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4H I holes in
NGC 6946

ABSTRACT — We present a catalogue of 121 H I holes in the nearby face-
on spiral galaxy NGC 6946. These are preferably located in regions of high H I
column density and high star formation. Most likely, the holes have been formed
by stellar winds and supernova explosions. We show that a large fraction of
the high-velocity H I in NGC 6946 probably originates from the holes and was
brought into the halo by a galactic fountain.

4.1 Introduction

THE interstellar medium (ISM) in the Milky Way consists of cold dense clouds
(T 0 100 K) surrounded by warm (T � 104 K) and hot (T , 106 K), diffuse gas

that fills most of the volume (Spitzer 1956; Field, Goldsmith & Habing 1969; Cox &
Smith 1974; McKee & Ostriker 1977). Cox & Smith (1974) and McKee & Ostriker
(1977) show that the hot, tenuous phase is likely to be maintained by the energy
input of stellar winds and supernova explosions.

The complex structure of the ISM is apparent from the distribution of the H I in
the Milky Way and other galaxies. H I shells with diameters of tens of parsec to 4
kpc have been detected in the Milky Way disk (Heiles 1979, 1984; McClure-Griffiths
et al. 2002; Ehlerová & Palouš 2005), as well as ’worms’, wiggly gas filaments shoot-
ing away from the galactic plane. These ’worms’ are probably parts of shells, which
are broken at the top. Also in other galaxies large numbers of H I shells and holes
are seen. Shell catalogues have been compiled for the gas-rich galaxies in the Lo-
cal Group, such as M 31 (Brinks & Bajaja 1986), M 33 (Deul & Den Hartog 1990), the
LMC (Kim et al. 1999) and SMC (Stanimirović et al. 1999). Many H I holes have been
detected in galaxies in neighbouring groups: Ho II (Puche et al. 1992), NGC 2403
(Thilker et al. 1998), IC 2574 (Walter & Brinks 1999), M 101 (Van der Hulst & San-
cisi 1988; Kamphuis 1993), IC 10 (Wilcots & Miller 1998), and NGC 6946 (Kamphuis
1993).

The shells and holes are commonly thought to have been produced by clus-
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tered supernova explosions and stellar winds (Tomisaka & Ikeuchi 1986; McCray &
Kafatos 1987; Mac Low & McCray 1988; Tenorio-Tagle & Bodenheimer 1988). Simu-
lations show that these are energetic enough to form kpc-size bubbles and chimneys
(see e.g. de Avillez & Berry 2001), which would appear as holes in the H I distribu-
tion, when observed in an external galaxy.

In some galaxies, large super-shells have been observed in the outer regions
and other regions where the stellar density is low and star formation almost ab-
sent (Puche et al. 1992; Rhode et al. 1999; Wilcots & Miller 1998; Hatzidimitriou et
al. 2005). The number of SNe needed to form such shells is generally large, while
the SNe rate in the regions of low stellar density is small, making this formation
mechanism less likely. For those super-shells other mechanisms have been proposed.
Gamma ray bursts are thought to release as much energy as a few thousand SNe and
could form a kpc-size shell in one explosion. After such an explosion, very hot gas
is expected to remain. However, in most cases, no X-ray emission is detected in the
direction of such outer-disk super-shells. An alternative explanation for the origin
of H I holes are cloud-disk collisions (Tenorio-Tagle 1981; Tenorio-Tagle et al. 1986,
1987; Vorobyov & Basu 2004).

In a stratified gaseous disk, where the density decreases with distance from the
midplane, the bubbles grow more easily in vertical direction than in the plane, hence
they become elongated. Eventually a bubble will break out from the disk and vent
its hot interior into the halo, forming a so called chimney (Tomisaka & Ikeuchi 1986;
Mac Low & McCray 1988). A correlation between the holes and high-velocity gas
(such as we have found in NGC 6946, Chapter 3) is expected in this picture.

In an earlier study Kamphuis (1993) already identified a number of H I holes in
the gas disk of NGC 6946. This galaxy is known to have a high level of star formation
throughout the disk, so it is a good candidate for studying the link between the H I
holes and the star formation in the disk.

Since the sensitivity of our data is much higher than that of Kamphuis (1993), we
can identify many more holes, including many smaller ones and at the same time our
observations are more sensitive for faint high-velocity gas features. In this chapter,
we present a new catalogue of H I holes, determine their properties, and discuss their
relation to the high-velocity gas described in Chapter 3.

4.2 Catalogue of H I holes
The catalogue of H I holes was made in the following way. We visually inspected the
3D data using the GIPSY and KARMA packages to identify the holes. We essentially
used the same selection criteria as defined by Brinks & Bajaja (1986). These are:

i) A shell or hole must be visible in at least three successive channels.
ii) The position of an H I hole should not change between channels. This sepa-

rates kinematical pseudo-holes from genuine holes.
iv) The shape of the hole (in the xv plane) should be clearly defined and ade-

quately described by an ellipse.
iii) There should be good contrast between the holes and the surrounding shells.

In this sample this means a minimal contrast between centre and shell of about 1:1.5
for the most poorly defined holes.
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Figure 4.1– The three types of H I holes (Brinks & Bajaja 1986).

Expanding shells of H I and empty holes present a clearly recognisable pattern
in velocity space and are, therefore, easier to identify on position-velocity (xv) maps
than on channel maps. A disadvantage of only looking in velocity space is that one
can mistake interarm regions for shells or holes. Especially in the inner disk, the spi-
ral pattern of NGC 6946 is patchy and not well defined, which makes such confusion
a serious problem. Interarm regions are, on the other hand, easily recognisable in
channel maps, so the procedure is to identify shells in xy and xv space simultane-
ously.

The disadvantage of our method is that it is subjective. The criteria, however, are
straightforward, so we are confident we identified most of the holes. In the central
parts of NGC 6946 we may miss some holes due to the strong shear that holes ex-
perience in that part of the disk. It should also be noted that it is more difficult to
identify the holes on the eastern side of the disk because of the presence of Galactic
foreground emission.

The hole-type identification scheme is the same as adopted by Brinks & Bajaja
(1986). There are three types of holes: Type 1 is showing an open hole, without
expanding shell. In a xv diagram it appears as a density gap. Type 2 is seen as a
shift in velocity in the xv diagram. In type 3 holes one observes a clear splitting of
the line profiles into two components. See also Figure 1 in Deul & Den Hartog (1990,
reproduced here as Fig. 4.1) for a clear illustration of the three types.

For each hole we determine the following parameters: i) the position of its centre.
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ii) Its location with respect to the centre of the galaxy. iii) The velocity at which the
hole shows the highest contrast in the channel maps. iv) The projected major and
minor axis. v) An estimate of the effective diameter, which we define as Deff �1

Major � Minor. vi) The eccentricity. vii) The position angle on the sky. viii) The
ambient hydrogen density in the midplane which we derive from the mean column
density in an annulus around the hole, corrected for the inclination of the galaxy
(i � 38 � ), and assuming the H I layer to have a Gaussian z-distribution with a scale
height of 200 pc. ix) An estimate of the kinematical age using Age � Deff/ � 2 �2 V). We detect expanding shells (type 3) in only a very few cases. For those cases
we find an average expansion velocity 2 V of 20 km s � 1. We do find anomalous H I
complexes with much higher deviating velocities (Vdev), but those are generally not
directly connected to a hole. For the holes without shells, type 1 and 2, we assume
this average value. x) The H I mass missing from the hole. We assume that the
volume of the hole was originally filled with H I with the same column density as
the surrounding medium. We furthermore assume that the holes have all broken out
to the halo, forming chimneys and that they are best described by a cylinder with the
effective diameter Deff. xi) The energy to sweep up the H I and create a hole of its size
in the local medium. We used the scaling law given by Chevalier (1974) to facilitate
easy comparison with other H I shell studies (Heiles 1979; Brinks & Bajaja 1986; Deul
& Den Hartog 1990):

E � 5.3 3 1043 nH I
1.12 � R  3.12 2 V1.4. (4.1)

where the expansion velocity 2 V is in km s � 1, R is the radius of the shell (R �
Deff/2), and nH I is the midplane density. The resulting energy is in erg.

The derived parameters are listed in Table 4.1:
– Column 1: Number of the hole. The holes are numbered according to their right
ascension and declination, starting from the east and north.
– Columns 2 and 3: Position of the centre of the hole in right ascension and declina-
tion (2000.0). The accuracy of the position of the hole is � 4

� �
, which is approximately

the size of 1 pixel.
– Columns 4 and 5: Position of the centre of the hole with respect to the centre of the
galaxy. We have used the coordinates of the nucleus given in Table 2.1 in Chapter 2.
– Column 6: Heliocentric radial velocity of the centre of the hole in km s � 1, deter-
mined from both the channel maps and xv-diagrams. The accuracy is 4 km s � 1 ( �
channel separation).
– Column 7: Type of hole.
– Column 8: Major axis of the hole in kpc. The error is about 140 pc ( � 1 pixel).
– Column 9: Minor axis of the hole in kpc.
– Column 10: Effective diameter of the hole in kpc.
– Column 11: Eccentricity of the hole. This is only well defined for the largest holes.
The small ones suffer from beam smearing, making the holes appear less eccentric.
– Column 12: Position angle of the hole. This is w.r.t. the north measured counter-
clockwise. The error in the position angle is 5 to 10 degrees. However, when the
shells become rounder, the p.a. becomes harder to define and the errors increase
rapidly. Circular holes do not have a position angle (we set those to 0).
– Column 13: Volume density of the H I surroundings.
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– Column 14: Kinematic age of the hole in units of 107 yr. The age has been esti-
mated using the formula Age � Deff/ � 2 � 2 V  and assuming an average expansion
velocity for all holes of 20 km s � 1.
– Column 15: The missing mass in units of 106 M � . For this calculation we assume
that the hole is entirely empty and that the original density at the location of the hole
was the same as the average density of its present surroundings. We calculate the
mass of the hole using Missing mass �54.� Deff/2  2 � NH I.
– Column 16: Indicative energy to produce the hole in units of 1053 erg.

The shells that we find are shown in Fig. 4.2 as ellipses indicating the size and
orientation. Figure 4.3 shows the same ellipses, but on an optical image of NGC 6946.

Figure 4.2– The H I holes plotted on top of the total H I map of NGC 6946. The sizes and
orientations are indicated by the ellipses. The numbers in the ellipses correspond to the list in
Table 4.1. The white spot in the centre is not an H I hole, but H I seen in absorption against the
bright radio continuum nucleus. The resolution is shown by the shaded ellipse in the bottom
left corner.
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Table 4.1– H I Holes.
Hole 6

2000

7

2000

6 offset 7 offset V T maj.ax. min.ax. diam ratio p.a. nH I Age Mass Energy
h m s 8 9 9 9 9 9

km s :1 kpc kpc kpc 8 cm :3 107 yr 106 M ; 1053 erg
1 20 36 05.76 60 03 05.8 9.2 –5.8 15 1 1.4 1.0 1.2 0.8 15 0.1 2.9 1.9 1.7
2 20 35 49.20 60 03 49.2 7.1 –5.4 17 1 1.5 1.3 1.4 0.9 110 0.2 3.3 3.5 3.8
3 20 35 46.92 60 09 46.9 6.8 –0.2 43 1 1.2 0.9 1.1 0.8 175 0.6 2.6 6.3 6.0
4 20 35 40.08 60 11 40.1 5.9 2.0 –58 3 1.8 1.4 1.6 0.8 155 0.5 3.8 12.2 17.7
5 20 35 35.52 60 16 35.5 5.4 7.4 –33 1 1.0 0.9 1.0 0.9 40 0.4 2.4 3.8 3.2
6 20 35 35.52 60 07 35.5 5.4 –1.8 –20 1 1.8 1.4 1.6 0.8 0 0.5 3.8 11.5 16.5
7 20 35 34.32 60 05 34.3 5.2 –3.6 13 1 1.9 1.3 1.5 0.7 0 0.6 3.8 12.8 18.4
8 20 35 32.62 60 00 32.6 5.0 –8.5 55 1 0.8 0.8 0.8 1.0 0 0.2 2.0 1.5 1.0
9 20 35 32.16 60 06 32.2 5.0 –2.5 –8 1 1.6 1.0 1.3 0.7 170 0.5 3.1 8.0 9.3
10 20 35 30.96 60 01 31.0 4.8 –7.4 43 2 1.4 0.9 1.1 0.7 80 0.3 2.8 3.3 3.1
11 20 35 29.76 60 04 29.8 4.7 –4.8 22 1 1.0 0.8 0.9 0.8 0 0.5 2.3 4.2 3.4
12 20 35 28.90 60 08 28.9 4.6 –0.9 –33 1 1.5 0.9 1.2 0.6 0 0.7 2.9 8.8 9.6
13 20 35 28.68 60 05 28.7 4.5 –4.0 17 1 2.0 1.3 1.6 0.6 0 0.5 3.9 12.0 17.6
14 20 35 28.32 60 03 28.3 4.5 –5.4 30 1 1.8 1.3 1.5 0.7 0 0.4 3.7 9.4 12.7
15 20 35 24.48 60 03 24.5 4.0 –5.8 34 1 1.2 0.9 1.1 0.8 170 0.4 2.6 4.2 3.8
16 20 35 22.44 60 02 22.4 3.8 –6.7 49 1 0.9 0.9 0.9 0.9 55 0.4 2.2 3.4 2.6
17 20 35 22.32 60 08 22.3 3.7 –0.6 33 1 0.9 0.8 0.9 0.9 30 0.7 2.2 5.3 4.2
18 20 35 22.20 60 09 22.2 3.7 0.2 51 1 1.4 1.0 1.2 0.8 135 1.1 2.9 15.2 17.9
19 20 35 22.01 60 07 22.0 3.7 –1.5 –12 1,3 2.1 1.5 1.8 0.7 15 0.6 4.3 18.7 31.6
20 20 35 21.24 60 10 21.2 3.6 1.0 69 1,2 2.4 1.9 2.1 0.8 125 1.0 5.2 44.4 98.8
21 20 35 19.68 60 04 19.7 3.4 –4.4 34 1 2.3 1.5 1.8 0.6 40 0.6 4.5 21.0 37.5
22 20 35 18.24 60 06 18.2 3.2 –2.9 11 1 0.8 0.8 0.8 0.9 10 0.8 2.0 4.9 3.6
23 20 35 18.24 60 05 18.2 3.2 –3.5 22 1 0.9 0.8 0.9 0.9 0 0.7 2.1 5.4 4.2
24 20 35 17.04 60 09 17.0 3.1 0.2 –50 1 1.4 0.8 1.1 0.6 165 1.1 2.6 11.9 12.4
25 20 35 15.00 60 06 15.0 2.8 –2.6 14 1 1.2 0.9 1.0 0.8 20 0.8 2.5 8.5 8.2
26 20 35 14.88 60 09 14.9 2.8 –0.1 –41 1 0.9 0.7 0.8 0.8 125 1.0 1.9 6.1 4.5



C
A

TA
LO

G
U

E
O

FH
IH

O
LES

127

Table 4.1– H I Holes continued.
Hole 6

2000

7

2000

6 offset 7 offset V T maj.ax. min.ax. diam ratio p.a. nH I Age Mass Energy
h m s 8 9 9 9 9 9

km s :1 kpc kpc kpc 8 cm :3 107 yr 106 M ; 1053 erg
27 20 35 14.64 60 03 14.6 2.8 –5.8 51 2 1.5 1.2 1.3 0.7 150 0.5 3.3 8.9 10.8
28 20 35 13.92 60 10 13.9 2.7 1.4 62 1 1.3 0.9 1.1 0.7 115 1.0 2.7 10.9 11.4
29 20 35 13.68 60 11 13.7 2.7 1.9 71 1 1.5 1.3 1.4 0.9 90 0.8 3.3 14.2 18.5
30 20 35 13.20 60 08 13.2 2.6 –1.2 –8 1 2.1 1.5 1.8 0.7 140 0.8 4.3 24.1 41.9
31 20 35 12.60 60 02 12.6 2.5 –6.4 61 1 1.4 1.4 1.4 0.9 160 0.4 3.4 7.3 9.0
32 20 35 11.40 60 06 11.4 2.4 –2.6 17 1 0.9 0.7 0.8 0.8 0 1.0 1.9 6.4 4.7
33 20 35 09.36 60 07 09.4 2.1 –1.9 10 1 1.0 0.9 1.0 0.9 30 0.8 2.4 7.4 6.8
34 20 35 08.88 60 10 08.9 2.1 1.7 56 1 1.2 0.9 1.1 0.8 135 1.1 2.6 12.4 13.0
35 20 35 08.11 60 06 08.1 2.0 –3.2 34 1 0.8 0.8 0.8 1.0 0 0.7 1.9 4.5 3.2
36 20 35 07.68 60 07 07.7 1.9 –2.1 26 1 1.3 1.0 1.1 0.7 20 0.8 2.8 10.2 11.1
37 20 35 07.63 60 05 07.6 1.9 –3.8 49 2 1.1 0.9 1.0 0.8 10 0.6 2.4 5.5 4.8
38 20 35 07.44 60 11 07.4 1.9 2.3 67 1 1.2 1.0 1.1 0.9 45 0.8 2.7 9.7 10.0
39 20 35 07.08 60 04 07.1 1.8 –5.2 57 1 1.0 1.0 1.0 1.0 0 0.5 2.6 5.0 4.6
40 20 35 05.04 60 04 05.0 1.6 –4.3 55 3 2.3 1.7 2.0 0.7 140 0.5 4.8 19.5 36.6
41 20 35 03.84 60 08 03.8 1.4 –0.4 –8 1 0.8 0.7 0.7 0.9 110 0.6 1.8 3.0 1.9
42 20 35 02.40 60 05 02.4 1.3 –4.1 60 1 1.6 0.9 1.2 0.6 35 0.6 3.0 7.9 8.8
43 20 35 01.44 60 15 01.4 1.1 6.7 –8 1,3? 1.2 0.9 1.0 0.8 90 0.5 2.5 5.7 5.3
44 20 35 01.20 60 01 01.2 1.1 –7.5 68 1 1.9 1.6 1.7 0.8 145 0.3 4.2 9.6 14.7
45 20 35 00.24 60 06 00.2 1.0 –2.7 61 3 0.9 0.8 0.8 0.9 170 0.6 2.0 3.9 2.8
46 20 34 60.00 60 10 60.0 1.0 1.0 –25 1 1.2 1.0 1.1 0.9 160 0.5 2.7 6.4 6.3
47 20 34 60.00 60 09 60.0 1.0 0.3 –33 1 1.0 0.8 0.9 0.8 70 0.5 2.2 3.7 2.9
48 20 34 58.80 60 07 58.8 0.8 –1.9 59 1 1.8 1.3 1.5 0.7 30 0.6 3.7 13.6 19.2
49 20 34 55.92 60 15 55.9 0.4 6.5 –4 1,3? 1.0 0.8 0.9 0.8 10 0.6 2.2 4.8 3.9
50 20 34 54.24 60 11 54.2 0.2 2.2 –18 1 2.7 1.7 2.1 0.6 50 0.6 5.2 28.7 60.8
51 20 34 53.28 60 12 53.3 0.1 3.5 –10 1 0.8 0.8 0.8 1.0 90 0.9 1.9 5.0 3.5
52 20 34 52.80 60 02 52.8 0.1 –6.7 85 1 1.7 1.3 1.5 0.8 60 0.5 3.5 9.3 12.2
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Table 4.1– H I Holes continued.
Hole 6

2000

7

2000

6 offset 7 offset V T maj.ax. min.ax. diam ratio p.a. nH I Age Mass Energy
h m s 8 9 9 9 9 9

km s :1 kpc kpc kpc 8 cm :3 107 yr 106 M ; 1053 erg
53 20 34 52.80 59 59 52.8 0.1 –10.0 99 3 1.9 1.4 1.6 0.7 140 0.3 3.9 6.4 8.8
54 20 34 52.32 60 10 52.3 0.0 1.4 17 1 1.1 0.9 1.0 0.8 60 0.7 2.5 6.9 6.4
55 20 34 52.20 60 15 52.2 –0.0 6.0 –4 1 0.8 0.8 0.8 1.0 0 0.5 2.0 3.2 2.3
56 20 34 51.12 60 08 51.1 –0.1 –1.2 87 1 0.8 0.7 0.8 0.9 15 0.7 1.9 4.4 3.1
57 20 34 49.44 60 15 49.4 –0.4 6.6 13 1,3? 2.3 1.1 1.6 0.5 55 0.7 3.9 16.3 25.0
58 20 34 47.88 60 07 47.9 –0.6 –1.8 108 1 1.0 0.9 1.0 0.9 30 0.7 2.4 7.1 6.5
59 20 34 47.40 60 10 47.4 –0.6 1.2 43 1 1.0 0.9 1.0 0.9 10 0.6 2.4 5.9 5.2
60 20 34 47.28 60 05 47.3 –0.6 –3.7 97 1 1.2 0.9 1.0 0.8 45 0.8 2.5 8.3 8.0
61 20 34 47.04 60 03 47.0 –0.7 –6.1 89 1 1.4 1.2 1.3 0.9 0 0.6 3.1 9.3 10.9
62 20 34 46.80 60 02 46.8 –0.7 –6.6 101 3 1.0 0.8 0.9 0.8 60 0.6 2.1 4.6 3.6
63 20 34 46.08 60 08 46.1 –0.8 –1.0 129 1 0.9 0.7 0.8 0.8 100 0.7 2.0 4.1 2.9
64 20 34 44.52 60 05 44.5 –1.0 –3.3 85 2,3 1.4 0.9 1.1 0.6 18 0.7 2.7 8.6 8.7
65 20 34 44.52 60 04 44.5 –1.0 –5.2 99 1 1.1 1.0 1.1 0.9 30 0.5 2.7 6.0 5.9
66 20 34 44.26 60 03 44.3 –1.0 –5.7 91 1 1.0 0.9 1.0 0.9 10 0.6 2.3 5.2 4.4
67 20 34 42.96 60 09 43.0 –1.2 0.5 85 1 1.0 0.8 0.9 0.8 0 0.6 2.2 4.8 3.8
68 20 34 42.60 60 03 42.6 –1.2 –6.1 95 1 0.7 0.6 0.7 0.9 175 0.5 1.7 2.3 1.3
69 20 34 42.48 60 07 42.5 –1.2 –1.3 131 3 1.0 0.9 0.9 0.9 135 0.6 2.3 5.2 4.3
70 20 34 42.00 60 02 42.0 –1.3 –6.9 106 3 1.6 0.9 1.2 0.6 65 0.5 3.0 6.8 7.3
71 20 34 41.52 60 09 41.5 –1.3 –0.1 122 1 1.0 0.9 1.0 0.9 135 0.6 2.4 5.3 4.7
72 20 34 40.80 60 00 40.8 –1.4 –8.8 97 2 2.3 2.0 2.1 0.9 30 0.2 5.2 9.0 16.7
73 20 34 40.56 60 06 40.6 –1.5 –2.7 141 1,3 1.9 1.2 1.5 0.6 75 0.8 3.7 17.1 25.2
74 20 34 39.36 60 08 39.4 –1.6 –0.7 131 1 0.9 0.9 0.9 1.0 0 0.7 2.3 6.0 5.2
75 20 34 39.36 60 04 39.4 –1.6 –4.8 112 3? 1.6 1.5 1.5 0.9 130 0.7 3.8 16.0 23.6
76 20 34 37.80 60 10 37.8 –1.8 1.6 66 3 1.5 1.2 1.3 0.8 40 0.7 3.2 12.0 14.7
77 20 34 37.68 60 05 37.7 –1.8 –3.5 129 3 2.1 1.2 1.6 0.5 60 0.8 3.8 19.5 29.8
78 20 34 36.96 60 15 37.0 –1.9 6.4 52 1,3 2.9 1.5 2.1 0.5 52 0.5 5.1 20.9 41.4
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Table 4.1– H I Holes continued.
Hole 6

2000

7

2000

6 offset 7 offset V T maj.ax. min.ax. diam ratio p.a. nH I Age Mass Energy
h m s 8 9 9 9 9 9

km s :1 kpc kpc kpc 8 cm :3 107 yr 106 M ; 1053 erg
79 20 34 36.84 60 07 36.8 –1.9 –1.5 143 1 1.4 1.2 1.3 0.8 0 0.7 3.1 10.6 12.4
80 20 34 35.16 60 09 35.2 –2.1 0.7 93 1 2.2 0.8 1.4 0.4 175 0.8 3.3 13.8 18.0
81 20 34 33.84 59 59 33.8 –2.3 –9.9 114 1 0.9 0.9 0.9 0.9 100 0.2 2.2 1.9 1.4
82 20 34 33.12 60 04 33.1 –2.4 –4.7 131 2 1.2 1.1 1.1 0.9 125 0.6 2.8 8.1 8.6
83 20 34 33.00 60 03 33.0 –2.4 –6.2 110 1 0.9 0.8 0.9 0.9 120 0.4 2.1 3.0 2.1
84 20 34 32.40 60 02 32.4 –2.5 –7.1 114 1 0.9 0.7 0.8 0.9 130 0.5 1.9 3.1 2.1
85 20 34 32.16 60 08 32.2 –2.5 –1.0 152 1 1.4 1.0 1.2 0.8 105 0.8 2.9 11.5 13.0
86 20 34 31.20 60 11 31.2 –2.6 2.4 64 1 1.0 0.8 0.9 0.8 35 0.8 2.3 6.9 6.0
87 20 34 30.48 60 10 30.5 –2.7 1.4 89 1 1.1 0.7 0.9 0.7 150 1.1 2.2 8.9 7.7
88 20 34 29.40 60 02 29.4 –2.9 –6.6 118 2 0.9 0.8 0.9 1.0 50 0.3 2.1 2.3 1.6
89 20 34 29.28 60 07 29.3 –2.9 –1.3 148 3 1.3 1.0 1.1 0.8 80 0.7 2.7 7.8 8.0
90 20 34 29.04 60 09 29.0 –2.9 0.3 114 1,3 2.6 1.7 2.1 0.6 170 0.8 5.1 33.3 70.5
91 20 34 27.84 60 05 27.8 –3.0 –4.0 145 1 1.0 0.8 0.9 0.8 35 0.6 2.2 4.7 3.8
92 20 34 27.72 59 59 27.7 –3.1 –9.9 120 1 1.9 1.5 1.7 0.8 75 0.3 4.1 7.6 11.0
93 20 34 26.64 60 10 26.6 –3.2 1.3 100 1 1.2 1.0 1.1 0.9 155 0.9 2.6 9.7 9.7
94 20 34 26.40 60 05 26.4 –3.2 –3.7 156 1 1.2 0.9 1.1 0.8 65 0.6 2.6 6.6 6.5
95 20 34 26.40 60 12 26.4 –3.2 3.2 68 1 1.0 0.8 0.9 0.8 170 0.6 2.2 4.3 3.3
96 20 34 26.40 60 06 26.4 –3.2 –2.7 156 1,3 4.2 2.4 3.2 0.6 95 0.7 7.8 66.6 221.2
97 20 34 25.68 60 08 25.7 –3.3 –0.8 139 3 1.6 1.0 1.3 0.7 150 0.9 3.1 13.9 17.3
98 20 34 25.68 60 04 25.7 –3.3 –4.6 141 1 1.5 1.3 1.4 0.9 85 0.5 3.3 8.7 10.7
99 20 34 24.72 60 07 24.7 –3.4 –2.0 156 3 1.5 1.0 1.2 0.7 135 0.7 3.0 9.7 11.2
100 20 34 24.48 60 11 24.5 –3.5 1.9 99 2 1.0 1.0 1.0 1.0 0 1.1 2.5 10.7 10.4
101 20 34 22.99 60 02 23.0 –3.7 –6.4 124 1 1.0 1.0 1.0 1.0 0 0.4 2.4 3.4 2.9
102 20 34 21.60 60 14 21.6 –3.8 5.2 83 3 1.0 1.0 1.0 1.0 0 0.5 2.6 4.9 4.5
103 20 34 21.36 60 01 21.4 –3.9 –7.8 124 1 0.9 0.8 0.9 0.9 160 0.2 2.1 1.7 1.2
104 20 34 21.12 60 11 21.1 –3.9 2.1 95 3 1.0 0.9 1.0 0.8 20 0.9 2.3 8.2 7.4
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Table 4.1– H I Holes continued.
Hole 6

2000

7

2000

6 offset 7 offset V T maj.ax. min.ax. diam ratio p.a. nH I Age Mass Energy
h m s 8 9 9 9 9 9

km s :1 pc pc pc 8 cm :3 107 yr 106 M ; 1053 erg
105 20 34 20.93 60 08 20.9 –3.9 –0.8 143 3 1.0 0.7 0.8 0.8 170 0.8 2.1 5.5 4.2
106 20 34 20.64 60 10 20.6 –3.9 1.1 118 2 1.0 0.9 1.0 0.8 90 1.1 2.3 10.2 9.5
107 20 34 19.68 60 09 19.7 –4.1 0.3 127 1 1.9 1.7 1.8 0.9 0 1.0 4.4 30.8 57.1
108 20 34 19.68 60 07 19.7 –4.1 –1.6 150 1 1.8 1.4 1.6 0.8 155 0.8 3.8 17.7 26.8
109 20 34 19.20 60 10 19.2 –4.1 1.3 114 2 1.1 0.8 1.0 0.7 30 1.1 2.4 9.8 9.1
110 20 34 18.36 60 08 18.4 –4.2 –0.6 145 1 1.0 0.8 0.9 0.8 15 0.8 2.2 6.7 5.7
111 20 34 18.00 60 11 18.0 –4.3 2.3 97 1 1.0 0.9 0.9 0.9 35 0.6 2.3 5.2 4.4
112 20 34 12.48 60 08 12.5 –5.0 –0.2 139 2 1.3 1.1 1.2 0.9 165 0.7 2.9 9.3 10.2
113 20 34 11.04 60 03 11.0 –5.1 –5.8 145 1 1.3 1.0 1.1 0.8 125 0.5 2.7 5.9 5.8
114 20 34 07.44 60 09 07.4 –5.6 0.4 131 1 1.7 1.5 1.6 0.9 95 0.4 3.8 10.6 15.2
115 20 34 07.20 60 08 07.2 –5.6 –0.5 139 1 0.9 0.8 0.9 0.9 20 0.5 2.2 3.6 2.8
116 20 34 00.36 60 04 00.4 –6.5 –4.9 148 1 0.8 0.7 0.8 0.9 30 0.4 1.9 2.4 1.6
117 20 33 57.26 60 06 57.3 –6.9 –3.1 148 1 0.8 0.7 0.8 0.9 70 0.6 1.8 3.3 2.2
118 20 33 54.60 60 06 54.6 –7.2 –2.7 148 1 0.8 0.7 0.7 0.9 0 0.6 1.8 3.1 2.0
119 20 33 49.44 60 07 49.4 –7.8 –1.5 143 1 0.8 0.7 0.8 0.9 120 0.8 1.8 4.3 2.9
120 20 33 49.39 60 08 49.4 –7.8 –1.0 145 1 1.0 0.8 0.9 0.8 145 0.7 2.2 5.9 4.9
121 20 33 46.32 60 09 46.3 –8.2 0.2 139 2 1.5 1.3 1.4 0.8 165 0.5 3.4 8.6 10.8
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Figure 4.3– The H I holes plotted on top of a V-band image taken with the INT (unpublished,
kindly provided by A. Ferguson).

4.2.1 Properties of H I holes
We find 121 H I holes, while Kamphuis (1993) found only 19. In this section, we
compare the properties of these holes and investigate their systematics.

Distribution
As can be seen in Fig. 4.2, the holes are found over the whole disk, mainly in regions
with high H I column density. Compared to the starlight, the distribution of the holes
appears to be rather extended (Fig. 4.3); many are found outside R25 where the stellar
density is low. Very striking from Fig. 4.3 is the asymmetric distribution of the holes
as compared to the bright optical disk. This asymmetry, however, is also seen in the
low level stellar brightness (see same optical data at higher contrast in 4); optical
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Figure 4.4– Number distributions of the properties of the H I holes.
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Figure 4.5– The average covering factor of the H I holes as a function of the distance from the
centre (black line) compared to the radial H I density distribution (grey line), and the H � sur-
face brightness (connected stars). A comparison with the anomalous H I is shown in Fig 4.20

emission (bright in the inner-disk, faint in the outer-disk) is seen in the direction of
nearly every hole.

The radial number distribution of the holes (Fig. 4.4a) shows a broad peak around
10 kpc, which is about R25. Perhaps, a better representation of the importance of the
holes is given by the covering factor shown in Fig. 4.5. The peak in the coverage
appears at smaller radii than the number distribution and shows that the holes are
most dominant within the bright optical disk. The covering factor drops sharply
toward the smallest radii. The average H I column density also drops sharply in
the inner regions, which probably prevents the detection of holes. Alternatively, the
absence is due to the strong shear in these regions, which shortens the lifetime of the
holes and makes them harder to detect.

Comparison with the azimuthally averaged H I surface density also suggests that
the holes are preferentially found in regions of high H I column densities. At large
radii, where the average H I column density is below about 5 � 1020 cm � 2 the cover-
ing factor drops sharply. The radial distribution of star formation in the disk shows
the same trend as the holes, suggesting that they are related.

Hole sizes
There seems to be no correlation between the diameters of the holes and their galac-
tocentric radius, except that no holes larger than 1 kpc exist in the inner 4 kpc
(Fig. 4.6a). The latter may be related to the galactic shear as suggested earlier.

For the holes larger than 1 kpc the size distribution is approximately exponential
(Fig 4.4b). For smaller sizes, the numbers drop sharply. Even though the highest
spatial resolution of the present data is 390 pc, the smallest hole we find has an
effective diameter of 766 pc. If we extrapolate the exponential size distribution down
to the resolution of the data, we miss about 250 holes. This would mean that we have
only detected 1/3rd of the holes.
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Figure 4.6– Correlations of the properties of the H I holes.

The average diameter of our holes is 1.2 kpc, which is large compared to normal
H I disk scale heights. Since NGC 6946 is close to face-on, we cannot measure the
disk scale height directly. However, it can be estimated from the velocity dispersion
of the gas and the mass density of the disk. This has been done for several galaxies.
Dwarf galaxies seem to have thicker H I disks, e.g. IC 2574: h � 350 pc (Walter &
Brinks 1999), Ho II: h � 625 pc (Puche et al. 1992) and NGC 5023 (edge-on, measured
directly): h � 460 pc (Bottema, Shostak & van der Kruit 1986). The values obtained
for larger galaxies are generally smaller, but with a large scatter. Examples are: M 31:
h � 60 pc for the inner parts rising to h � 185 pc in the outer regions (Brinks &
Burton 1984), NGC 2403: h � 150 pc and NGC 3198: from h � 250 pc in the inner
disk to h � 700 pc in the outer disk (Sicking 1997). The edge-on galaxy NGC 891
turns out to have a thin disk with a scale height of about 210 pc and a thick disk with
a scale height of 2.5 kpc (Fraternali et al. 2005).

NGC 6946 is a fairly large galaxy, which suggests a small scale height. We assume
an average scale height h of 200 pc. Even the smallest hole in our catalogue of 766
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pc size would, therefore, reach about 2 scale heights above the midplane. There, the
gas density is about 10% of the midplane density. This would imply that all holes
that we detect must have broken out of the thin disk into the halo. Once broken
out, a bubble looses pressure and the interior is vented into the halo. Without the
pressure, further expansion of the bubble in the plane is difficult. Nevertheless, we
detect holes with sizes up to 3 kpc. Probably, this suggests that the largest holes are a
blend of a number of smaller ones. Indications of substructure in those holes support
this.

Missing H I
The average H I mass missing from each holes is about 107 M � . Adding over all
holes gives a total missing H I mass of about 1.1 � 109 M � , which is large, considering
that it is about 15% of the total H I mass. This is more than the anomalous H I mass
(4% of the total mass, see Chapter 3) that we find. The real missing H I mass is
probably smaller, because we may have overestimated the initial column density at
the location of the hole by using the surrounding average column density. The latter
may have increased because of the material swept up in the formation of the hole.

Formation energy
The estimated input energies in our sample are 1053 � 1055 erg. These are high com-
pared to the energies estimated for the holes in M 31 (Brinks & Bajaja 1986) and M 33
(Deul & Den Hartog 1990). This is partly due to the larger sizes of the holes in
NGC 6946.

Silich et al. (1996) find in their simulations that an OB association giving an en-
ergy input of 1053 erg creates a superbubble with a diameter of about 1.3 kpc and
a shell mass of 0.6 � 107 M � in 30 Myr. Our average hole has a size of 1.2 kpc and
a missing mass of 107 M � . It can be formed in 30 Myr with an the input energy of
13 � 1053 erg. Timescales and sizes are in good agreement, but our mass and input
energy are large compared to those in the simulations. As explained above, the ac-
tual missing masses are probably lower than we have estimated, which would also
mean smaller energies. Furthermore, the uncertainty in the energy calculation is
high, because it depends on the assumed scale height of the gas disk, which we can
not measure directly. If, for example, we assume a scale height of 250 pc instead of
200 pc and assume that we have overestimated the initial column density by 50%,
the energies drop by a factor 2. Furthermore, we know little about the average ex-
pansion velocities. The assumed value of 20 km s � 1 may be too high if we consider
that many holes probably have stopped expanding. If we follow Heiles (1979), we
should take the expansion velocity equal to the velocity dispersion of the surround-
ing ISM, which is about 10 km s � 1 (see Fig. 17). This would, again, lower the input
energies.

Age
The ages of the holes are derived from their sizes using the average expansion ve-
locity of 20 km s � 1. In Fig. 4.4c a histogram of the ages of the holes is shown. It
shows a peak between 2 and 4 � 107 yr. The distribution looks similar to that of the
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diameters in Fig. 4.4, since we used the same expansion velocity for all holes. The
peak suggests a burst of hole formation, but more likely this distribution is caused
by selection effects such as described previously in the section about the hole sizes.
We miss the young ones, because they are small compared to the resolution of the
observations. The old holes are harder to detect, because of shear and distortions
due to the turbulent ISM.

As will be discussed in section 4.3, there are almost no H I holes with bright H II
complexes inside. If the holes were formed by OB associations and connected clus-
ters of supernova explosions, then the absence of these associations and H II com-
plexes would imply that the holes were formed at least 2 � 107 yr ago (Heiles 1990).

Alternatively, we can estimate the age of the holes by calculating the time needed
to fill them using the velocity dispersion of the gas. A value of 10 km s � 1 for the
dispersion (Fig. 17) results in ages between 4 and 10 � 107 yr.

We can also calculate an age for the holes from their average ellipticity, assum-
ing that they became elongated due to shear in the differentially rotating disk, by
using the models from Palouš, Franco & Tenorio-Tagle (1990). Figure 4.4d shows
that most of the holes have an axis ratio between 0.7 and 1.0. The median value
is 0.81. According to Palouš, Franco & Tenorio-Tagle (1990), this corresponds to an
age of about 4 � 107 yr. This is not too different from our estimates. The axis ratio
does not show any relation with galactocentric radius (Fig. 4.6c), as also found for
the size (Fig. 4.6a). This may indicate that the holes and shells are being formed con-
tinuously over the hole disk and that we find a mix of young (small, round) and old
(large, elongated) holes everywhere.

One should be aware of other effects that influence the ellipticity. Besides shear,
the shape of the holes is affected by the limited resolution of the data. The smallest
holes appear rounder due to beam smearing (see Fig. 4.6b). Furthermore, there are
indications of substructure in the largest holes, which suggest that they may consist
of a superposition of smaller holes. This would also affect the elongation. In addi-
tion, the structure of the ISM, in which the shells expand, may have an influence on
the shape of the hole.

4.3 Discussion
4.3.1 Holes or interarm regions?
Large holes are hard to distinguish from interarm regions, especially in the inner
disk of NGC 6946, where the spiral pattern is complex. The outer disk of NGC 6946
does show clear spiral arms, and therefore also well defined interarm regions. The
kinematics in some of those interarm regions are disturbed. One of them, the south-
ern interarm region, contains a H I hole (no. 72 in Fig. 4.2). Unlike the other holes in
the catalogue, this one is located in a region of low H I column density, where also
starlight is virtually absent.

This hole in the southern interarm was identified in the channel maps (see Fig. 4.7;
the hole is shown by the dashed ellipse) following the same criteria as for the other
holes. The distortions in the H I density distribution and velocity, however, are not
restricted to the hole, but are more widespread, as can be seen in the velocity field in
Fig. 4.8 (bottom-left panel). The distortions seem to follow the spiral pattern of the
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Figure 4.7– Channel images showing the southern hole. Each second channel is plotted.
The contours are at –0.66, –0.33, 0.33 (1.5 � ), 0.66, 1.32, 2.64, 5.28, 10.6, and 21.2 mJy beam � 1.
The dashed ellipse shows the position and size of the hole. The heliocentric radial velocity
(km s � 1) of the channels is shown in the lower right corner of each panel. The resolution is
indicated in the bottom left panel in the lower left corner.
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Figure 4.8– The top left panel shows the total H I image of the southern hole region. Contours
are at 2, 4, 8, and 16  1020 cm � 2. The top right panel shows the same region in V band (INT,
WFC). The bottom left panel shows the velocity field. The contours are 65, 80, 95, 110, and 125
km s � 1. The bottom right panel shows the velocity dispersion. Contour values are 6, 9, 12, 15,
and 21 km s � 1. The ellipse shows the hole in each panel.

galaxy, which is best seen when comparing the velocity field with the total H I map
(top-left in Fig. 4.8). The iso-velocity contours east of the hole are bent in the direction
of the hole, but this pattern also continues further to the west. The strong correlation
of the wiggles in the velocity field with the H I distribution suggests the presence of
streaming motions, although the velocities in the plane of the disk would then be
unusually high (50–100 km s � 1). Such velocities are not expected in interarm regions
or in low-contrast spiral arms. As discussed in Chapter 3, these large-scale wiggles
are more likely caused by large-scale disturbances. The question remains whether
hole no. 72 is part of these large-scale motions, or a real hole formed by a local event.
The dispersion of the H I, shown in the bottom-right panel of Fig. 4.8 suggests the
latter. An arc-shaped region on the southern side has a gas dispersion about twice
as high as the surrounding disk. The rest of the interarm region is indistinguishable
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Figure 4.9– Position-velocity diagrams showing the southern hole along orthogonal direc-
tions. These latter are indicated by the white lines in the velocity field in Fig. 4.8. East (E),
west (W), north (N), and south(S) are indicated. Contours are at –0.66, –0.33, 0.33 (1.5 � ), 0.66,
1.32, 2.64, and 5.28 mJy beam � 1.

from the nearby spiral arms in this panel.
Position-velocity diagrams for slices through the hole are shown in Fig. 4.9. In

the right panel, the hole is part of a large kinematical structure. In the left panel,
however, there is a discontinuity in the velocity of the gas. A clump of gas of about 1
kpc across seems shifted in velocity by about 40 km s � 1. There are no stars inside the
hole and H � data of this region show no H II regions. If this is indeed a local event,
it is unlikely that the origin of this hole is the effect of supernova explosions and/or
stellar winds. The one-sided displacement of the H I in the direction of the hole
may indicate that the H I disk was hit by something massive, such as a high-velocity
cloud, or perhaps, a clump of dark matter. Vorobyov & Basu (2004) simulated the
effect of a gas cloud colliding with the disk. Their Fig. 18 looks very similar to the
velocity structure in the left panel of Fig. 4.9. However this does not explain the
apparently continuous structure in the right panel of Fig. 4.9. Perhaps, the large-
scale wiggle and the apparent collision are related to the accretion that is seen in
several regions of NGC 6946 (Chapter 3).

The interarm region enclosed by the northern spiral arm shows similar large-
scale density and velocity distortions (see Figs. 4.10 and 4.11). The channel maps
and the total H I map show the interarm density depression and the iso-velocity
curves the corresponding wiggle along the spiral arm. In the same region, the gas
has a high velocity dispersion (see bottom-right panel in Fig. 4.10). Comparison of
the xv diagrams along both interarm regions (Fig. 3.18, bottom panels) illustrates the
difference in dispersion.
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Figure 4.10– Channel images of the northern interarm region. Each third channel is plotted.
The contours are at –0.66, –0.33, 0.33 (1.5 � ), 0.66, 1.32, 2.64, 5.28, 10.6, and 21.2 mJy beam � 1.
The heliocentric radial velocity (km s � 1) of the channels is plotted in the lower right corner of
each panel. The resolution is indicated in the lower left corner of the bottom left panel.
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Figure 4.11– The top left panel shows the total H I image of the northern interarm region.
Contours are at 2, 4, 8, and 16  1020 cm � 2. The top right panel shows the same region in V
band (INT, WFC). The bottom left panel shows the velocity field. The contours are 65, 80, 95,
110, and 125 km s � 1. The bottom right panel show the velocity dispersion. Contours are at 6,
9, 12, 15, 18, 21, 24, and 27 km s � 1.

4.3.2 Holes and star formation

Many mechanisms have been proposed for creating the holes and shells that have
been observed in several nearby galaxies. Although there still are major difficulties,
most studies put star formation forward as the most likely explanation. In some
of the nearest galaxies (M 31, M 33, SMC), where individual OB associations can be
detected, a correlation is found between these associations and small ( 0 200–300 pc)
H I holes (Brinks & Bajaja 1986; Deul & Den Hartog 1990; Hatzidimitriou et al. 2005).
For large holes and shells no correlation is seen and the holes appear empty. Also the
H I holes of NGC 6946 generally show no bright stellar components. Furthermore, in
the 21-cm radio continuum, several holes are seen coinciding with those in H I. The
same is true for the FIR, observed by ISO (Contursi et al. 2002). This suggests that
the H I holes are really devoid of gas and dust.
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During their formation, the interiors of the bubbles are thought to contain hot gas,
heated by the SNe and stellar winds, that should be observable as X-ray emission.
Chandra observations (Schlegel, Holte & Petre 2003), indeed, show diffuse X-ray
emission toward the regions with the most massive-star formation (traced by the
largest H II complexes, see their Fig. 3). Only a few regions with X-ray emission
clearly coincide with H I holes in our sample. Those holes are also the few cases that
coincide with bright star clusters.

A prototype hole is no. 51. It is a spherical hole in H I with a diameter of about
800 pc (Fig. 4.12, top left). In the same direction an H � bubble is detected, which
seems to fill the H I cavity (Fig. 4.12, top right). At the western rim, one or more OB
associations are seen surrounded by a bright H II complex. The H I kinematics show
a two sided spur which seems to be centred on the H II complex (Fig. 4.12, bottom
panels). This can be interpreted as an outflow powered by stellar winds and SNe
in the OB associations. The X-ray emission from Schlegel et al. coincides with the
H � bubble, which indicates a hot interior. The presence of the H � bubble, the X-ray
emission, as well as the small size and spherical shape indicate that the H I hole is
still relatively young. Our estimate is 1.9 � 107 yr.

The most extended region where stellar activity seems to coincide with a group
of H I holes is the north-eastern spiral arm, about 3

�
from the nucleus. Especially

in B-band this spiral arm seems thicker than the others, which was reason for Arp
to include NGC 6946 in the Atlas of Peculiar Galaxies (Arp 1966). Also in H I the
spiral arm is massive, but appears split by a group of H I holes (see Fig. 4.2). Inside
the holes, large clusters of blue stars are seen. The high contrast and colour differ-
ence with its surroundings could, however, be the effect of extinction. Nevertheless,
stellar activity is present, which can be related to the formation of these holes. Dif-
fuse soft X-rays are detected over the entire spiral arm, as is diffuse H � emission
(Ferguson, Gallagher & Wyse 1998). This means that hot gas is still present. It is
unclear, however, whether this gas is still in the disk inside the holes, or in the halo.
Figure 4.19 shows that there is high-velocity gas in the direction of the holes. The
velocity structure of this anomalous H I can be seen in Fig. 3.22 (bottom panels). The
high-velocity gas is only seen at the low-Vrot side, which is not direct support for ver-
tical motions. However, deviating velocities are observed up to 200 km s � 1, which
are forbidden velocities at this position. These cannot be explained by H I rotating in
a lagging halo. Furthermore, the region with anomalous H I (Fig. 3.22, bottom right)
extends as far as the holes and H II regions in this spiral arm (Fig. 3.22, bottom left).
Therefore, it is likely that we observe here H I that is being blown into the halo. The
given examples show that for some holes there seems to be a connection with stellar
activity.

We could also calculate quantitatively if it is possible to create the holes by super-
novae and stellar winds alone. Estimated from the velocity dispersion of the ISM,
holes can last for several 107 years. If they are, as suggested, formed by SNe then the
holes can be interpreted as tracers for the star formation of the last few 107 yr. The age
histogram in Fig. 4.4c would then suggest that there was a burst about 2–3 � 107 yr
ago. However, as we already pointed out, this distribution is strongly affected by
selection effects. Taking this into account, the star formation rate could as well have
been constant for these the last few 107 yr. This is what we assume in the following
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Figure 4.12– Example of a hole coinciding with an H � bubble and H I outflow next to it. The
top left panel shows the channel (v < 8 km s � 1) in which the hole is best seen (greyscale). The
contours show the location of the H � emission, at levels 2, 4, 8, 16, 32, and 64  10 � 16 erg s � 1

cm � 2 arcsec � 2. the beam is indicated by the shaded ellipse. The top right panel shows the H �
emission in greyscale. The bottom panels are xv-diagrams along the dashed lines in the top
left panel. The crosses indicate the resolution.

calculations.
From the H � observations and calculations by Degioia-Eastwood et al. (1984),

we estimate the star-formation rate for the inner disk of NGC 6946 to be 7 M � yr � 1,
although this number depends strongly on assumptions about foreground extinction
and absorption in NGC 6946 itself. Assuming a Salpeter IMF and that all stars with
a mass above 8 M � end their lives in a core-collapsed supernova explosion, the SN
type II rate in NGC 6946 is about 0.05 SN yr � 1. The rate of SN type Ia is about the
same as that of the type II (Tammann 1977), giving a total rate of about 0.1 SN yr � 1.
Interestingly, this estimate is consistent with the present, observed SN rate. Last
century, 8 SNe have been recorded in NGC 6946, which is the highest number ever
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observed in a galaxy.
The energy input from a single supernova is generally taken to be 5 � 1050 erg for

a SN type Ia and 1051 erg for a core-collapsed SN (Chevalier 1977). In the formation
time of 4 � 107 yrs, 4 � 106 SNe would have occurred involving a total energy of
3 � 1057 erg. The ratio in energy input from supernovae to that from stellar winds
is about 3:1 (Abbott 1982; van Buren 1985; Rosen & Bregman 1995), which gives a
total energy release from the massive stars in NGC 6946 of � 4 � 1057 erg. On the
other side of the balance, our estimated total energy needed to create the holes is
of the order of 1.8 � 1056 erg (using formula 4.1). Even if we take into account the
large number of small holes that we have missed, the H I holes could well have been
formed by the energy input from constant high massive-star formation in the disk.

The time scales and the energy budget seem right for the stellar feedback to pro-
duce the holes. However, it is still a puzzle that we observe many H I holes with-
out progenitor remnants. If a hole was formed by 1000 SNe, an over-density of the
lower mass stars that formed together with the massive SNe-progenitors would be
expected: 6000 upper main sequence stars (late B, A, and F) should remain after 108

yr (Rhode et al. 1999). After that time, the clusters will not have dispersed signifi-
cantly and they should be observable as blue point sources inside the holes. Some
holes in the inner disk, such as those in the north-eastern arm, do seem to show an
over-density of stars in B and V (for the latter see Fig 4.3), but this could also well
be an extinction effect. As already noted, many of the holes are also clearly devoid
of the radio continuum and infrared emissions. If there is no dust in those holes, the
extinction in those regions is expected to be much lower compared to the surround-
ings.

Evolution of spiral structure
In NGC 6946 most of the holes are seen in the spiral arms or regions with high H I
column densities. This could be a selection effect, since one needs high enough H I
contrast to identify a hole. Furthermore, in the inner disk the spiral structure is fila-
mentary and poorly defined, which makes it difficult to trace the arm and interarm
regions. Here the situation is confusing: The holes themselves appear to disrupt the
spiral structure. Many spiral arms appear split along their ridge by a chain of holes.
The formation of holes, together with the differential galactic rotation may have a
strong effect on the evolution of the gaseous spiral pattern. Simulations (e.g. Gerrit-
sen & Icke 1997; Bottema 2003; Pelupessy 2005; Cox et al. 2006) of galaxy disks show
that high SN feedback can destroy the coherent spiral structure of the gas. The cor-
responding picture in Fig. 5 of Bottema (2003) looks very similar to the filamentary
spiral pattern in NGC 6946. This is another indication that SNe may be important for
the structure and evolution of the disk of NGC 6946.

Self propagating star formation
Often, H II complexes are seen at the rims of the H I holes in NGC 6946 (Figs 4.13 and
4.14). These may have formed due to the expansion of the shells, which compresses
its surroundings. Such a causal connection is, however, hard to prove, because the
H II complexes in NGC 6946 are always found in regions of high H I column density
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Figure 4.13– The H I holes plotted on top of an H � image from Ferguson, Gallagher & Wyse
(1998).

as are the shells of H I holes. Nevertheless, cases such as the arc of H II regions south
of hole no. 107 (Fig 4.14, top panels) are very suggestive for this causal interpretation.

If such a hole-driven star formation (e.g. Elmegreen & Lada 1977) is indeed oc-
curing in NGC 6946, the hole formation may be a self-propagating process.

Holes and star formation in other galaxies
How does the population of holes found in NGC 6946 compare to those in other
galaxies? First, the hole catalogues of other galaxies consist of many holes with sizes
smaller than a few 100 kpc. Only a few are larger than a few kpc. The smallest
hole we could detect in NGC 6946 is 770 pc in diameter, and we estimate that we
may have missed about 250 H I holes with sizes down to our spatial resolution. All
the galaxies with small holes are at smaller distances than NGC 6946. On the other
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Figure 4.14– H II regions at the rims of H I holes. The left panels show the total H I density
distribution around some holes. The ellipses show the derived size and orientation of the H I
holes. The beam is shown in the bottom left corner. The right panels show the same regions
in H � , with the dashed ellipses outlining the H I holes.



DISCUSSION 147

Figure 4.15– The average size of the 5 largest H I holes plotted against the star formation rate
(calculated from the IRAS far-infrared flux) per kpc � 2.

hand, there may be another selection effect preventing the detection of large holes in
very nearby galaxies. To test this, we have smoothed the H I data of M 33 by Deul
& van der Hulst (1987) to the same spatial resolution as our data of NGC 6946. We
have found two large holes of 0.9 and 1.5 kpc which were not included in the hole
catalogue by Deul & Den Hartog (1990). At close distances the substructure inside
the largest holes becomes resolved and the hole itself is difficult to identify as such.
Even so, the number of very large holes in M 33 is small compared to NGC 6946.

If the holes are indeed formed by stellar processes, the difference in hole sizes
may be connected to observable differences in the star formation in each galaxy. The
only galaxy known to surpass NGC 6946 in average hole sizes is M 101. Kamphuis
(1993) has found more than 50 holes ranging in size from 0.8 to 5 kpc, and a median
size of about 2 kpc. Even though these holes are on average twice as large as those in
NGC 6946, the SFR in M 101 is of the same order as that of NGC 6946. Furthermore,
if we compare the SF density by dividing the SFR by the size of the optical disk
(defined by R25), the SF density in M � kpc � 2 of NGC 6946 is ten times higher than
that of M 101, while the holes in M 101 are larger (Fig. 4.15, see for calculations of
0 D , 5 and SFRIR below). Probably, the average amount of star formation is not
directly related to the average hole size, as the formation of holes is a local process.
The compactness of the star formation could be a better measure. For the latter,
we should look at the sizes of the H II complexes. For example, M 101 is known to
harbour the giant H II complexes NGC 5471, NGC 5455, and NGC 5462. These star
formation complexes have diameters of a few hundred pc. The number of candidate
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Figure 4.16– The average size of the 5 largest H I holes plotted against the average size of the
3 largest H II regions per galaxy.

SNe in a single H II complex of that size is probably sufficient to create a kpc-size
hole. Perhaps, the sizes of the largest H II regions determine the sizes of the largest
possible H I holes.

To test this, we have compared the sizes of the largest H II regions with the di-
ameters of the largest H I holes in each catalogue. For the diameters of the H II com-
plexes we adopted the measurements by Sandage & Tammann (1974a,b,c), which
they used to calibrate their distance scale. For a large collection of nearby galaxies
they measured and averaged the sizes of the 3 largest H II regions. In the same way,
we averaged the diameters of the 5 largest H I holes (a few more than 3 for slightly
better number statistics) from the published H I holes catalogues. For NGC 4559 no
such catalogue exists. Therefore, we examined the H I data from Barbieri et al. (2005)
and determined the 5 largest holes ourselves. The result is shown in Fig. 4.16. At first
sight, there seems to be the expected trend, where galaxies with giant H II complexes
also show large H I holes. M 101 clearly stands out in both sizes. The relation is, how-
ever, less clear for intermediate size H II complexes. The H II complexes in NGC 6946
are about the same size as those in NGC 2403 and M 33, and yet the largest H I holes
in NGC 6946 are about 3 times larger (this changes only slightly when including the
two newly discovered H I holes in M 33). Probably, the number statistics are still
poor. A more reliable, but also much more difficult, comparison would be to com-
pare the complete observed size distribution of H I holes with that of a complete size
distribution of H II regions.

The size of the largest holes does seem to scale with distance as expected from
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Figure 4.17– The average size of the 5 largest H I holes plotted against the distance of the
galaxy.

the selection effects (Fig. 4.17), but also here the scatter is large. M 101 still stands out
in average H I hole size.

We also compared the size of the H II complexes with the global star-formation
rate in this sample of galaxies. The latter, however, cannot be determined very pre-
cisely. Published measurements of the SFR in NGC 6946, for example, easily differ
by a factor 2–3. To have at least a reliable relative SFR for these galaxies, we used
the far-infrared flux at 60 and 100 � m as detected by IRAS (taken from Rice et al.
1988; Moshir et al. 1990). We used the method as described by Kewley et al. (2002)
to calculate the SFR in M � yr � 1.

The most remarkable point in Fig. 4.18 is that of NGC 6946. In comparison with
all other galaxies, NGC 6946 has H II complexes that are too small for its overall SFR,
if assumed a trend of increasing complex-size with SFR. Also M 101 stands out, but
it still has both large H II complexes and a large SFR. From this simple exercise we
can conclude that the sizes of H I holes are difficult to predict from the star formation
properties of a galaxy.

4.3.3 Holes and high-velocity gas
In only a few cases, there is a clear connection between high-velocity gas and holes.
This does not exclude the possibility that the gas originates from the holes. Accord-
ing to ballistic models (Collins, Benjamin & Rand 2002; Fraternali & Binney 2006),
gas can stay in the halo for about half a rotation period (few 107–few 108 yr). Since
the halo is rotating more slowly than the cold disk (Chapter 3), this time is long
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Figure 4.18– The average size of the 3 largest H II complexes plotted against the star formation
rate calculated from the IRAS far-infrared flux.

enough for the gas to drift a few kpc away from its origin in the disk.
In Fig. 4.19 we compare the distribution of H I holes with the distribution of high-

velocity gas ( )Vdev )=, 50 km s � 1). The top panel shows the quiff, the bottom panel
the beard (see also Fig. 3.8). The high-velocity gas complexes are mainly found in
regions of high hole density. Some peaks coincide with holes, but an equal number of
peaks is found near holes, but not on top of them. The high-velocity complexes that
are seen in regions without H I holes have in Chapter 3 been identified as ‘probably
not star formation related’. The asymmetric distribution of the holes to the south
is not seen in the high-velocity H I. The difference in radial extent of the gas with
( )Vdev )>, 50 km s � 1) and the hole distribution is also apparent in Fig. 4.20. The
high-velocity H I is hardly found outside R25. A better correlation is found with
H I at less deviating velocities (see Fig. 4.21). The gas with Vdev � � 42 km s � 1 is
seen in the direction of nearly all holes, also in the outer spiral arms. Considering
the 10 km s � 1 velocity dispersion of the cold disk, the deviating velocity is at 4 �
from normal rotation, which means that this gas can still be called kinematically
anomalous. The asymmetry of the emission in the top and the bottom panel with
respect to the minor axis (Fig. 4.21) is explained by the presence of a lagging halo
(see Chapter 3). It may be that the H I holes are the remains of where stars formed
in the past (until a few 107 yr ago), while the high-velocity H I ( )Vdev )?, 50 km s � 1)
is related to the more recent star formation, which is now mainly seen toward the
inner disk. The gas shown in Fig. 4.21 could have been blown out the disk longer
ago (at the time the holes in the outer disk were formed) and is now observed as a
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Figure 4.19– H I holes plotted on the distribution of the beard gas (bottom panel) and the
quiff gas (top panel) at 22 	 	 resolution. The beam is shown in the bottom left corner.
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Figure 4.20– The average covering factor of the H I holes as a function of the distance from
the centre (black line) compared to the radial anomalous H I density ( @Vdev @BA 50 km s � 1)
distribution at 30” resolution (dashed-dotted line), and the H � surface brightness (connected
stars).

more slowly rotating H I halo.
The H I mass missing from the holes was calculated earlier to be 1.1 � 109M � ,

while the amount of H I with )Vdev )C, 50 km s � 1 is 2.9 � 108 M � . Of course, this
simple calculation does not take into account the hydrogen that has been ionised nor
the large fraction of H I with smaller )Vdev ) . Including the latter, the total amount of
anomalous H I is of order 109 M � . On the other hand, we also have not taken into
account the mass missing from the numerous small holes that we cannot resolve.
But roughly estimated, this extra missing mass is only a few 107 M � . This means
that the missing mass and the mass of anomalous H I are comparable.

Although the connection between the holes and the high-velocity gas is hard to
observe directly, the energy needed to form the holes and the energy that has been
put into the halo gas should be comparable. We crudely estimate it by calculating
the energy of the halo. If we assume the gas to be at 3 kpc (value for the thick disk
of edge on galaxy NGC 891 from Swaters et al. 1997), the potential energy is of the
order of 1053 erg, which is very small compared to the energy needed to create the
holes (1.8 � 1056 erg). If we consider the kinetic energy by assuming a halo lagging
by 50 km s � 1, this energy is about 7 � 1054 erg, which is still too small.

We can also follow the, more complex, method by Matthews & Wood (2003),
which assumes that the halo could be described ballistically. They use the rela-
tions and figures supplied by Collins, Benjamin & Rand (2002). In these calcula-
tions, we choose for the kick velocity Vk � 80 km s � 1, which is the highest velocity
seen over most of the bright optical disk. Over most of the flat part of the rota-
tion curve the circular velocity Vc is about 180 km s � 1. This implies a Vk/Vc ratio of
� 0.56. Following Figure 6 of Collins, Benjamin & Rand (2002), the corresponding
cycling frequency is fcycle � 1.8 � 10 � 8 yr � 1. Subsequently, from their equation (5)
we estimate a halo mass flux of Ṁh � 5.1 M � yr � 1. Finally, for the energy input
Ė �D� 1.1 � 1039 erg s � 1  ṀhV2

k,100 (the halo mass flux in units of M � yr � 1 and the kick
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Figure 4.21– H I holes plotted on the H I with Vdev <FE 42 km s � 1 (bottom panel) and Vdev <� 42 km s � 1 (top panel) at 64 	 	 resolution. Contour levels are 2, 4, and 8 mJy beam � 1. The
straight line indicates the minor axis ( GH< 152 � ). The beam is shown in the bottom left corner.
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velocity in units of 100 km s � 1) we get Ė � 5.1 � 1039 erg s � 1. This is well below the
Ė � 9 � 1040 erg s � 1 that is inserted by the SNe when we assume a SN rate of 0.1 yr � 1

and that 3% (Spitzer 1978) of the energy is inserted in the bulk velocity of the ISM.
The rest of the expected bulk velocity is probably found in the high velocity dis-

persion in the inner disk (Fig. 17) and in the ionised halo gas.

4.4 Conclusions
In the new, deep H I observations of NGC 6946, we find 121 H I holes, of which a large
number was previously undetected. Their distribution correlates strongly with the
H I distribution, i.e. the holes are detected in regions of high column density. Also the
star formation is concentrated in these regions, which is one of the indications that
the formation of the holes can be explained by stellar activity, even at large galactic
radii. Moreover, the holes seem to be at the origin of subsequent star formation,
which, in turn, continues the formation of H I holes. Except for a single hole, there
are no signs that we need other large-scale processes to explain the holes.

We observe only a small number of direct connections between the H I holes and
high-velocity gas complexes. This may be explained by the slower rotation of the
halo. Over the lifetime of the holes, the high-velocity H I may have drifted away
from its origin. On large scales, the high-velocity gas is found in regions where the
H I holes show a large covering factor. The energy involved to create the holes easily
exceeds the potential energy of the high-velocity gas complexes. This supports our
findings in Chapter 3, that a large part of the high-velocity gas can be explained by
the Galactic Fountain mechanism.




