THE DISTRIBUTION OF MOLECULAR CLOUDS IN SPIRAL GALAXIES
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The use of millimeter wave CO emission as a tracer of molecular
hydrogen in the Galaxy (Scoville and Solomon 1975) showed that most of
the Ha unlike HI is concentrated in the inner part of the Galaxy in a
"ring" between 4-8 kpc and in the inner 1 kpc. Subsequent surveys
(Gordon and Burton 1976, Cohen and Thaddeus 1977, Solomon et al. 1979)
confirmed this picture with more extensive data. The molecular inter-
stellar medium was shown to be dominated by Giant Molecular Clouds with
individual masses between 10° and 3°10°M, (Solomon et al. 1979, Solomon
and Sanders 1980). The GMC's confined to a layer with a half thickness
of only 60 pc are an important component of the galactic disk, and the
most massive objects in the galaxy. They affect the dynamics of the
disk by contributing significantly to the surface density and through
their individual gravitational interactions with stars.

During the past two years significant progress has been made in
measuring the CO emission from the disks of external galaxies. 1In this
review I will concentrate on those galaxies which have been mapped suf-
ficiently to determine the radial distribution of CO emission. For
several of these systems, Sc and Scd galaxies, it has been shown that
the average CO emission is a monotonically decreasing function of radius
with a strong correlation between the CO integrated intensity I = fTAdv

and the blue surface brightness.

M101 (N5457)

M101 has the largest angular extent of any face on Sc I galaxy.
We use this as an example. Solomon etal. (1982a) obtained observations of
CO emission at A = 2.6 mm, from 40 locations in M10l and compared the
radial dependence of CO surface emission with the optical emission and
the HI distribution (Schweizer 1976, Allen and Goss, 1979). Figure 1
shows a spatial velocity map of CO emission near the major axis. The
strong emission 2' south of the center is at a spiral arm crossing.
Figure 2 shows the CO integrated intensity I, as a function of galacto-
centric radius in M101. All of the strongest emission was from the
central 6 kpc although weak emission was found in one of the points at
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12 kpc. The general trend of increasing I with decreasing R is obvious.
There is, however, a great deal of real scatter which shows a contrast
as high as a factor of four between points at the same R. Of the 40
positions observed, 25 show positive CO detections, 21 of these are
stronger than CO observed at an H II region in the outer part of M101
by Blitz et al. (1982). Clearly the outer regions of M10l are weak in
CO emission.

Figure 3 shows the average CO integrated intensity as a function
of radius on a semi-log plot employing all 40 observations. The mean
integrated intensity shows a clear decrease with radius by about a fac-
tor of eight from the center to 12 kiloparsecs radius. Since the central
point may be affected by peculiar activity associated with the nuclear
region, the distribution of CO emission may be better indicated by the
points between 2 and 12 kpc; over this range the mean CO integrated in-
tensity declines by a factor of four. This systematic decline is com-
pletely unlike the 21 cm emission. The solid line in Figure 3 shows the
blue surface brightness normalized to the CO integrated intensity at R
= 4 kpc. There is a strong correlation between the CO emission and the
exponential falloff of the optical disk indicated by the blue surface
brightness first demonstrated for spirals by Freeman. The scale
length of the CO emission is the same as the optical emission to within
the errors of the determination. From Figure 4 which shows HI and H
surface densities, it is clear that in the inner part of M101 (R<6 kpc)
the interstellar medium is predominantly in the form of molecular hydro-
gen. The surface density of molecular hydrogen has been determined from
the CO surface brightness using the expression

Mo, = 3.6 x 1020 /1) av  (em D)
A

The predominance of H, will remain true even if the conversion
factor were decreased by a factor of 4 or more. Thus these CO observa-
tions show that there is no deficiency of interstellar matter in the in-
ner disk as suggested by HI measurements.

IC 342 and NGC 6946

Young and Scoville (1982a)have convincingly demonstrated the cor-
respondence between blue luminosity and CO integrated intensity for the
two Scd galaxies IC 342 and NGC 6946. They show a monotonic decrease of
CO integrated intensity across the disks of these galaxies along both
the major and minor axis as can be seen for IC 342 in Fig. 5. A dif-
ferent interpretation based on independent data has been given for these
galaxies by Rickard and Palmer (1981) who state that a nuclear source
plus a flat disk will fit the radial distribution equally well. Actual-
ly a close inspection of the IC 342 data does show a flat stretch be-
tween 3 and 6 kpc but the CO data of Young and Scoville which goes out
to 9 kpc correlates very well with the optical emission. Young and Sco-
ville find a factor of 20 times more surface density in H, than HI in
the center of N 6946 (see Fig. 6) with H, dominating the Interstellar
medium inside of 10 kpc.
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M51

M51 has been observed by Rickard and Palmer (1981) and Scoville
and Young (1982). Scoville and Young have shown that the CO emission,
Far I.R. and radio continuum all correlate strongly, with a scale length
of 3.9 kpc. This galaxy has 3/4 of all interstellar matter in Hy. From
Fig. 7 the HI appears to be a very minor constituent in the inner few
kpc.

Sc and Scd systems

The four galaxies discussed above are all Sc I or Scd I systems.
They have in common a linear relationship between CO emission and opti-
cal surface brightness. This has been interpreted by Young and Scoville
(1982) and Solomon et al. (1982) as indicating that the star formation
rate is proportional to the first, rather than the second, power of the
average molecular density. This generalization must be regarded as pre-
liminary in view of the small sample. In N628 (Solomon 1983) there is
some indication that CO falls off more slowly than the optical light.

NGC 891

N891 is an edge on (i = 880) Sb I galaxy which is often compared
to the Milky Way. The CO emission across the disk has been measured by
Solomon et al. (1982 The large line of sight through the disk enables
the observer to determine the radial distribution of emission from re-
latively strong signals by assuming an axisymmetrick disk. The average
CO emission as a function of radius from the galaxy, NGC 891, can be
determined out to 15 kpc by 11 observations spaced every 0!75 (3 kpc if
D = 14 Mpc) along the major axis. These CO observations are approximate-
ly analgous to observing our Galaxy with a very small (~ 1 cm) antenna
or just a feed horn. The difference between the HI and Hy distribution
is given in Fig. 8 which depicts the integrated intensity of CO, HI
(Sancisi and Allen 1979) and nonthermal radio continuum as a function of
distance along the major axis. The half power projected radius of the
CO emission is only 2!5 corresponding to less than half of the size of
the optical disk while the HI extends out to 4!5 to its half power points.
The CO emission has a half power size close to that of the nonthermal
radio continuum, and both are concentrated in the inner galaxy. The
central dip in Fig. 8 in HI and possibly CO is effected by overlapping
clouds at the same velocity along the line of site.

The total mass of molecular hydrogen, H,, in N891 inferred from
the total integrated intensity across the disk“assuming D = 14 Mpc is
M(H,) =7 x 10 M09 Sancisi and Allen (1979) find for total atomic H
mass, M(HI) = 8°10°M . Thus approximately one half of all ISM in N891
is in the form of Hy but the two components have completely different
radial distributions. The inner half of N8YI has an ISM dominated by
HZ and the outer half dominated by HI.
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M31

M31 has been mapped in CO emission by Stark (1980) and by Linke
(1982) who reports a very close correspondence between the HI "arm" and
CO emission. However in sharp contrast to all of the other galaxies
discussed here, M31 is a very weak CO emitter, almost an order of magni-
tude lower in I(CO) than the Galaxy. The CO emission appears to be con-
fined to the region of optical obscuration where HI emission peaks with
extremely weak CO emission in the central 6 kpc. Thus there is no
region in M31 corresponding to the molecular ring of the Galaxy or to
the inner 1 kpc of the Galaxy. The interstellar medium in M31 unlike
all of the others discussed here is mainly atomic hydrogen throughout.

Summary of Radial Distribution and Comparison with the Galaxy

Figure 9 shows the radial dependence of CO integrated intensity I,
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for the 6 galaxies discussed above, compared with that of our Galaxy
(determined from the Stony Brook-Massachusetts survey of the Galaxy by
Sanders, Solomon and Scoville 1982). 1In all cases I(CO) is the equiva-
lent face on integrated intensity. The determination of H, surface
density assumes a constant (with radius) conversion factor given above.
The magnitude of I(CO) in the Galaxy is similar to that of M10l and IC
342 at R ~ 6 kpc but the shape of the distribution is clearly different.
There is no inner gap in the molecular cloud distribution at 3 or 4 kpc
in the disk of the ScI galaxies. The deficiency of molecular clouds at
R = 1-4 kpc may be a characteristic of Sb galaxies; N891, which is clas-
sified SbI, does show some indication of a turnover in I and there is
some evidence of a hole in two Sb galaxies observed by Young and Scoville
(1982b).

Another interesting consequence of these observations, which
remains to be tested with many more galaxies, is that although the HI
surface density of galaxies seldom is more than about 5 Mo/pc2 and has a
fairly flat distribution (with R) with a central dip, the H, varies by
more than an order of magnitude. Whenever the total surface density of
interstellar matter exceeds about 5 M /pcz, the excess appears to be in
the form of Hy in molecular clouds (Solomon et al. 1982). From this
point of view the most important property of a galactic disk is the total
surface density of interstellar matter which determines the star forma-
tion rate and luminosity of the galaxy.
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