deep optical image taken with the Wide Field Camera on the Isaac Newton Tele-
scope, La Palma. The low-level emission is in negative, while the bright optical disk is shown
in positive. The high resolution H I contours of 1 and 5  1020cm � 2 are shown.

the outer H I arms are also traced in the optical, although they are less well defined.
In Fig. 6 the bar (position angle ��� 10 � ) and the small inner spiral arms seem

symmetric with respect to the optical and radio nucleus (white dot), whereas the
H I disk is more extended in the south-eastern direction with respect to the bright
optical disk (which is indicated by the ellipse). Despite this lopsidedness the outer
spiral pattern of NGC 6946 is quite symmetric. If we rotate the galaxy image by
180 � and shift it by about 1

�
to the south-south-east, then the northern and southern

spiral arm fall perfectly on top of each other. So, they make a nice m � 2 or even
a m � 4 symmetry. The western spiral arm does not have a clear counterpart on
the eastern side where there are, instead, only some loose filaments. The stellar light
distribution follows closely the H I (Fig. 4). The lowest isophotes are also elongated
to the south-east and, as mentioned above, stars are present in the outer spiral arms.
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Figure 5– The central absorption in NGC 6946. The thin lines are three Gaussian components
that were fitted to the profile. The thick line is the combined fitted profile. The deepest line
is caused by Galactic foreground emission. The other two Gaussians were used to determine
the column density of the absorbing H I. The systemic velocity (43 km s � 1) is indicated.

In the low-resolution channel images (appendix B), the emission is in general
broader than in the high-resolution images because they are more sensitive to the
low-level extended emission from the outer disk. On its western side, the H I disk
has a fairly sharp edge. This is quite clear in the channels from 126.5 to 151.7 km s � 1

(page 71) and in the total H I map (Fig. 7).
Also visible in Fig. 2 is prominent H I absorption in the centre (the white dot). Its

spectrum is shown in Fig. 5. It is taken from the central pixel in the 13
� �

data. This
absorption is due to foreground H I seen against the bright radio continuum nuclear
source. The deepest peak of the absorption at V ��� 10 km s � 1 is caused by the
Galactic foreground emission. The rest of the absorption is due to H I in NGC 6946
itself, which consists of two peaks on both sides of the systemic velocity (43 km s � 1).
If we assume that the nucleus of the galaxy moves with the systemic velocity, it
means that we see both gas approaching to us and gas receding from us with respect
to the nucleus. If the gas is in front of a unextended nucleus, non-circular motions
are needed to explain this absorption. From CO observations by Meier & Turner
(2004) it is known that strong radial motions are present within a 7

� �
radius. These

and other authors (Elmegreen, Chromey & Santos 1998), suggest the presence of a
bar within a bar.

Absorption could also be caused by gas in the halo. However, the column density
of the absorbing H I in the galaxy is 9.8 � 1020 cm � 1 (assuming Tspin � 100 K), similar
to the surrounding emission in the disk.

The radially averaged H I distribution is shown in Fig. 8. It exhibits the central
depression often seen in spiral galaxies. For NGC 6946 it is likely that it can be ex-
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Figure 6– Total H I distribution. The contour values are 0.6, 1, 2, 4, 8, 12, 16, 24, and
32  1020cm � 2. The optical diameter D25 is indicated by the dashed ellipse. The white dot
in the centre is due to absorption. The beam (12 	 	� 14 	 	 ) is shown in the bottom left corner.

plained by the presence of hydrogen in molecular form, as also large amounts of CO
are detected in that region (Walsh et al. 2002). The bump at about 14 kpc is mainly
due to the northern spiral arm.

The H II regions in NGC 6946 are mostly concentrated in the gas-rich inner disk
where strong star formation is present. But H II regions are also found at large galac-
tic radii, throughout the whole northern spiral arm (Ferguson, Gallagher & Wyse
1998). A detailed comparison of the H II regions with the H I distribution demon-
strates that H II regions are found only in places where the H I column density ex-
ceeds 6 � 1020 cm � 2. We will address this further in Chapter 4.

Figure 9 shows the global H I profile for NGC 6946 and for the two companions
which were close enough to be also detected. The positions of the latter with respect
to NGC 6946 can be seen in Fig. 20. The integrated H I flux of NGC 6946 is 788 Jy
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Figure 7– Total H I distribution at low resolution. Contours are plotted for 0.25, 0.5, 1, 2, 4, 8,
12, 16, and 24  1020cm � 2. The beam (size 63.6 	 	  65.6 	 	 ) is shown in the bottom left corner.

km s � 1. If we use the distance of 6 Mpc as determined by Karachentsev, Sharina &
Huchtmeier (2000), we obtain a total H I mass of 6.7 � 109 M � . This is the same as the
value of the total mass found by Carignan et al. (1990) (after converting their mass
to our adopted distance) with the WSRT, even though they have added extra short-
spacing measurements. Our results are consistent with single dish measurements of
the total H I flux (8 � 109 � 20% M � according to Gordon, Remage & Roberts 1968)
indicating that we are not missing any flux in our measurements. Rogstad, Shostak
& Rots (1973) report a similar value of 7.4 � 109 M � .

The total integrated fluxes of the two companions are 13.57 Jy km s � 1 and 9.70 Jy
km s � 1, corresponding to 1.2 � 108 M � and 8.8 � 107 M � . They are very small com-
pared to NGC 6946 (1 to 2% of the total mass).
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Figure 8– The H I radial surface-density profile at 22 	 	 resolution. The R25 is indicated by the
arrow.

Holes
The distribution of the H I density in the high-resolution channel maps in Appendix
A is patchy. In a single channel image we see a lot of structure, in particular many
regions devoid of H I within the overall emission. Some of these regions persist for
a number of consecutive channels. These correspond to the empty regions visible in
the total emission image (Fig 3). These empty regions fall in two categories: inter-
arm regions and holes or bubbles. The holes have in general an elliptical shape and
they do not change position from channel to channel. In position-velocity space they
appear as a tube through the disk emission in the velocity direction or as a bubble
with expanding shells in both positive and negative velocity directions. Figure 10
shows an example of such a hole. There seems to be gas associated with this hole
that has velocities deviating up to 80 km s � 1 from the local rotation, as shown in the
position-velocity maps of Fig. 10 (lower left and upper right panel).

An extensive survey resulted in a catalogue of 121 holes. These will be presented
and discussed in Chapter 4.

2.3.3 Kinematics
NGC 6946 is close to face-on (inclination 38 � ). Differential rotation is clearly visible
and dominates the overall kinematics of the galaxy. At each position of the galaxy,
the velocity profiles are broadened by turbulence and have a Gaussian shape. The
position of the peak of these profiles is a good measure of the mean velocity of the
gas. At low emission levels many profiles, however, show large wings, probably
due to clouds with vertical motions (Kamphuis & Sancisi 1993). This component
will be discussed in detail in Chapter 3 of this thesis. To determine the velocity of
the peaks and obtain the velocity field of NGC 6946, we fitted a Gaussian to the top
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Figure 9– Global H I profile of NGC 6946 and the two companions. The shaded band shows
which channels are strongly affected by Galactic foreground emission. The inset shows a
blow-up version of the companion profiles. The black line is the profile for UGC 11583, the
grey line L 149.

75% of each profile, discarding the low intensity, broadened part, using the GIPSY
task XGAUFIT. We included a 3rd order Hermite polynomial in the fit to account
for asymmetries in the profiles. The uncertainty in the velocity field increases in the
outer regions because of the lower signal-to-noise ratio.

Some of the profiles are affected by foreground emission from H I in our Galaxy.
This foreground emission could fortunately be removed almost completely before
the fit, because of the difference in angular scale of the H I structures in NGC 6946
and in the Milky Way.

A number of profiles has two distinct peaks instead of one. Here the fit tends to
choose either one of the peaks or the whole profile, but with a very high dispersion.
In most cases, however, those peaks lie close to each other, which leads to only small
errors. A correction has therefore not been applied. The resulting velocity field at
22
� �

resolution is shown in Fig. 11.
NGC 6946 appears as a regularly rotating galaxy. There are no apparent large

distortions within the optical radius (marked by the small ellipse in Fig. 11), except
some small-scale wiggles. Some of those wiggles in the inner regions seem to follow
the structure of the H I spiral arms in the H I distribution (Fig. 12). These can proba-
bly be explained by streaming motions along the arms. The amplitude of the wiggles
in the inner disk is of the order of 15 km s � 1 in the plane of the disk, i.e. corrected for
inclination.

Outside the optical radius the velocity field becomes more distorted. Around the
northern section of the minor axis we see that the iso-velocity lines are bent toward
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Figure 10– Example for a hole in the H I disk of NGC 6946. In the upper-left panel the total
H I distribution is shown. Contours are given at 8, 12, 16, and 24  1020 cm � 2. The two dashed
lines mark the locations of the position-velocity diagrams which are shown in the lower left
and the upper right panels. The contours in these panels are at � 0.33, 0.33 (1.5 � ), 0.66, 1.32,
2.64, and 5.28 mJy beam � 1.

the approaching side over a large area (as was also seen in the channel images).
The sharpest gradient in the velocity field coincides with the middle of the northern
spiral arm (Fig. 12), where the gas in the arm appears split by H I holes (see Chapter
4). Further out to the north-west the contours bend back to higher velocities (Fig. 13).
This pattern continues over the hole west side of the disk and may be related to the
plume of H I on the north-western side (see Figs. 7 and 20). Outside the 22-kpc radius
(Figs. 11 and 13, large ellipse), the velocity pattern is irregular, suggesting that this
gas is not (yet) settled in a regularly rotating disk.

The most prominent disturbance in the velocity field of the outer disk is seen
in the southern disk. Close to the southern spiral arm, the wiggles are very large,
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Figure 11– The velocity field at 22 	 	 resolution (essentially the same as the 13 	 	 velocity field,
but with less blank pixels). The beam is shown in the lower left corner. The lines are separated
by 10 km s � 1 running from � 70 to 150 km s � 1. A few iso-velocity lines are labelled. The small
ellipse indicates the size and orientation of the optical disk (R25). The large ellipse marks the
22-kpc ring, where the receding side around the major axis shows a sharp edge (see text).

pointing at a region of low velocity (70 km s � 1) which is surrounded by gas with
higher velocities. We will discuss this feature in Chapter 3 and 4.

Garcı́a-Ruiz, Sancisi & Kuijken (2002) find that all galaxies (with an extended H I
disk) are warped outside the optical disk. The receding part of the velocity field
of NGC 6946 shows a pattern consistent with a change in the line-of-nodes (Briggs
1982), which suggests a mild warp. To test the hypothesis of a warp we use a tilted-
ring model (Begeman 1989). The results are described hereafter.
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Figure 12– The velocity field at 22 	 	 resolution plotted on top of the 13 	 	 resolution total H I
distribution (greyscale). The beam is shown in the lower left corner. The lines are separated
by 10 km s � 1 running from � 70 to 150 km s � 1. Velocity labels are shown in Fig. 11. The ellipse
indicates the size and orientation of the optical disk.

tilted-ring model
For the tilted-ring model we used the fitting scheme described by Begeman (1989). A
similar analysis for NGC 6946 has been done before by Carignan et al. (1990). They
used it to construct a mass model for NGC 6946. Here, we use the model to help
understand some of the features in the velocity field noted above.

The tilted-ring model assumes that the gas disk of a galaxy can be described by
a set of concentric rotating rings. Each ring is characterised by a position angle � ,
an inclination i, a circular velocity Vrot, a systemic velocity Vsys, and an expansion
velocity Vrad. Generally, the rotational term dominates. The radial parameter is in-
troduced to describe non-circular motions that have a radial component.

We iteratively improved the fit by fixing the parameters one by one. First the
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Figure 13– The velocity field (lines) plotted on the total H I map at 60 	 	 resolution. The beam
is shown in the lower left corner. The lines are separated by 10 km s � 1 running from � 70 to
150 km s � 1. The small ellipse indicates the size and orientation of the optical disk (R25). The
large ellipse marks the 22-kpc ring, where the receding side around the major axis shows a
sharp edge (see text).

centres of the rings were fixed. The kinematic centre coincides with the nucleus
within the uncertainties.

Vsys is constant to 12.5 kpc and increases at larger radii. We took the average
of the inner disk, which is 43 � 1 km s � 1. This differs slightly from the Vsys that we
derive from the global profile: 47 � 2 km s � 1.

The position angle � was then determined by keeping everything else fixed. This
fit is shown in Fig. 14, top panel, black dots. The bump at the smallest radii is prob-
ably caused by the central bar. To have a smooth behaviour for � we used the
low-resolution fit, but combined this with the high-resolution values for the inner
regions. These are shown by the open squares in Fig. 14.
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Figure 14– tilted-ring parameters for NGC 6946. The top panel shows fitted the position an-
gles at high resolution when keeping other parameters fixed (black dots) and the adopted
values (open squares). The middle panel shows the inclinations fitted with Vrot as extra, free
parameter (black dots). The error bars show the formal errors from the least square fit. The
horizontal grey line shows the adopted inclination (38 � ). The bottom panel shows the rotation
curve for the receding side (filled squares) and the approaching side (open triangles) sepa-
rately. The error bars show the formal errors from the fit, but they are generally very small.
The line shows the fit to the whole velocity field. The vertical grey line indicates the optical
radius R25.

We then finally determined the inclination, keeping the adopted values for the
central position, Vsys and position angle fixed. Except for a dip at R � 11 kpc, which
seems related to the outer H I arm, the fitted inclinations appear approximately con-
stant as seen in the middle panel Fig. 14. We therefore adopt a constant value of
i � 38 � 2 � (horizontal line in the middle panel) for determining the rotation curve.

The final rotation curve is shown in the bottom panel of Fig. 14 as well as the
separate curves for the receding and approaching sides. The formal errors in each
point from the least-square fit are very small. Considering the differences between
the curves of both sides, these errors are not a good estimate for the real uncertainties
in the rotation velocity. We therefore follow the estimates by Swaters (1999) that the
difference in rotation velocity between the mean rotation curve and the curves on
either sides represents a 2 � difference. The total 1 � error is then one fourth of the
difference between the approaching and the receding side, quadratically added to
the error in the fit. These errors and the values for the rotation curve are given in
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Table 2.3– Rotation curve for NGC 6946
Radius Vrot Radius Vrot Radius Vrot Radius Vrot
(kpc) (km s � 1) (kpc) (km s � 1) (kpc) (km s � 1) (kpc) (km s � 1)
0.2 153 
 8 5.9 178 
 5 11.5 171 
 2 17.2 161 
 9
0.6 130 
 9 6.3 180 
 3 11.9 174 
 2 17.6 159 
 10
1.0 128 
 3 6.6 179 
 4 12.3 174 
 2 18.0 158 
 10
1.3 134 
 3 7.0 180 
 5 12.7 175 
 2 18.4 157 
 10
1.7 129 
 4 7.4 181 
 4 13.1 174 
 2 18.7 157 
 10
2.1 131 
 7 7.8 179 
 4 13.4 173 
 3 19.1 157 
 9
2.5 138 
 8 8.1 179 
 2 13.8 173 
 6 19.5 160 
 11
2.9 139 
 5 8.5 179 
 1 14.2 173 
 8 19.9 159 
 12
3.2 143 
 3 8.9 178 
 1 14.6 175 
 9 20.2 160 
 14
3.6 146 
 2 9.3 177 
 2 15.0 174 
 9 20.6 158 
 16
4.0 154 
 2 9.7 176 
 2 15.3 171 
 9 21.0 155 
 18
4.4 161 
 1 10.0 173 
 3 15.7 167 
 8 21.4 157 
 19
4.7 167 
 2 10.4 172 
 2 16.1 165 
 7 21.8 154 
 21
5.1 173 
 2 10.8 172 
 2 16.5 163 
 8
5.5 176 
 4 11.2 170 
 2 16.8 162 
 8

Table 2.3.
In the analysis above, we have not included the 2 � uncertainty in the inclination.

This error introduces another systematic 5% uncertainty in the rotation velocities.
Nevertheless, the tilted-ring fits suggest a constant inclination for nearly the com-
plete disk. Therefore, the shape of the rotation curve is well determined.

At radii up to 13 kpc, the curves from both sides correspond well. At very small
radii, there are some small deviations. In the outer disk, the differences become
large. At 13

� �
resolution, we have determined the rotation curve out to about 22 kpc

( � 2R25). At that radius, the receding side of the H I disk has a sharp edge and there
is little gas outside this radius near the major axis to fit a rotation curve to (see the
22 kpc-ellipse in Fig. 11).

Even though the signal-to-noise in the outer regions is better at 64
� �
, the sharp

edge at the receding side (west) is present also at that resolution. Therefore, the
rotation curve cannot be determined out to larger radii than 22 kpc at that side. At
the approaching side the rotation curve continues declining out to the last measured
point at about 28 kpc. Also the fits at 64

� �
resolution give no indications for a change

in the inclination at larger radii.
Using the measured parameters for the tilted-ring model, we can construct a

model velocity field and subtract this from the measured field to obtain a residual
velocity field. The residual velocity field is shown in Fig. 15.

The largest differences between the model and the observations, up to 30 km s � 1,
can be found in the outer spiral arms, especially the northern arm. On the outer side
of the arm, the model predicts too small values, while for the inner side the opposite
is the case.

The residual velocity field can be used to find large-scale patterns resulting from
particular deviations from non-circular motions (Schoenmakers, Franx & De Zeeuw
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Figure 15– Map of residual velocities at 13 	 	 resolution obtained by subtracting from the
observed velocity field a model velocity field using the rotation curve and the kinemat-
ical parameters that we adopt. Contours are shown for � 20, � 10, � 5, 5, 10, 20 and
30 km s � 1(negative=dashed).

1997; Van der Kruit & Allen 1978). When examining the pattern in the residual ve-
locity field, one can distinguish a m � 3 symmetry. According to the harmonic
analysis of velocity fields by Schoenmakers, Franx & De Zeeuw (1997) this pertur-
bation should be caused by a m � 1 or m � 1 potential. The outer disk of NGC 6946
has at least 3 obvious spiral arms, which makes the m � 2 case less likely. It could
be caused by a potential with a 4-fold symmetry. This supports idea that the eastern
filaments are part of a weak fourth spiral arm.

Another possibility is that we have chosen wrong values for the fixed parameters
in the tilted-ring fit. The m � 3 pattern also has the signature of a misfitted i (see
Van der Kruit & Allen 1978). To test the latter we constructed a model-velocity field
from a fit with both the inclination and the circular velocity as a free parameter. The
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pattern in the residuals did not disappear.
For most of the inner disk the residuals are smaller than 10 km s � 1. Some regions

stand out. The elongated positive region around the centre is the kinematical sig-
nature of the central bar. The gas orbits in the bar are generally elongated and they
can therefore not be described by simple circular rotation as is assumed in the tilted-
ring model. The other deviating regions are mainly associated with holes where the
profiles are affected by expansion velocities or by the spiral structure.

We also explored models with Vsys as a free parameter. This lowered the values
in the residual velocity field in the outer regions slightly, but did not affect the mean
rotation curve. There was no clear trend in the fitted Vsys as function of radius.

From the tilted-ring analysis, we conclude that the disk of NGC 6946 is only
mildly warped, since the inclination seems consistent with being constant and the
position angle changes only slightly. The large residuals in the outer disk suggest
that the gas in this region does not move on regular circular orbits.

Velocity dispersion of the cold disk
As mentioned earlier in this section, most H I velocity profiles in the cube show a
nearly Gaussian shape. Figure 16 shows the velocity dispersion throughout the disk
of NGC 6946. The profiles were fitted using the same method as for the velocity
field. Because many profiles have double peaks or major wings, the dispersion of
Gaussian component could only be determined for part of the disk. In figure 16 the
regions with bad fits have been left white.
It is immediately clear from Fig. 16 that the dispersions are high in the inner regions
and low in the outer disk. The radial profile in Fig. 17 reflects this clearly: the disper-
sion drops with galactic radius from about 13 km s � 1 in the centre to about 6 km s � 1

in the outskirts. Outside R25 the velocity dispersion decreases linearly from 9 km s � 1

to 6 km s � 1. The velocity dispersions within R25 exceed an extrapolation of this lin-
ear gradient by � 1–2 km s � 1. The run of velocity dispersion in the inner regions is
furthermore less regular than in the outer regions, with clear bumps at R � 2, 4, and
7.5 kpc.

High-velocity gas
High-velocity gas shows up in the channel images as filaments on both sides of the
bright disk emission at high resolution (Fig. 2 and App. A). This high-velocity gas
is better recognised in position-velocity diagrams. In Fig. 18, for example, a cloud
complex is clearly seen at velocities lower than the local disk emission. At low reso-
lution the cloud seems to be embedded in more extended, low column density high-
velocity gas. This is a general characteristic of the high-velocity H I features in the
disk. Such features will be discussed in detail in Chapter 3.

Also noticeable in the low-resolution panel of Fig. 18 is that the broadest profiles
appear at small radii. This was first recognised by Kamphuis & Sancisi (1993), albeit
after averaging the data over a wide strip to achieve a reasonable S/N ratio. In
these more sensitive data we will be able to study the spatial distribution of this
component. A more detailed description is deferred to Chapter 3.
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Figure 16– Velocity dispersion map for the cold H I disk of NGC 6946 at 13 	 	 resolution. The
greyscale and contours run from 5 to 14 km s � 1 in steps of 3 km s � 1.

2.4 Accretion
Earlier observations report “no signatures of interactions in the NGC 6946 system”
(Pisano & Wilcots 2000). In our data, however, a plume-like structure at the north-
western edge of the disk has been detected, that may be related to recent interaction.
This plume is a very faint feature that requires low resolution to bring it out. That
is probably why it was missed in previous observations. In Fig. 19, all the channels
containing the plume and emission from the companion galaxies are shown (see
Appendix B for a larger versions of the channels).

The plume itself is best seen in the channels from 126 to 160 km s � 1. At its largest
extent (at 150–160 km s � 1) the plume measures more than 20 kpc. The velocity struc-
ture of the plume in complex. At the position where the plume appears to be at-
tached to the disk an compact H I complex seen with a very high velocity spread.
In Fig. 19, it can be identified over a range of 50 km s � 1, from 76 (see arrow) to
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Figure 17– Radial profile of the H I velocity dispersion in NGC 6946 at 13 	 	 resolution. The
dispersions are corrected for instrumental broadening. The dashed line shows the approxi-
mate linear trend of the dispersion in the outer disk extrapolated to smaller radii. The R25 is
indicated by the arrow.

126 km s � 1.
The velocity of the plume is in the same range as the two companion galaxies

that happen to be on the same side of NGC 6946. Their projected distances from the
centre of NGC 6946 are about 33 and 37 kpc respectively (see Fig. 20). We did not find
any emission in between the plume and the companion galaxies. Though, far away
from the pointing centre the sensitivity of our observations drops rapidly, because of
the attenuation by the WSRT primary beam. At the position of the companions, the
sensitivity is only 2% of that of the centre of the field.

In the summer of 2004 new observations were taken, but now with the telescopes
pointing in between NGC 6946 and its companions. No connection was found be-
tween the plume and the companions. The limiting column density is about 5 � 1019

cm � 2. Apparently they are only close in projection. This is in agreement with the
companions’ undisturbed kinematics (Begum & Chengalur 2004).

A lower limit for the mass of the plume is 7.5 � 107 M � . This is in the order of
the gas mass of the companions (1.2 � 108 M � and 8.8 � 107 M � ). It is possible that
we witness the aftermath of the accretion of a third companion galaxy. In the deep
optical image in Fig. 4, no emission is visible in the direction of the plume.If, however
the companion has been tidally disrupted, the surface density of stars can be well
below our detection limit.
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Figure 18– Position-velocity diagram near the major axis. The left panel is at 13 	 	 resolution,
the middle at 22 	 	 , and the right panel at 64 	 	 resolution. In all channels the contours are at
� 3 � , � 1.5 � , 1.5 � , 3 � , 6 � , 12 � , 24 � , and 48 � . The r.m.s. values are respectively 0.15, 0.25, and
0.43 mJy beam � 1. The vertical line indicates the centre of the galaxy, the horizontal line the
systemic velocity.

2.5 Discussion
Is NGC 6946 behaving like a normal spiral galaxy? Why does it show so many holes
and what caused the widespread high-velocity gas? Has NGC 6946 a disturbed disk
or is it behaving regularly?

H I holes
The large number of holes seen in the H I disk of NGC 6946 is striking. Compared to
other galaxies where holes have been detected, such as M 31 (Brinks & Bajaja 1986)
and M 33 (Deul & Den Hartog 1990), the holes are large. The total number of detected
holes is comparable, but our resolution is too low to detect the, on average, 100–200
pc holes that they find in M 31 and M 33. On the other hand, they hardly find any
kpc-sized holes such as those seen in NGC 6946.

The accepted idea about H I holes is that they have been produced by energetic
events. Winds of young, massive stars and supernova explosions are the most prob-
able candidates for the hole progenitors. For the formation of a kpc-sized hole, 100
to 1000 SNe are needed. This seems a large number, but a SN rate of a few times 10 � 2

yr � 1 could account for this. Last century, 8 SNe have been observed in NGC 6946,
making this galaxy the record holder. This implies a present SN rate of about 0.08
yr � 1, which is high. The SN rate is thought to be tightly related to the present mas-
sive star formation, since the most massive stars end their short lives in a SN explo-
sion.

NGC 6946 is actively forming stars. Even in the very outer arms, Ferguson, Gal-
lagher & Wyse (1998) find H II regions indicating the presence of massive starts. We
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Figure 19– Channel Images at 64 	 	 resolution of the north-west edge of NGC 6946. Every
second channel has been plotted. The velocity range is from 59.3 to 218.9 km s � 1, the velocity
range in which a plume of H I and two companions appear. The velocity of each channel is
shown in the upper left corners. The beam is shown in the bottom right corner. The arrow in
the 76.1 km s � 1frame indicates the complex with a large velocity range (see text).

can estimate the overall star formation rate using the relation determined by Kenni-
cutt (1983),

SFR � total  !� 3.42 � 10 � 8LH "$# M � yr � 1 % (2.1)

Young et al. (1996) find LH " � 1.45 � 108 L � . Using our adopted distance of
6 Mpc, this gives a SFR of 2 M � yr � 1. This is not a particularly high rate, though
still about a factor 2 higher than the Milky Way. Sauty, Gerin & Casoli (1998) use
a SFR of 4 M � yr � 1 in their modelling of the FIR and C & emission of NGC 6946.
Integrating the SFR surface density by Degioia-Eastwood et al. (1984), we even find
about 7 M � yr � 1. The large uncertainty is caused by the largely unknown extinction
toward and inside the disk of NGC 6946.

The SN rate is often found to be in the order of one percent of the SFR. This
implies an expected SN rate of 0.02–0.07 yr � 1. In a few 107 years, the lifetime of an
average hole, a few 105–106 SNe have gone off. This seems enough to form the holes.
The details of this calculation can be found in Chapter 4.
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Figure 20– Total H I map at 13 	 	 and 64 	 	 resolution of NGC 6946 and two companions. The
map has been corrected for primary beam attenuation. The greyscale shows the high reso-
lution. The contours (1.25, 2.5, 5, 10, and 20  1019 cm � 2) show the 64 	 	 low resolution H I
distribution. The highest emission contours have been left out. The sizes of the beams for
both resolutions are shown in the lower left corner.

A hole could also be formed by the collision of a gas cloud with the H I disk of the
galaxy (Tenorio-Tagle 1981; Tenorio-Tagle et al. 1986, 1987; Vorobyov & Basu 2004).
In NGC 6946 there are some indications that this is occasionally happening. One hole
in the southern disk is found in a region of low star density and no star formation.
In this hole, H I is found shifted by about 40 km s � 1 with respect to the surrounding
gas. The lack of isolated H I clouds around NGC 6946, however, suggests that cloud
collision is probably not the dominant hole-formation mechanism.

High-velocity gas
The high-velocity gas has a similar distribution as the H I holes. It is mainly seen
in the direction of the inner disk. Because of the almost face-on orientation, a large
fraction of the measured deviating velocities might have a vertical component. How-
ever, there is an asymmetry between the amount of H I with higher velocities vs.
lower velocities compared to local rotation. It is likely that vertical outflow happens
equally on both sides of the disk, so that we would find about the same amount on
both sides of the profiles. We see more H I closer to systemic, a so called beard (San-
cisi 2001). This might be explained by a slower rotating thich disk of H I that extends
into the halo of NGC 6946. Such a disk should be a thick disk, forming a halo sim-
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ilar to those observed in NGC 891 (Swaters et al. 1997; Fraternali et al. 2004b) and
NGC 2403 (Schaap et al. 2000; Fraternali et al. 2001). Maps of the distribution of the
anomalous gas can be found in Chapter 3. There, we make a detailed analysis of the
properties of this H I component.

Besides gas seen in the direction of the bright optical disk, we also observe kine-
matically anomalous H I at large galactic radii. A large complex stretches out to the
north, exhibiting even so called forbidden velocities. The latter means that this gas
cannot simply be explained as part of a more slowly rotating halo, and therefore does
not fit in the picture of the Galactic Fountain. Also on the west side of the disk, two
complexes of H I with velocities deviating up to 100 km s � 1 are seen. One of them is
connected and probably linked to the plume on the north-western side of the disk.
Since the stellar density in the outer disk is low, the Galactic Fountain model be-
comes less likely as the responsible mechanism. These complexes might be recent
accretion events of H I complexes falling in from outside NGC 6946.

The kinematics of the outer disk of NGC 6946 is less regular than the inner disk.
The difference velocity field shows large-scale residuals. Furthermore, the changing
position angle suggests a mild warp and the outer disk is lopsided. Linking this to
the accretion event on the north-west, this could be interpreted as if the outer disk is
disturbed by incoming material. This may be similar to what is observed in NGC 628
(Kamphuis & Briggs 1992), but less strong.

There are indications that NGC 6946 has undergone some interactions in the re-
cent past. Lopsidedness can be produces by recent or ongoing accretion (Zaritsky &
Rix 1997; Bournaud et al. 2005). In NGC 6946, both the H I and the stellar distribution
are lopsided, as is the kinematics. Furthermore, the rotation curves of approaching
side and the receding side differ at large radii, where one side shows a flat rotation
curve, while the other side is declining.

Even though NGC 6946 is lopsided, the H I distribution in the outer disk is very
symmetric with respect to a point that lies 1

�
off-centre. Probably, this means that

any recent interaction or accretion has had to be small.
Other support for recent tidal distortion is the sharp edge of the H I disk on the

south-west side. Such edges are seen more often in galaxies that undergo tidal inter-
action, e.g. M 51 (Rots et al. 1990) and M 81 (Yun, Ho & Lo 1994). Ram pressure is
impossible without a dense cluster medium.

Finally, the prominent northern spiral arm in NGC 6946 can have been ampli-
fied by tidal interaction. Such arms often appear in simulations of minor mergers
(Walker, Mihos & Hernquist 1996) and gas accretion (Bournaud et al. 2005). Bour-
naud et al. let the gas accrete along a 25 kpc long filament near the edge of the
disk (see their Fig. 16). This results in clear m � 1 asymmetries in the disk and the
arms. This model has similarities with the configuration in NGC 6946, where we
see a plume of gas at the velocity of the disk and a strong northern spiral arm. The
plume probably has had little influence on the northern spiral arm itself. More likely,
the amplification of the arm is a sign of a similar, earlier accretion event.

This picture of a series of accretion events leaves the question of where this H I
comes from. The absence of stars will, at first, be seen as evidence that this gas is
an intergalactic H I cloud. Such H I clouds without an optical counterpart, however,
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seem rare. They have been detected in clusters where past interactions are evident or
likely (e.g. Oosterloo & Van Gorkom 2005; Popping et al. 2006). NGC 6946, however,
is a fairly isolated galaxy with only a few small, undisturbed companions. Alterna-
tively, we would be witnessing the accretion of a low mass, low surface brightness
companion, which has been disrupted during an earlier passage. Analogous to the
collision of comet Shoemaker-Levi 9 with Jupiter (IAU Circ. No. 5893), a chain of
small pieces of the disrupted galaxy has been accreted by NGC 6946 over the last
few 108 yr. Since no emission is seen outside the plume, the latter may then be the
tail of the disrupted companion.

This scenario of multiple accretions can also explain why NGC 6946 is actively
forming stars.

2.6 Conclusions
We report our first findings from deep H I observations with the WSRT of the nearby
face-on spiral galaxy NGC 6946. New results are:

- The H I disk of NGC 6946 shows a large number of holes, most of which are in
the inner disk. Their distribution and sizes are consistent with being formed
by stellar activity, such as winds and supernova explosions.

- We resolve separate complexes of high-velocity H I spread over the disk of
NGC 6946. Most of this kinematically anomalous component is seen in the di-
rection of the inner disk. Part of the H I can be identified as being spurs of H I
with high vertical velocities, i.e. gas that is blown into the halo. A larger frac-
tion seems to reside in a slowly rotating thick disk, similar to those observed
in NGC 891 (Swaters et al. 1997; Fraternali et al. 2004b, 2005) and NGC 2403
(Schaap et al. 2000; Fraternali et al. 2001). The gas at small galactic radii might
be explained by a Galactic Fountain, but for a few anomalous complexes in
the outer disk, this hypothesis seems not to apply. These are most likely the
remnants of accreted companions or gas complexes.

- We discovered an extended plume of H I at the edge of NGC 6946. This gas is in
the same velocity range as two companion galaxies which we also detect. There
seems no connection between the plume and the companions. We conclude
that this gas is probably an infalling extragalactic H I cloud or the aftermath of
an accreted, small companion.

- The velocity field shows many deviations from circular rotation, some of them
related to the spiral arm pattern, others associated with the large H I holes.
We have constructed a tilted-ring model for the H I disk and find that the disk
shows only a mild warp. The strongest deviations from circular rotation, up
to 30 km s � 1 are most likely associated with the suggested accretion and a dis-
turbed outer edge of the disk.

- One side of the disk of NGC 6946 has a remarkably sharp edge in H I. Most
likely this has a tidal origin related to the accretion.



46 CHAPTER 2: DEEP H I OBSERVATIONS OF NGC 6946

The asymmetries such as lopsidedness, the strong spiral arm, the edge and the mild
warp, together with the plume, support the picture of galaxy evolution, where large
spiral galaxies are continuously accreting matter from outside. These events possibly
may be related to the SF activity that has been going on for a long time in NGC 6946.

The holes and the high-velocity gas will be discussed in more detail in Chapters
3 and 4.
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2.A Appendix A: high resolution channel images
Channel maps at 13

� �
resolution. In the channel maps with severe Galactic fore-

ground emission, the confusing emission has been cut out. The size of the synthe-
sised beam is 12

� � � 14
� �
. The velocity of each channel is shown in the top left corner

in km s � 1. Every second channel is shown. The contours are � 0.88, � 0.44, 0.44 (2 � ),
0.88, 1.76, 3.52 and 7.04 mJy beam � 1 (negative contours are dashed).
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2.B Appendix B: low resolution channel images
Channel maps of NGC 6946 at 64

� �
resolution. Every second channel is shown. In the

channel maps with severe Galactic foreground emission, the confusing emission has
been masked. The contours are drawn at � 2, � 1, 1 (2 � ), 2, 4, 8, 16, 32, 64, and 128
mJy beam (negative contours are dashed). The velocity of each channel is shown in
the top left corner, the beam in the bottom left.
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2.C Appendix C: 22 '(' resolution xv-diagrams, parallel to major axis
Position-velocity diagrams parallel to the major axis. The horizontal lines indicate
the systemic velocity. Contours are at � 1.02, � 0.51, 0.51 (1.5 � ), 1.02, 2.04, 4.08, 8.16,
and 16.4 mJy beam � 1. Negative contours are dashed. The distances in arcminutes
to the major axis are shown in the upper-left corner. The position of the slices are
shown in Fig. 50 (page 79).
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Figure 50– Total H I map showing the positions of the slices in Appendices C, D, E, and F.



80 CHAPTER 2: DEEP H I OBSERVATIONS OF NGC 6946

2.D Appendix D: 22 '(' resolution xv-diagrams, parallel to minor axis
Position-velocity diagrams parallel to the minor axis. The horizontal lines indicate
the systemic velocity. Contours are at � 1.02, � 0.51, 0.51 (1.5 � ), 1.02, 2.04, 4.08, 8.16,
and 16.4 mJy beam � 1. Negative contours are dashed. The distances in arcminutes
to the major axis are shown in the upper-left corner. The position of the slices are
shown in Fig. 50 (page 79).
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2.E Appendix E: 64 '(' resolution xv-diagrams, parallel to major axis
Position-velocity diagrams parallel the major axis. The horizontal lines indicate the
systemic velocity. Contours are at � 1.5, � 0.75, 0.75 (1.5 � ), 1.5, 3.0, 6.0, 12.0, and
24.0 mJy beam � 1. Negative contours are dashed. The distances to the major axis in
arcminutes are shown in the upper-left corner. The position of the slices are shown
in Fig. 50 (page 79).



86 CHAPTER 2: DEEP H I OBSERVATIONS OF NGC 6946



APPENDIX E: 64
� �

RESOLUTION XV-DIAGRAMS, PARALLEL TO MAJOR AXIS 87



88 CHAPTER 2: DEEP H I OBSERVATIONS OF NGC 6946



APPENDIX E: 64
� �

RESOLUTION XV-DIAGRAMS, PARALLEL TO MAJOR AXIS 89



90 CHAPTER 2: DEEP H I OBSERVATIONS OF NGC 6946

2.F Appendix F: 64 '(' resolution xv-diagrams, parallel to minor axis
Position-velocity diagrams parallel the minor axis. The horizontal lines indicate the
systemic velocity. Contours are at � 1.5, � 0.75, 0.75 (1.5 � ), 1.5, 3.0, 6.0, 12.0, and
24.0 mJy beam � 1. Negative contours are dashed. The distances to the major axis in
arcminutes are shown in the upper-left corner. The position of the slices are shown
in Fig. 50 (page 79).



APPENDIX F: 64
� �

RESOLUTION XV-DIAGRAMS, PARALLEL TO MINOR AXIS 91



92 CHAPTER 2: DEEP H I OBSERVATIONS OF NGC 6946



APPENDIX F: 64
� �

RESOLUTION XV-DIAGRAMS, PARALLEL TO MINOR AXIS 93



94 CHAPTER 2: DEEP H I OBSERVATIONS OF NGC 6946




