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JSynthesis observations of neutral hydrogen emission in the two spiral
galaxies NGC 6946 and IC 342 are presented. The velocity resolution is
21 km/s and the angular resolution is 2 and 4 min of arc for NGC 6946 and
IC 342 respectively. Results are presented in the form of contour maps
of the integral and mean velogity of the HI profile at each position in
the galaxy, as well as a line profile for each galaxy as a whole. Bocth
galaxies evide'ice a central depression in their HI distributions. The
rotation curves have steep central gradients with rather constant velo- .
cities once the maximal velocity is reached. The HI mass for NGC 6946
is 21 x 10° M, and for IC 342 is 15 x 10° M,, assuming distances of
110.1 and 4.5 Mpc respectively. Other properties are summarized in the

table. . -
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ABSTRACT

Synthesis observations of neutral hydroger emission in the
two spiral galaxies NGC 6946 and IC 342 are presented. The
velocity resoluticn is 21 km/s and the angular resolution is
2 and 4 min. of arc for NGC 6946 and IC 342 respectively. Results
are presented in the form of coatour maps of the integral and
mean velocity of the HI profile at each position in the galaxy,
as well as a line profile for each galaxy as a whole. Both
galaxies evidence a central depression in their HI distributions.
The rotation curves have steep central gradients with rather
constant velocities once the maximal velocity is reached. _The
HI mass for NGC 6946 is 21 x 10° M_ and for IC 342 is 15 x 10°

Me' assuming distances of .10.1 and 4.5 Mpc respectively. Other

properties are summarizad in the table.

Address of authors: Drs. D. H. Rogstad and G. S. Shostak
Owens Valley Radio Observatory
California Institute of Technology
1201 East California Blvd.
Pasadena, CA. 91109, U.S.A.

Dr. A. P. Rots

Kapteyn Laboratory
Groningen, Netherlands
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I. INTRODUCTION

NGC 6946 and IC 342 are two Scd galaxies of luminosity
class Scl (or possibly ScII in the case of NGC 6946, van den
Bergh, 1960). Both galaxies are located near the galactic plane
(b~11°) and, consequently, are significantly affected by Galactic
extinctic.a. For this reason bkoth 6f these systems were included
in the recent photometric studies of Ables (1971). He estimates
the Galactic extinction in blue light to be 1.75 mag for NGC 6946
and 2.2 mag for IC 342. Using these numbers and Ablss' photo-
metric results, we estimate the optical diameters of these gal-
axies,to the same surface brightness limit used by Holmberg (1958),
to be 19 min. of arc and 40 min. of arc respectively. The most
recent distance estimates are provided by Tammann and Sandage
(Tammann, 1971, private communication). They give 10.1 Mpc for
NGC 35946, and an uncertain value of 4.5 Mpc for IC 342.
Early HI observations of IC 342 were made by Dieter (1962)

using the 69 ft (18.3m) telescope of the Harvard Observatory.

NGC 6946 was observed with the same instrument by Epstein ({1964).
Recent observations of NGC 6946 with the NRAO 300' (91.5m) tele-
scope were made by Gordon, Remage and Rcberts (1968). A serious
difficulty encountered by thesc observers was that the low Galactic
latitude and nearly zero systemic velocity of both objects resul-
ted in confusion of their line profiles by intense Galactic HI
emission. This confusion is largely avoided with interferometric
observations since the interferometer is relatively insensitive

to the smooth spatial character of the Galactic HI emission .
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For this reason we were able to include these two galaxies in
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the HI synthesis program at the Owens Valley Radio Observatory.

L D

The results of =his study are summarized in the last sec-~

S ST

tion of this paper. Ain extensive comparison of the present re-

T

USRI

sults with similiar observations of three other Scd galaxies

iy

(33, NGC 2403 and M10l1} is contained in Rogstad and Shostak

by

(1972).
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= II. OBSERVATIONS
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The 90' (27.4m) twin-element interferometer of the Owens
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Valley Radio Obscrvatory was used to synthesize maps in the

RS o o

ﬁ hydrogen line for NGC 6946 and IC 342 to resolutions of 2 and %
E ) 4 min. of arc respectively. The spectral resolution was %
j 100 xHz (21 km/s.). The instrunent and observing technique have %
g been described by Rogstad and Shostak (1971). An exception to é
§ that description is that no frequency shift was used for the %
5 present observations. Therefore the interval between adjacent %
i filters was 100 kHz instead of 50 kHz. Figure 1 shows the cover- é
: P
j age obtained in the U-V plane. The total observing time on %
i NGC 6946 was about 120 hours, and for IC 342 about 40 hours. g
j Using the reduction methods described by Rogstad znd Shostak %
i (1971), the data were Foufierwinverted. The results are pfesented .§
? in Figures 2 through 5 as the distribution of integrated bright- E
E ness temperature, Tint' and the weighted mean velocity field, %
% V, for each galaxy. The har on these guantities indicates that %
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they have been smootned by the synthesized beam. As mentioned
above, Galactic HI emission confuses the radiation from both

NGC 6946 and IC 342. Because of the smooth spatial character

of Galactic hydrogen at this latitude, it does not appear in
these observations as emission. Instead, it absorbs the extra-
galactic radiation primarily in one channel for NGC 6946 and in
two channels for IC 342. The amount of absorption was estimated
from the brightness temperature of the Galactic emission agsuming
a spin temperature of 100°K. Correction for this absorption ‘
(a factor no greater than 1.5) resulted in continuity of the peak
brightness temperatures in adjacent channel maps, as well as a
symmetric integrated line profile for each galaxy. Therefore

it is believed that any remaining effects are no greater than the
noise in the maps.

First order corrections were determined for distortions in
the velocity maps due to weighting by the hydrogen distribution.
They were found to be less than the observational uncertainties
and consequently were not applied. The velocity fields given in
Figures 3 and 5 are believed to represent the true mean velocity
at each position in the galaxies to within the errors and reso-
lution quoted.

The individual two-dimensional channel maps were integrated
spatially to oktain the global line profiles shown in Figure 6.
These are useful for comparison with the results from other
observers because they are, to a large degree, independent of

the observing instrument.
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A map of the continuum emission at 21 cm for each galaxy
was obtained from an average of the narrowband channels which
contained no line radiation. These are shown in Figures 7 and
g, Tlie integral under each map yields a continuum flux density
of 1.620.1 f.u. for NGC 6946 and 1.6%0.2 f.u. for IC 342. The
value for NGC 6946 is in good agreement with +hat measured by
Heeschen and wade (:964)., where measurements at two other fre-
quencies indicate that most of the continuum radiation must be
non-thermal with a spectral index of about ~1. The slightly
lower value measured by Lequeux (1871) may be due to differences
in our estimates of the flux contained in broad components.

De Jong (1965, 1967) has observed IC 342 at 40, 21 and 11l cm

and cbtains a flux density at 21 cm of twice our value. This

is probably due to his inclusion of emission from the two com-
ponents on either side of the irain central source which lies at
the center of the galaxy. De la Beaujardiere et al. (1968)

have also observed IC 342 and give & central component fiux
density of 2.2#0.3 f.u., and an E-W diameter in good agreement
with our results. Their flux density is slightly higher than the
present value. This may be due to very broad comporents which
have been partially resolved by our instrument. Th2 spectral
index obtained by de Jéng (1967) is similiar to that for NGC 6946,
about -l.

III. DISCUSSION

Photographs of NGC 6946 and IC 342, reproduced frcm the
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Palomar Sky Atlas, are presented in Figures 5 and 10. The faint
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outer regions in NGC 6946 have been taken fr. . a deeper plate
given in the Catalogue of Peculiar Galaxies of Arp (1968) and
superposed on the Sky survey image. The orientation of the
photographs here and in the following figures is such that the
major axis of the galaxy, as determined from the velocity field,
coincides with the horizontal axis of the figure. The scale is
indicated by the bar in the corner. It is evident that there is
considerable obscuration in both images.
(a) HI distribution
Contour maps of the HI surface density distributiong have
been superposed on the photographs of the galaxies and reproduced
in Figures 11 and 12. A notable feature in both of these maps is
the deep central depression found in arn area of the galaxy where
the light distributions peax. Similar depressions have been
found in a number of other spirals by Roberts (1967). Rogstad
(1971) has suggested that ionization may be the cause of the
central depression found in the galaxy M1Cl, but sincz ionization
is not always found in galaxies for which a lack of HI is noted
(e.g. M31, see Monnet, 1971) it is unlikely that this serves as
a general explanation.
Pike''ner (1968) Las suggested a moie satisfactory explana-
tion for this phenomonen. He notes that the combinaticn of a
radially increasing HI layer thickness together with an upper
1imit to the HI volume density will produce a central decrease

in the hydrogen surface density. Unfortunately these ideas have
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not been developed sufficiently to allow detailed compariéons
with observations, except that, as Pikel'ner points out, the
evidence for constant HI volume density and increasing HI
scale helght .. ith radius found in the Galaxy supports this ex-
planat..: o.

With the exception of the centra. regions, comparison of
the HI and light distributions indicates a general similarity,
with the most intense HI peaks and ridges ténding to fall on
co “respond ng optical %eatures. More detailed cnmparisons are
not var+—anted because of the relatively low resolutions in the
Hl 7.0 and okscuration in the photographs. The diameters of
the wverall hydrogen distributions are close to the optical sizes
estimated above: approximately 80% of the observable hydrogen
lies within the optical diameter. The slight asymmetry about the
center of the HI map of NGC 6946, as well as the anamolous major
to minor axis ratio found for IC 342, tend to be reflected in
the low level photometric results of Ables (1971) for these
objects.

Assuming low optical depths and the distances given above
the HI maps have bezen integrated to yield hydrogen masses of
(21tl)x109Mb and (;Sfl)xlogMe for NGC 6%46 and IC 342 respec-
tively. A previous estimate for NGC 6946 by Gordoun, et al.

(1968) is close to the present value, but Dister's (196?) result

for IC 342 is low by a factor of 2 due to confusion with Galactic

hydrogen.
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(b) Velocity field

In Pigures 13 and 14 the velocity fields are superposed on
the optical image of the corresponding galaxy. Both objécts
show the expected circular rotation. This component of the
vel-scity can b2 represented quite well in each galaxy by a
Brandt model rotation curve (see Brandt and Scheser 1965) with
the same value for n, but scaled appropriately by turnover radius
and maximal velocity. The most notable features of these rota-
tion curves is thei~ steep central gradient, and flatness once
the maximum velocity has been renched. This latter result implies
that any extrapolation of the total mass estimate to infinite -
radius is very uncertain.

Both velocity fields show significant deviations from cir-
cular rotation, frequently appearing as extended ridges in the
contour maps. Because of the poorer coverage in the U~V plane
for IC 342 relative to that required by its size (see Figure 1),
the cause of the ridges in this galaxy is somewhat uncertain.
However, deviations in NGC 6946, often on the oxder of 10 kms-l,
are believed tc be real and are consistent with the type of velo-
city streaming predicted by the density wave theory of spiral

structure {Lin, Yuan and Shu, 1969). A mc iel velocity field

showing the effects of density wave streaming is given in Roastad
(1971;. The observations suggest that the pattern speed is slower
than the rotation velocity, placing the co-rotation point outsiae
the visible spiral arms. These results are very qualitative.
Higher spatial resoluticn and better sensitivity are neeaed

before more quantitative results can be obtained.
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Dynamical parameterz Such as position angle and systemic
velocity have been estimated by fitting simple models to the
velocity fields. These results are summarized in the table.

(c) Continuum emission

Both gzlaxies exhibit continuum emission consisting of an

unresolveZ source coincident with the nucleus and contairing in
each case less than 17& ¢of the total emission, together with a
diffuse background source that appears to arise in the d.sk of
the galaxy (Figures 7 and 8). The source in NGC 6946 also shows
a second peak west of the center, again containing less than 10%
of the total emission. Comparison with the vptical image and
with the Aistribution of HII regions obtained by Hodge (1967)
suggests that this peak may be thermal emission associated with
a group cf HII regions. Four superrnova have been detected

in NGC 6946 sinéé 1885 (Kowal and Sargent, 1971}, but no feature

in the continuum map seems to be associated with tluem.

IV. SUMMARY

Moderate angular resolution synthesis olservations of NGC
6946 and IC 342 have provided the first HI results for these
galaxies that are relatively free of the confusion caused by
Galactic HI emission.

A summary of the galaxy properties used or derived in
this study are given in the tzble. We conclude that there is
a general agreement between the HI surface density, and the

optical light distribution as seen in blue sensitive photographs,
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althougun there may be differences in detail which will require %
higher spatial resolution to be properly understood. As in the

case of M10l, NGC 6946 evidences non-circular velocities in

+
b,

’

”
FR

its velocitv field which may be explained as density wave

g
streaming. 2
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SUMMARY OF PROPERTIES
NGC 6946 IC 342
TYPE SAB (rs)cd SAB(rs)cd
(de Vaucouleurs, 1964)
CLASS ScI(or 1I) ScIl l
(van den Bergh, 1960)
DISTANCE (Mpc) 10.1 4.5
POSITION (1950.0) (o = 20 33 48.6 (a0 = 03 41 56.6
(8§ =+59 58 47 (6§ =+67 56 33
RADIUS R (kpc) 28 26 )
(in Holmberg 1958 system)
MAJOR AXIS P.A. 62°%3 40°%3
INCLINATION 30°+5 25°+5
SYSTEMIC VELOCITY (kms %) +40%5 +2545 i
(relative to Sun) ¥
DYNAMICAL PARAMETERS 2
n 1.0£0.2 1.0:0.2 3
V. (kms™ %) 20845 192:5 3
max ’g
My (R) 18.0 14.1 f‘%
(xlOlo M) ;53
HYDROGEN MASS é
M1 2141 15+1 ;3
(x190 M) ;
2 §
CONTINUUM FLUX 1.60.1 1.6:x0.2 5
-26, =2, -1 E
(x 10 Wm “Hz ™) 5
33.
i
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FIGURE CAPTIONS

Fig. 1: Portion of the U-V plane covexed by the present obser-

——

CRAASY? SRRy 2 MO SNl pr R A T R R O

vations. Points were obtained along the curves shown. The
data were sufficient to synthesize a 2 min. of arc beam for

NGC 6946 and a 4 min. of arc beam for IC 342.

Fig. 2: Distribution of integrated brightness temperature,

nt’ for NGC 6946. The contour interval is 100°K x km s-l.

The r.m.s. noise level is about 30°K x km s I.

Ts

Fig. 3: Mean velocity field, V, for the HI in NGC 6946. The

contour interval is 15 km s-l, and the r.m.s. noise level is -

2-4 km s .

Fig. 4: Distribution of integrated brightness temperature, Tint'
1

for IC 342. The contour interval is 100°K x km s ~. The r.m.s.

noise level is about 50°K x km s I.

. i \ A i gt
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Fig. 5: Mean velocity field, V, for the HI in IC 342. The con-

tour interval in 15 km«ﬁ-l, and the r.m.s. noise level is 3-6

¥ig. 6: Integrated line profiles for NGC 6946 and IC 342. The
r.m.S. noise in each point is about 0.5 £.u. Velocitiegs are

relative to the Sun.
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Fig. 7: Distribution of the 21 cm continuum emission in NGC
6946. The contours are beam smoothed brightness temperature

in intervals of 125 K, with the lowest contour at 195 K.

noise level is 095 X.

The r.m.s.
Fig. 8: Distribution of the 21 cm continvum emission in IC 342.
The contours are beam smoothed brightness temperature in inte-

vals of 095 K, with the lowest contour at 0¢5 K. The r.m.s.

noise level is 093 K.

Photo of NGC 6946 enlarged from blue Palomar Sky Survey

Fig. 9:
print. The faint outer regions are superposed from a deep photo

found in the Catalogue of Peculiar Calaxies (Arp, 1966).

Photo of IC 342 enlarged from blue Palomar Sky Survey

#

. p

Fig. 10: £
print. §
Fig. 11: Contour map of HI surface density for NGC 6946 super- §
posed on optical picture. One contour interval represents §

1.83 x 1020 atoms cm~2.

Contour map of HI surface density for IC 342 superposed
20

One contour interval represents 1.83 x 10

L9
R R R 2 A

Fig. 12:

on optical picture.

atoms cm 2.

* AN RS WG g e e

Fig. 13: Observed mean-selocity field of the HI in NGC 6946

superposed on photograph.

Fig. l4: Observed mean-velocity field of the HI in IC 342

,
o S 10 A g isih'sy,

suvperposed on photograph.
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