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ABSTRACT

We report the first coordinated CO and H 1 observations of M31 made with identical and sufficiently high
angular and spectral resolutions to resolve individual giant molecular clouds (GMCs) in that galaxy. We used
the C and D arrays of the VLA and the 45 m millimeter-wave telescope of the Nobeyama Radio Observatory
to map the 21 cm spin-flip transition of H 1 and the J = 1 — 0 transition of CO, respectively, in an individual
star-forming complex which is located in an H 1 spiral arm segment 7 kpc from the center of M31. An angular
resolution of 15”, corresponding to a projected linear resolution of 50 pc, was achieved for both the H 1 and
CO observations. Our CO observations appear to have resolved GMCs in M31 similar in size and molecular
hydrogen mass to those in the solar neighborhood of the Milky Way. These clouds are closely associated with
H 1 regions and are active sites of star formation. The individual GMC complexes we detected appear to be
made up of typically two or more large or intermediate-sized molecular clouds with no evidence for a popu-
lation of small molecular clouds contributing to the observed emission. The velocity dispersion of the GMCs
in the region observed is similar to that of GMCs in the solar neighborhood. Observations of the J =2 —1
transition of CO were also obtained toward this region. Comparison of the intensities of the two CO tran-
sitions with model calculations suggest molecular hydrogen space densities and CO column densities similar
to those of GMCs in the Milky Way. Our H 1 observations indicate that the GMCs we observed in M31
contain substantial amounts of atomic hydrogen gas which comprise about 30% of the total mass of a
CO-H 1 cloud complex. The individual GMC complexes are gravitationally bound and have total (atomic and
molecular) masses on the order of 10° M. The GMC-H 1 complexes appear to be local mass enhancements
in a large H 1 spiral arm feature which otherwise consists of smoothly distributed H 1 gas. Between 15% and
20% of the total mass of the entire H 1 arm is estimated to be in molecular form.

In the region observed the distributions of atomic and molecular gas are clearly correlated in both space
and velocity. The peak temperatures and integrated intensities of H1 and CO emission are found to be lin-
early related, with the strongest CO emission ocurring in regions of strongest H 1 emission. The H 1 linewidths
are typically around 25 km s~ ! and are usually twice as wide as the CO lines observed along the same lines
of sight. Hydrogen column density thresholds for H, and CO formation inferred from our data are very
similar to corresponding values empirically determined for clouds in the Milky Way, and we find no evidence
in our data to indicate that physical conditions in the M31 clouds differ in any substantive way from the
physical conditions of local GMCs. The implication of these results for the formation and evolution of molec-
ular clouds is discussed.

Subject headings: galaxies: individual (M31) — interstellar: molecules — nebulae: H 1 regions —
radio sources: 21 cm radiation

I. INTRODUCTION

As a result of the recent development of large aperture tele-
scopes for millimeter-wave and centimeter-wave spectral-line
observations, investigation of the molecular and atomic com-
ponents of the interstellar medium of nearby galaxies on the
size scales of associations and giant molecular clouds is now
possible. For example, recent CO observations have shown
that the 45 m telescope of the Nobeyama Radio Observatory
might be capable of resolving and mapping individual giant
molecular clouds (GMCs) in M31 if well-sampled maps of star-
formation sites are made (Ichikawa et al. 1985; Nakano et al.
1987; see also Boulanger et al. 1984). High-resolution studies of
extragalactic molecular and atomic clouds can provide quali-
tatively new insights into important questions concerning their
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formation, evolution, and genealogical interrelation. Study of
these issues has been complicated and inherently limited in our
own Galaxy because of the disadvantaged point of view afford-
ed by our internal location of observation. In particular, obser-
vations of H 1 gas associated with molecular clouds are made
very difficult by an intense, pervasive, and often unrelated
galactic background. These considerations motivated us to
attempt a high-resolution, coordinated H 1-CO study of an
individual star-forming region in the nearby external galaxy
M31. We used observations of the 21 cm spectral line of atomic
hydrogen made with the VLA and observations of the
J =1 -0 transition of 12CO made with the 45 m Nobeyama
Radio Telescope to trace out the distribution of atomic and
molecular gas with nearly identical high angular (15" or 50 pc)
and spectral (2.6 km s~ ') resolutions in a region designated
A22/D118 in Hodge’s atlas of M31 (Hodge 1981).
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The A22/D118 region was chosen for study because it con-
tained a large, well-defined, OB association (A22 [Hodge
1981]), a prominent H i region (BA 289 [Baade and Arp
1964]), and a large dark cloud (D118 [Hodge 1981]), which
were positioned in a sequential pattern, similar to that found
for many star-forming complexes in the solar neighborhood
(Elmegreen and Lada 1977). The entire region is located within
a large atomic hydrogen feature which appears to be a segment
of a spiral arm located 7 kpc from the center of M31 (Emerson
1976; Unwin 1980; Sofue and Kato 1981; Brinks 1984). CO
emission has also been detected near this complex (Combes et
al. 1977) indicating the presence of molecular clouds. These
factors suggest that this region is a very active star-forming
site.

From our observations we hoped to address some of the
following broad questions. (1) What are the sizes and masses of
molecular and atomic clouds in M31? (2) How do they
compare with those in the Milky Way? (3) What is the
relationship between atomic and molecular gas in an active
star-forming region? (4) How do molecular clouds form and
evolve in M31? In §II we discuss our observations and
methods of data acquisition and calibration. In § III we
present the results and analysis of the observations. We report
that our observations have resolved individual giant molecular
clouds in M31 whose sizes, masses, and physical conditions
bear striking resemblance to GMCs in the solar neighborhood
of the Milky Way. In § IV we discuss our H 1 and CO observa-
tions in the context of molecular cloud formation and evolu-
tion. The results of the paper are summarizedin § V.

II. OBSERVATIONS

Observations of the 21 cm spectral line of atomic hydrogen
in the direction of the A22/D118 region in M31 were obtained
with the Very Large Array of the NRAO? at two different
spatial resolutions. On 1984 September 11 this region was
observed over an 8 hr period using the D array of the VLA to
provide an angular resolution of 37” at the center of the 30’
diameter field of view. On 1985 August 9 and 11 the region was
observed over two 8 hr periods using the C array which pro-
vided an angular resolution of roughly 13” in the center of a 30/
diameter field of view. For each observation 64 spectral line
channels were used in conjunction with 18 antennas. The spec-
tral resolution was 13 KHz, corresponding to a velocity
resolution of 2.6 km s~ !. The coverage in the UV plane was
excellent with the result that the strongest sidelobes were at
5% of peak power in each array. The point source 3C 48 was
observed at least once every half-hour during both observing
runs and was used for absolute flux calibration.

Observations of the 2CO J = 1 — 0 transition toward the
A22/D118 region were made in 1985 February and March
with the 45 m telescope of the Nobeyama Radio Observatory
(NRO).? The angular resolution of these observations was 15”.
The original spectra were obtained with 0.3 km s ! resolution
and then smoothed to a resolution of 2.6 km s~! for compari-
son with the H 1 observations. The temperature scale for these
CO observations has been calibrated to be approximately
equal to Tp* as measured on the NRAO 11 m telescope on
Kitt Peak. In order to set this calibration, CO observations of

% The National Radio Astronomy Observatory is operated by Associated
Universities Inc., under contract with the National Science Foundation.

3 NRO, a branch of the Tokyo Astronomical Observatory, is a facility open
for the general use by researchers in the field of astronomy and astrophysics.

Orion obtained with the NRO 45 m telescope during the same
week as our CO observations of M31 (T. Hasegawa and 1.
Gatley 1985, personal communication) were compared to
observations of Orion previously obtained with the NRAO
11 m telescope (Margulis and Lada 1985). The NRO observa-
tions consisted of a map of CO spectra obtained with 15"
spacing in a completely filled grid 225 on a side centered on
Orion KL. From these observations a single spectrum was
constructed by a Gaussian convolution of the individual
spectra to a 66” beam. This convolved spectrum was then com-
pared to a single CO spectrum of the same region made with
the NRAO 11 m telescope. We found that in order to scale the
convolved NRO spectrum to match the spectrum obtained at
Kitt Peak, the raw temperatures obtained at NRO had to be
multiplied by a factor of 3.2 in the core of the line and 4.2 in the
line wings. With this scaling the peak temperature (Tz*) of the
line core measured with the 15” beam of the NRO 45 m tele-
scope toward Orion KL is 86 K. The different scaling factor for
the line wings is most likely a result of the fact that the error
patterns of the two telescopes couple differently to the emission
in the line core. This is because the emission in the line wings,
unlike that in the line core, arises from a region whose angular
size (about 30” in extent) is small compared to that of the error
patterns of the two telescopes. For the M31 data we adopted a
scale factor of 4.2, since the emission we observed arises from
objects with angular sizes on the order of or smaller than that
of the region of high-velocity flow in Orion. However, we note
that none of the basic conclusions of this paper would be
altered if the lower scale factor were adopted instead.

Observations of the CO 2 — 1 spectral line were also made
in the direction of A22/D118 during 1985 May using the 12 m
telescope of the National Radio Astronomy Observatory.
These observations were obtained with an angular resolution
of 33". Spectra were obtained at two frequency resolutions, 500
KHz and 1 MHz, corresponding to velocity resolutions of 0.65
km s~ ! and 1.30 km s~ *. Temperatures are expressed as Tp*
using the formalism of Ulich and Haas (1976) and Kutner and
Ulich (1981).

Using a distance to M31 of 765 kpc (Sandage and Tammann
1968) projected spatial resolutions of the observations taken
with the VLA were 140 and 50 pc in the D and C arrays,
respectively. The projected spatial resolutions of the CO obser-
vations were 50 and 130 pc for the J =1—-0 and the 2 > 1
transitions, respectively.

III. RESULTS AND ANALYSIS

a) The Angular Distribution of H 1 and CO Gas

Figure 1 shows the large-scale distribution of H 1 gas in the
A22/D118 region of M31 alongside an optical photograph of
the region taken from Hodge (1981). The contours represent
the distribution of H 1 emission in a single channel at a velocity
of —517 km s~ ! as observed with the D array of the VLA. The
H 1 emission appears concentrated in an elongated filament
about 3.5 x 0.5 kpc in size. This feature appears to be a
segment of a spiral arm located about 7 kpc from the center of
M31. H 1 emission was detected over a velocity range of about
45 km s~ !, centered around —517 km s~ !, and H 1 maps at
other velocities show the same overall morphology. The mor-
phology of the H 1 filament is similar to that of the dark clouds,
clusters, and associations in this region defined by Hodge
(1981), which also lie in a line extending northeast to southwest
more or less coincident with the H 1 gas. However, dark clouds
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FiG. 1—An optical photograph, the D array H 1 map and the NRO CO map of the A22-D118 region of M31 are shown together. The optical photograph is from
Hodge (1981) and includes identification numbers for associations (A), clusters (C), and dark clouds (D) as cataloged by Hodge. The H 1 map is drawn on the same
scale as the optical photograph and represents the distribution of H 1 emission in a single (2.6 km s~ ! wide) channel at an LSR velocity of —517 km s~'. The H 1
contours are equal spaced isoflux contours with intervals of 20 mJy, starting with 20 mJy. The insert is the NRO map of integrated CO intensity made of the region of
brightest H 1 emission. In this map, the CO contours are measured in units of NRO antenna temperature (rather than T*) and velocity, with contours having equal
spacings of 0.4 K km s~ ! starting with the 0.4 K km s~ ! contour. The beam sizes for the various observations presented in this paper are also shown for comparison.
The projected linear sizes of the CO J = 1 —» 0 and C array H 1 beams are both about 50 pc in diameter.
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(e.g., D189, D181, D154, D140, D118, D59, D49, and D43) lie
close to the center line of the H 1 filament, while the associ-
ations (e.g., A22, A23, A21, and A74) tend to be distributed
with a greater dispersion around the center line. The strongest
H 1 emission appears to arise from a region coincident with the
dark cloud D118 about 250 pc southwest of the very bright
H 1 region BA 289 which itself is located at the southwest
boundary of the A22 OB association.

Figure 1 also shows a map of the *>CO integrated intensity
in the D118 region. The strongest CO lines were found to be
well correlated with and centered within the distribution of
strongest H 1 emission. The 4 power extent of the CO emission
is about half that of the H 1 emission in the region mapped. If
the overall structure of the A22/D118 region is representative
of the entire H 1 filament, then molecular gas may be concen-
trated near the center of this spiral arm segment along its entire
length. Such a situation is suggested by the concentration of
optical dark clouds along the spine of the filament and is also
consistent with the CO maps made of this region with much
lower angular resolution with the Bell Labs 7 m telescope
(Linke 1981).

Our observations clearly resolve structure in the spatial dis-
tribution of integrated CO intensity. In particular, four peaks
are evident in the CO map in Figure 1. Toward three of these
peaks, CO emission is detected at more than one mapping
position (i.e., they are extended with linear diameters in excess
of 50 pc). The fourth peak, in the northwest corner of the map,
shows emission at only one position (see Figure 4) and may not
be significant. Therefore, from here forward we will confine our
discussion to consideration of the three strongest CO peaks
whose existence is confidently established. These three regions
of enhanced CO emission have projected sizes and separations
of about 100 parsecs. Apparently, our observations have
resolved, for the first time, individual giant molecular cloud
complexes in M31, similar in size to those in the Milky Way.
The fact that two of the peaks in the CO distribution are
clearly associated with optical H 1 regions (BA 292 and P248,
see Fig. 2) indicates that massive stars are forming in these
complexes. This strengthens the contention that we have
resolved the molecular component of active star formation
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complexes in M31 similar to the GMCs in our own Galaxy.
Figure 2 shows the CO map plotted alongside a map of the
integrated H 1 emission of the same region constructed from
our VLA observations made using the C array. When observed
at the same angular resolution the H 1 distribution shows
structure very similar to that of the molecular gas. Three
enhancements in the H 1 integrated intensity are found at
roughly the same locations as the CO complexes. However, the
contrast in the H 1 map is considerably less than that in the CO
map. Inspection of the maps shows that the peaks in the H 1
emission are only about 25% stronger than that of the general
H 1 background, while the CO emission peaks are nearly an
order of magnitude stronger than the general background of
CO emission. As in the Milky Way, the molecular gas in M31
appears much more clumpy (on scales of 50 pc) than the H 1
gas. Close inspection of Figure 2 also reveals that the H 1
peaks, the CO peaks, and the positions of the H 11 regions are
apparently offset from each other with separations between
them on the order of 15” (50 pc).

b) The Velocity Structure of H 1and CO Gas

Figures 3 and 4 show the NRO CO spectra at each position
we observed in the A22(Fig. 3)-D118(Fig. 4) region. In each
figure the spectra are arranged according to the positions at
which they were observed on the sky. For comparison, Figure
3 also includes a CO spectrum of the NGC 2264 molecular
cloud as it would appear to the NRO telescope if it were
located in M31. This spectrum was obtained by numerically
convolving 1319 individual CO spectra observed over the
cloud with 0.5 pc angular resolution (Margulis and Lada 1986)
to a simulated beam with a half-power size of 50 pc. The NGC
2264 cloud is roughly 30 x 10 pc in size and contains a mass of
molecular gas of about 3 x 10* M. As can be seen our obser-
vations could have easily detected such a molecular cloud in
M31 and most of the CO emission we detected from the A22/
D118 region is at this level or considerably stronger. Figures 5
and 6 show the corresponding H 1 spectra observed with the C
array of the VLA. The spatial and spectral resolutions of the
CO and H 1 spectra in Figures 3-6 are virtually identical. In
Table 1 we present the peak line strengths, LSR velocities at
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FIG. 2—Maps of the distribution of integrated intensities of H 1 and CO emission from the D118 region obtained with the same angular resolution. The H 1 map
was constructed from data obtained with the C array of the VLA. The contours are of integrated intensity measured in units of K km s ™' and are equally spaced at
intervals of 200 K km s~ !, starting with the 2800 K km s~ ! contour. Note that the lowest contour in the H 1 map has a value higher than that of the half-peak
integrated intensity level (2200 K km s~ *) of the map. The CO map is basically the same as that in Fig. 1. Note that the lowermost contour is a factor of 10 lower than
the peak integrated intensity in the map, indicating that the distribution of CO emission is much more clumpy than that of H 1 (see text for discussion). The positions
of the optically identified H 1 regions P248 (Pellet et al. 1978) and BA 292 (Baade and Arp 1964) are indicated on the CO map by a square and a triangle, respectively.
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FiG. 3.—Observed J = 1 — 0 spectra of CO obtained at NRO around the H 11 region BA 289. The spectra are arranged according to the positions at which they
were observed on the sky. The positional offsets are in seconds of arc from the position of BA 289, which was the positional reference used for all our observations.
Each spectrum is a plot of T* vs. LSR velocity. In addition a spectrum of the NGC 2264 molecular cloud is also plotted as it would appear if observed in M31 by the
NRO telescope. The NGC 2264 spectrum was constructed from observations made of this cloud with a 5 m telescope and convolved to the projected spatial
resolution of the NRO 45 m telescope at the distance of M31. The line temperature of the convolved NGC 2264 spectrum is 0.3 K and the linewidth is 7.0 km s~ ! (see

text for discussion).

peak line strength, and the linewidth measured at half peak
intensity for the spectra shown in Figures 3-6.

Figures 7 and 8 show the relationships between the peak
temperatures and integrated intensities of the H 1 and CO pro-
files along the same lines of sight. For the 23 positions where
both H 1 and CO emission were detected, both graphs show
that there is a positive correlation between CO and H 1 bright-
ness. The best linear fit through these data points in the peak
temperature plot (Fig. 7) is given by: Tz*(CO)= 5.0
x 1072 TyH 1) + 7.0 x 1073 K. The correlation coefficient
is 0.51. The best linear fit through the corresponding data
points in the integrated intensity plot (Fig. 8) is given by:
| Te*(CO)dv =3.0 x 1072 | Ty(H 1)dv — 1.82 K km s~ with a
correlation coefficient of 0.54. The probabilities that these cor-
relations could arise from the sampling of a parent distribution
of randomly distributed data points are less than 2%. Since a
large fraction of the data listed in Table 1 and plotted in

Figures 7 and 8 consists of upper limits, it is useful to consider
the effects of these censored data points on the derived correla-
tions. In recent years statistical methods for treating univariate
and multivariate data in which a portion of the data consists of
upper limits have been introduced to astronomy (Feigelson
and Nelson 1985; Isobe, Feigelson, and Nelson 1986). These
methods were applied to the data set in Table 1 by Takashi
Isobe (personal communication). Using the parametric EM
algorithm described by Isobe, Feigelson, and Nelson (1986),
the H 1 and CO peak temperatures and integrated intensities
were found to be linearly related with a high degree of correla-
tion. For the peak temperatures, the derived linear fit to all the
data is given by: Tg*(CO) = 6.1 x 1073 Ty(H 1) — 0.2 K. For
the integrated intensities the derived relation is:
| TR¥(CO)dv =32 x 1072 | Ty(H 1)dv — 3.16 K km s~ 1. The
Buckley-James method, also described by Isobe, Feigelson and
Nelson, was applied to the data giving nearly identical results.
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FiG. 4—Observed CO spectra of the D118 region obtained with the NRO 45 m telescope. As in Fig. 1 the positions of the spectra are arranged according to their
relative positions on the sky. The positional offsets are with respect to the position of BA 289.

In addition, the probability that these correlations could arise
from sampling a parent distribution of randomly distributed
data points was found to be less than 1% by a variety of
methods. These results are remarkably similar to those derived
above from consideration of the data set which excluded the
upper limits. This suggests that the derived correlations are
representative of the conditions at all the positions observed,
even those where CO emission is yet to be detected.

As Table 1 shows the H 1 and CO emission are also corre-
lated in velocity space. The mean of the difference between CO
and H 1 peak velocities is —2.4 km s~ ! (about one resolution
element in velocity) with a dispersion of about 6 km s~ '. Even
though the dispersion in the peak velocity difference is large,
the CO lines are usually about a factor of 2 more narrow than
the H 1 lines, so along a given line of sight the CO emission is
always found over a velocity range within that from which H 1
emission arises. Figure 9 shows the CO and H 1 profiles
observed at the same position toward the BA 292 cloud
complex. Although the CO emission peaks 9.0 km s~ ! lower in
velocity than the H 1 emission, the velocity spread of the CO
emission is well within that covered by H 1 gas. The LSR veloc-
ity dispersion (rms) of the CO line peaks in D118 is found to be
about 4 km s~ 1. This is probably a lower limit to the actual
value since it refers to only the strongest line peaks observed at
each position. From an average CO spectrum of the entire
region (see below and Fig. 10), however, we estimate that the

one-dimensional velocity dispersion of the clouds is less than
or equal to 6 km s~*. Thus, the velocity dispersion of the
clouds in D118 is very similar to that (~5.7 km s™?) of local
galactic GMCs (e.g., Blitz 1985, 1987). Further comparison of
the individual H 1 and CO profiles across our map also sug-
gests that there may be more structure in the CO lines than
observed in the H 1 profiles. In Figure 10 we plot average H 1
and CO spectra obtained by separately averaging all H 1 and
CO spectra observed along lines of sight toward which CO
emission was detected in a single observation. The average CO
spectrum is more narrow than the average H 1 spectrum and
contains three distinct velocity peaks. The average H 1 spec-
trum is considerably smoother in appearance than the CO
profile. The signal-to-noise ratio was good enough in the
average CO spectrum to enable a Gaussian deconvolution of
the profile into three velocity components. The amplitudes,
widths, and velocity centroids of the least-square fitted Gauss-
ians are shown in Figure 10 and listed in the figure caption.
The line widths of the three features (8.3 km s~ !, 5.9 km s~ %,
and 3.3 km s~ !) are comparable to those expected for individ-
ual molecular clouds. This suggests that the structure and
width of the observed CO line is due to the superposition of a
discrete number of individual giant or moderate-sized molecu-
lar clouds. It is difficult to assess whether this particular least-
squares fit to the spectrum is a unique representation of the
data. Attempts to fit the data with other combinations of
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FIG. 5—Observed H 1 spectra obtained with the C array of the VLA along the same lines of sight as the CO spectra in Fig. 3. These H 1 spectra were obtained
with the same spatial and velocity resolutions as the CO observations.

Gaussian functions, for example, two narrow components and the average CO spectrum from positions without detectable
a broad pedestal, were unsuccessful. However, a two-Gaussian CO emission in a single scan. The upper limit to the line emis-
fit matched the data with residuals only slightly worse than the sion from these positions is Tz* < 0.2 K. This limit is consis-
three-Gaussian fit adopted here. This is not surprising since the tent with the intensity expected from small clouds in a 15"
weakest component in the adopted fit is only marginally beam pointed at M31 (Blitz 1985) and does not necessarily
present (see Fig. 10). In any event, there appears to be no rule out their presence in this region. However, our observa-
evidence for significant emission from a uniformly distributed tions indicate that such clouds contribute at most a small frac-
population of small (ie, M < 10* M) or very small (i.e., tion (i, < 25%) to the total molecular mass of the region.
M < 10*> M ;) molecular clouds within the volume of the D118 This is similar to the situation in the solar neighborhood of the
region we observed. Emission from such clouds is thought to Milky Way where small high-latitude molecular clouds are
dominate the CO emission profiles observed in M31 with found to consititute only about 10% of the total molecular
smaller telescopes, because the larger beam sizes and resulting mass (Magnani, Lada, and Blitz 1986) and GMCs dominate
dilution reduce the relative contribution of the less pervasive the total molecular mass. The average spectra in Figure 10
GMCs to the observed spectra (Boulanger, Stark, and Combes again clearly show that the spatial contrast in CO emission is
1981; Blitz 1985). In order to estimate the extent to which a significantly greater than that in H 1 emission in the D118
distributed population of small clouds contributes to the emis- region. This strengthens the notion that the CO emission arises
sion from this region we constructed an average CO and an from individual giant molecular cloud complexes, while the
average H 1 spectrum for all positions in Figure 3 without atomic gas is contained in a more smoothly distributed com-
detectable CO emission. These average spectra are also shown ponent. However, the integrated intensity from the H 1 in the
in Figure 10. Within the noise there is no evidence for signifi- CO emitting regions is a factor of 1.4 stronger than that in the
cant emission from a distributed population of small clouds in non—CO emitting regions indicating a significant enhancement
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FiG. 6—Observed H 1spectra obtained with the C array of the VLA along the same lines of sight as the CO spectra in Fig. 4

of H 1 along the lines of sight to the molecular cloud complex-
es.

¢) Column Densities and Masses of the H 1and CO Gas

Using our spectra we were able to derive column densities of
atomic and molecular hydrogen at each position where an
emission line was detected. From the H 1 spectra column den-
sities of atomic hydrogen were derived from (Spitzer 1978):

NH) = J 1.82 x 108 Ty(H 1)dv cm ~2 1)
line

From the CO spectra column densities of molecular hydrogen

were derived from (Bloemen et al. 1986; Sanders, Solomon,

and Scoville, 1984):

NH,) = j 2.8 x 102°Tz*(CO)dv cm ™2 2)
line
The column densities derived in this manner are listed for each
position in Table 1. The statistical uncertainties in these deter-
minations are on the order of 10% and 15% for the strongest
H 1 and CO lines, respectively. The overall uncertainties in
these column densities are dominated by systematic errors
which are difficult to estimate. The accuracy of the estimates
largely depend on the reliability of the assumptions used in the
derivations of equations (1) and (2). For the H 1 column density
we assumed that the H 1 emission was optically thin, and since

we see little evidence for self-absorption, this is probably a
reasonable assumption. The derived molecular hydrogen
column densities are considerably more uncertain that the
atomic hydrogen column densities. This is because the molecu-
lar hydrogen densities are not derived directly from observa-
tions of the molecular hydrogen itself. Instead, observations of
CO are used as a surrogate. The CO-H, calibration used in
equation (2) has been derived independently from comparison
of 12CO emission directly with observations of gamma rays
(Bloemen et al. 1986) and indirectly with visual extinction (e.g.,
Sanders, Solomon, and Scoville 1984) toward many galactic
molecular clouds. The uncertainties in this calibration have
been extensively discussed elsewhere (e.g., Bloemen et al. 1986;
van Dishoeck and Black 1987) and for a given molecular cloud
complex in the galaxy, column densities of molecular hydrogen
derived using equation (2) are good to about a factor of 2. A
similar level of confidence in this calibration applies to M31
only if the CO-to-H abundance ratio there is the same as that
in our own Galaxy. As we will argue later, our J =2 -1 CO
observations suggest that this is probably a reasonable
assumption.

If equations (1) and (2) are appropriate for deriving column
densities, then the observed correlation between the integrated
intensities of H 1 and CO (Fig. 8) implies a correlation between
the molecular and atomic hydrogen column densities. Using
equations (1) and (2), we transform the equation describing the
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TABLE

1

H 1 AND CO SPECTRAL-LINE PARAMETERS AND COLUMN DENSITIES

LADA, MARGULIS, SOFUE, NAKAI, AND HANDA

Vol. 328

Cco
Position® T% Velocity® AV(FWHP) N(HI)* T3 Velocity®  AV(FWHP) N(H)%
(arc seconds) (K) (km s7!)  (km s7!) (x 10%'cm~2) (K) (km s7')  (km s7!)  (x 10*!cm~2)
15E,0 107+24 -512 28 6.41+0.4 <0.41 — —_ <21
7.5E,0 115+20 -514 26 6.4+0.3 0.38+0.07 -514 18 1.44+0.1
0,15N <60 — — <0.9 <0.32 — — <16
0,7.5N 81122 -501 51 6.9+0.5 <0.41 — — <2.1
0,0 116+17 -509 53 7.4+0.4 0.50+0.04 ~514 12 2.240.1
0,7.5S 115+20 -509 29 5.3+0.3 0.46+0.09 -514 8 1.8+0.1
0,158 13024 -509 31 7.8+0.4 0.62+0.14 -514 30 3.3£0.3
0,308 146128 -506 21 6.2+0.4 0.49+0.22 -514 19 2.7£0.4
7.5W,0 97423 -517 35 4.940.4 0.45+0.07 -501 18 2.31+0.1
15W,0 108+19 -512 16 5.010.2 0.451+0.07 -518 8 1.14+0.1
15W15S 111430 -517 28 5.7+0.5 <0.36 — — <1.8
15W30S 174424 -517 28 8.2+0.4 <0.86 — — <4.3
30W30S 143123 -512 18 5.84+0.3 <0.81 — — <4.1
30W45S 143126 -509 23 8.1+0.4 0.89+0.22 -520 25 3.7+0.5
30W60S 137+25 -519 30 5.9+0.4 0.79+0.09 -520 13 2.840.1
30W75S 107+30 =511 34 6.11+0.5 <0.81 — — <4.1
45W30S 151+30 -519 26 7.240.4 <0.90 — — <4.5
45W45S 115+30 =512 21 5.8+0.4 0.714+0.17 =520 11 1.7+0.3
45W60S 142420 -519 23 6.3+0.3 0.80+0.21 -522 12 2.440.3
45W175S 121+29 -512 38 6.31+0.5 <0.89 — — <3.5
60W30S 97+£19 -519 28 4.010.3 <0.86 — — <4.3
60W45S 130x19 ~522 31 6.910.3 0.63+0.19 -520 13 1.9£0.3
60W60S 140124 -517 26 6.7+0.4 0.97+0.14 -520 9 2.740.2
B80W75S 138124 -517 18 6.5+0.3 1.10+0.21 -520 9 2.1+0.3
80W90S 139432 -514 21 6.41+0.4 <0.32 — — <1.6
75W45S 140130 -524 25 5.51+0.4 <0.86 — —_ <4.3
75W60S 120+28 -522 21 5.6+0.4 0.50+0.12 -528 10 1.240.2
75W175S 130+24 -519 17 6.3+£0.3 <0.62 — — <3.1
75W90S 137+20 -517 15 4.240.2 0.59+0.12 -523 11 2.240.2
90W30S 81+23 -527 38 3.6+0.4 <0.54 — — <2.7
90W45S 92424 ~527 26 4.840.4 <0.90 — — <4.5
90W60S 139124 -519 21 5.8+0.3 0.84+0.16 -528 8 2.44+0.2
90W75S 164124 -517 18 6.9+0.3 0.89+0.27 -520 18 5.0£0.5
90W90S 162+17 -522 16 5.64+0.2 0.7240.21 -530 15 2.6+0.4
90W105S 110+14 -522 18 4.210.2 <0.64 — — <3.2
105W37.5S 88127 -525 23 4.240.4 0.67+0.23 -522 8 1.8+0.3
105W52.58 124420 -525 16 4.840.2 <0.58 — — <2.9
105W67.55 148+18 -527 25 7.2+0.3 0.76+0.15 -528 13 2.740.2
105W82.5S 156126 -519 21 6.210.3 0.59+0.09 -523 14 1.8+0.2
120W52.58 104+24 -525 16 4.0+0.3 <0.47 — — <0.7
120W67.58 126428 -527 18 5.1+0.3 0.51+0.12 -523 5 1.1£0.1

2 Position relative to BA 289 «(1950) = 00"38™46°2 5(1950) = 40°34'32".
® Peak intensity in profile. Quoted errors are 1 ¢; upper limits are 3 ¢ values.

° LSR velocity at peak intensity.

4 Derived column densities: quoted errors are 1 ¢; upper limits were calculated assuming a line width which was the average line

width of either the observed H 1 or CO profiles as appropriate.

best linear fit through the integrated intensities (excluding
upper limits) to derive

N(H,) = 046N(H 1) — 5.09 x 10>° cm~2 . 3)

The correlation between molecular and atomic hydrogen
column densities is intriguing because it may provide impor-
tant clues concerning the genealogical relationship and evolu-
tionary histories of atomic and molecular clouds in M31. For
one thing, equation (3) (and more significantly the empirical
correlation between CO and H 1 integrated intensities) sug-
gests that the H 1and CO emission we observe are in some way
physically related. In particular, in spite of the highly inclined
nature of the disk, there does not appear to be a significant
contribution to the observed H 1 emission from interarm H 1
gas along the line of sight and it is likely that the bulk of the
observed H 1 emission, like the CO emission, originates in the
H 1 arm. Indeed, if we adopt a model for the disk in which the
H 1 scale height is 100 pc, the arm width 400 pc, the H 1 arm-

interarm density contrast factor is equal to 6 and the face on
H 1 interarm column density is that determined by Sofue and
Kato (1981; i€, 4 x 10%° cm™2); then we predict that 80% of
the observed H 1 emission would originate in the arm. Further-
more, equation (3) and close correspondence of H 1 and CO
emission in Figure 2 suggest that on scale sizes of 100 pc
molecular clouds exist in regions where a significant fraction of
the neutral gas is in atomic form. If molecular clouds form
from atomic clouds, then the conversion of atomic gas to
molecular gas is never complete on the size scales of the molec-
ular complexes (50-100 pc).

The fact that equation (3) appears to have a negative y-
intercept suggests that there is a threshold in H 1 column
density below which CO emission cannot be detected. The
presence of such a threshold has been suggested in other
studies of M31 (Nakano et al. 1987). If equations (1)~(3) are
valid, this threshold could be interpreted as a critical column
density below which hydrogen molecules cease to exist. Equa-
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points is the best-fit, least-squares linear relation for those positions for which both CO and H 1emission was detected (i.e., open squares).

tion (3) suggests that this threshold occurs at N(H) ~ 10*!
cm ™2 The existence of such a threshold is not surprising since
molecular hydrogen cannot survive destruction by photo-
dissociation from background starlight unless column densities
of H, are large enough to permit self-shielding. In our Galaxy
this self-shielding threshold is empirically determined to be
N(H) ~ 6 x 10?° cm ™2 (Savage et al. 1977; Savage and Mathis
1979). The close correspondence between these two values is

probably fortuitous, given the uncertainties in the M31 data.
The value we derived for M31 is most likely an upper limit to
the actual value. Indeed, we would expect that the empirical
relation between H 1 and CO integrated intensities to become
very nonlinear at column densities <10?! ¢cm ™2, since the CO
molecule requires much larger column densities than H, to
shield itself against photodestruction (e.g., van Dishoeck and
Black 1987). Therefore, the linear extrapolation of our
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FiG. 8—Observed correlation between CO and H 1integrated intensities from the observations presented in Figs. 3-6. The symbols are the same as in Fig. 7. The
line drawn through the data is the best-fit, least squares linear relation for those positions for which both CO and H 1 emission was detected (i.e., open squares).
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FIG. 9—CO and H 1 emission spectra observed toward the molecular cloud associated with BA 292 with the same spatial and spectral resolution are plotted
together for comparison. Note that the CO line is about half as wide as the H 1 profile, a characteristic typical of many profiles at the locations where both lines were

detected.

observed correlations to low hydrogen column densities
should be considered with some caution. An independent and
perhaps more appropriate estimate of a threshold for CO
detectability in M31 can be derived from the data presented in
Figure 10. From these spectra we find that at positions without
CO emission in D118 the average atomic hydrogen column
density is about 5 x 102! cm 2. In our Galaxy CO becomes
detectable when the total hydrogen column density exceeds
2-5 x 102! cm ™2 (Lada and Blitz 1987). Although it again may
be fortuitous, the close agreement between the threshold
derived from our data and that for galactic molecular clouds
suggests that the pertinent conditions (i.e., interstellar radi-
ation field, gas-to-dust ratio, CO-to-H abundance, cloud
geometry) in this region of M31 may not be all that different
from the corresponding ones in the solar neighborhood.

From the spectra in Figure 10, we also find that the average
molecular hydrogen column density toward all positions at
which CO emission was detected is about 2 x 102! cm ™2
Along the same lines of sight the average atomic column
density is about 7 x 10?! cm™~2. Thus at the positions of the
molecular clouds the total amount of hydrogen in all forms is
about a factor of 2 or greater than it is in positions in the spiral
arm without detectable CO clouds. Clearly, the molecular
cloud complexes in D118 represent regions of enhanced total
gas mass compared to the spiral arm in general.

It is useful to derive and compare masses for the various

components of the D118 region. In Table 2, we list the derived
atomic, molecular, and total gas masses for the entire D118
region and two of the giant cloud complexes within it. Within
the boundaries of the maps in Figure 2, about 25% of the total
gas mass is in the form of molecular hydrogen. For the H 1
filament or arm as a whole we estimate that only about
15%-20% of the total gas mass is in the form of molecular
hydrogen. The H 1 emission in the arm is extended over a
region twice as large as that of the CO emission, and even
though the H 1 column density there is about a factor of 2
lower than in the region of the CO map, the total H 1 mass is
comparable. For comparison, in the solar neighborhood of our
own Galaxy molecular hydrogen accounts for about 17% of
the total gas mass (e.g., Elmegreen and Elmegreen 1987). It is
possible that we have underestimated the true abundance of
molecular hydrogen throughout this spiral arm feature, since
we derived molecular hydrogen masses for only those clouds
with detectable CO emission. A significant fraction of the H 1
emission at positions or velocities that did not exhibit detect-
able CO emission may come from small clouds which contain
substantial amounts of molecular hydrogen but whose CO
abundances are too low to emit detectable millimeter-
wavelength CO lines. The { Oph cloud being an example of
such a cloud in our own Galaxy (van Dishoeck and Black
1987).

The sizes and masses of the molecular cloud complexes

TABLE 2
CLOUD MASSES
Cloud Designation Radius My, (M) My (Mg) My, uMo) M (Mg)
D118 region (Fig. 2) ........ 125 pe 1 x 10° 3 x 10° 4 x 10° 5.6 x 10°
BA292 ..ot 48 pc 5 x 10° 6 x 10° 1 x 10° 1.4 x 10°
P248 ... 57 pc 4 x 10° 5x 10° 9 x 10° 1.3 x 10°
BA289 ...l 25 pc 3 x 10° 6 x 10° 9 x 10° 1.3 x 108

NoTe—Total mass includes correction factor of 1.4 for presence of helium and heavier elements. The
H 1 masses listed are those calculated for all the observed H 1 gas along the line of sight to the individual

clouds.
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F1G. 10—Average CO and H 1 spectra obtained by averaging all the H 1 and CO data obtained toward the D118 region at positions where CO was detected in
Fig. 3 (top box) and positions where no CO lines were detected in Fig. 3 (bottom box). The average CO profile from positions where CO was detected has well-defined
structure in velocity which can be successfully modeled by a Gaussian deconvolution of the line into three components. The amplitudes, positions, and widths of
three Gaussian functions which represent the best three-Gaussian plus linear baseline least-squares fit to this spectrum are represented by crosses in the figure. The
amplitudes, LSR velocities and widths of these lines were found to be: 0.37 + 0.04 K, 0.72 + 0.04 K, 0.07 + 0.11 K, —530.6 + 0.73 km s~ 1 52124+ 051 kms™},
—5150+1.32kms™ %, 83+ 1.5kms ! 59+ 25kms 'and 3.3 + 1.7 km s}, respectively. The average H 1 emission profile is both wider and smoother in shape
than the CO profile. The average H 1 profile from positions without detectable CO is essentially structureless and has an integrated brightness about a factor of 1.4

less than the average H 1 profile from positions with detectable CO emission.

associated with the H 11 regions BA 292 and P248 are similar
to those of GMCs in our Galaxy. The CO line widths are
larger than one might expect from a single GMC, but as dis-
cussed earlier the observed profiles are probably the result of a
superposition of more than one large cloud along the line of
sight. But are the clouds in each complex indeed physically
related? From the total line widths and sizes of the CO com-
plexes we can investigate the extent to which these complexes
are gravitationally bound by application of the virial theorem.
Considering only the molecular gas we find the virial masses of
the two complexes to be 1 x 10° M, and 8 x 10° M, for the
BA 292 and P248 complexes, respectively. These values are
within a factor of 2 of the masses calculated independently

from equation (2) and strongly suggest that the entire molecu-
lar component of the complexes is gravitationally bound and
that the individual molecular clouds in each complex are
physically related. The virial masses estimated for the individ-
ual clouds in each complex are on the order of 2-3 x 10° M,
and these clouds are certainly bound, and perhaps even in
virial equilibrium.

It is of course of interest to consider the relation of the
atomic gas to the complexes. As can be seen in Table 2, the H 1
masses are comparable to the molecular masses along the lines
of sight to the molecular clouds. However, the H I lines have
larger line widths and likely arise from a larger volume than
that containing the CO clouds. Thus it may not be reasonable
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to attempt to associate all the H 1 gas observed toward the
molecular clouds with the complexes themselves. As discussed
earlier, the atomic hydrogen column density away from the
molecular clouds is an appreciable fraction of the atomic
hydrogen density observed toward the clouds. From Figure 10
we estimate a lower limit to the H 1 associated with each
complex to be about 30% of the total observed H 1 column
density. In which case the corresponding atomic hydrogen
mass would be about 2 x 10° M, for each complex, which is
about half the molecular mass in each complex. We expect that
in this case the associated atomic gas covers a velocity range
similar to that of the CO gas and is thus clearly bound to the
individual complexes. In any event, our data indicate that the
molecular cloud complexes in D118 contain significant
amounts of atomic gas. On the order of 30% of the total mass
of a bound giant molecular complex in this region of M31 may
be composed of atomic gas. Similar sized, bound molecular
complexes have been observed in a spiral arm feature about 11
kpc from the center of M31 by Boulanger et al. (1984). From
comparison with H 1 observations, these authors estimated
that atomic hydrogen accounted for about 40% of the total
mass of the two GMC complexes they studied. It is useful to
compare these results to observations of galactic molecular
clouds. Atomic hydrogen halos are known to exist around
giant molecular clouds (e.g., Wannier, Lichten, and Morris
1983); however, their masses are difficult to estimate because of
confusion with background H 1 emission. In a few cases where
such confusion is minimized, reasonable H 1 mass estimates
have been obtained. For the Orion molecular cloud complex
about 15% of the total gaseous mass is in the form of atomic
hydrogen (Gordon 1970; Maddalena et al. 1986), while in
W3-4 and the Rosette complexes about 50% of the total gas
mass is atomic in form (Hasegawa, Sato, and Fukui 1983;
Lada et al. 1978; Blitz and Thaddeus 1980). These values are
comparable to those which we obtain for the cloud complexes
in D118 in M31.

d) J = 2 - 1 CO Observations: Physical Conditions in the
Molecular Gas

In order to investigate the physical conditions in the molecu-
lar gas in the D118 region we obtained an observation of the
J =2 — 1 transition of CO toward this region. This observa-
tion was made toward the P248 cloud complex with the 12 m
telescope on Kitt Peak which has a beam size of 33" at the
J = 2 > 1 observing frequency. In order to make a useful com-
parison with the J =1— 0 observations, we constructed a
single J = 1 - 0 spectrum from the NRO data by convolving
the individual spectra in the D118 region to a synthetic 33"
beam centered at the same position as the J = 2 — 1 observa-
tion. In Figure 11 we show the convolved J = 1 — 0 spectrum
along with the J = 2 — 1 spectrum. The line widths (FWHI) of
the two profiles are the same, 7 km s~!. However, the
J =1-0 profile exhibits structure on its high-velocity side,
indicating the existence of an additional velocity component
which is not visible in the more noisy J = 2 — 1 spectrum. The
temperature scales in Figure 11 are set to the Tz* scale as
measured at NRAO. For comparison of the two line strengths,
however, it is more appropriate to use a brightness tem-
perature Ty (or equivalently T in the formalism of Kutner and
Ulich 1981) of the emission lines than a Tz* since the coupling
of the source intensity distribution to the telescope beams is
different for the two telescopes at the two different frequencies.
To determine brightness temperatures we need to know the

Vol. 328

angular distributions of source brightness and the antenna
response functions of both telescopes. In both cases the tele-
scope error patterns contain a nonnegligible fraction of the
observed power, but in neither case do we have requisite
knowledge of the structure of the error patterns to permit a
detailed deconvolution. However, we do know that the molec-
ular clouds in D118 are small compared to the sizes expected
for the telescope error patterns so the cloud brightness dis-
tributions may not be expected to couple that strongly to the
error patterns. Consequently, we may be able to estimate main
beam brightness temperatures for the two spectra from the Tp*
temperature scales with knowledge of the coupling efficiency 7,
(Ulich and Haas 1976; Kutner, Mundy, and Howard 1984) for
a source which just fills the main beam. For the 2 — 1 observa-
tions 5, = 0.48 for a source which just fills the main beam; for
the J =1 — 0 observations we estimate that y, = 0.70 from
comparison of our convolved spectrum of Orion with 11 m
observations (see § II). Since the spectra in Figure 11 are con-
volved to the same beam size, the ratio of main beam brightness
temperatures will equal the ratio of source brightness tem-
peratures if we assume that the source sizes at the two fre-
quencies are the same. With the appropriate corrections made
we find that the ratio of the J = 1 > 0to J = 2 — 1 brightness
temperatures is 3.4.

In order to interpret the ratio of brightness temperatures
derived above in terms of physical conditions in the molecular
gas, we calculated the expected ratios of these transitions in a
numerical model (provided by Philip Maloney). The model
assumed statistical equilibrium and a plane parallel slab
geometry and calculated the peak line temperatures from the
nine lowest rotational transitions of CO as a function of kinetic
temperature, CO column density, molecular hydrogen number
density, and CO line width. Assuming a cloud kinetic tem-
perature of 10 K and a line width of 10 km s~! models were
calculated for a wide range of CO column density and molecu-
lar hydrogen number density. The results of these calculations
are shown in Figure 12 where we plot contours of equal CO
J =1-0 brightness temperatures and J=1-0/J=2->1
line ratios. Considering the noise in the observed spectra we
estimate the appropriate ratio of line temperatures is likely to
be between 3.0 and 3.8, while the average J = 1 — 0 brightness
temperature is likely to be between 2 and 6 K depending on
how well the cloud fills the convolved beam (for comparison
the average brightness temperature of the NGC 2264 molecu-
lar cloud is 4 K, Margulis and Lada 1986). From the figure and
the calculations we find that the range in observed parameters
can be produced by models with hydrogen number densities
between roughly 10 and 1000 cm ™3 and CO column densities
between 107 and 3 x 10*® cm ™2, These number densities and
column densities are similar to those one would expect from
average properties of galactic molecular clouds and suggest
that basic properties, such as the CO to H ratio, the number
densities, temperature, etc., of the molecular clouds in the D118
region of M31 are similar to those of molecular clouds in the
Milky Way.

IV. DISCUSSION

Our CO observations appear to have resolved extragalactic
GMCs similar in size and mass to those in the solar neighbor-
hood of the Milky Way. As in the Milky Way, these clouds are
closely associated with H 11 regions and are active sites of star
formation. Our H 1 observations indicate that these GMCs
contain substantial amounts of atomic hydrogen gas which
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FiG. 11—Observed J = 1 -0 and J = 2 — 1 spectra from a position toward the P248 molecular cloud. The J = 1— 0 spectrum has been constructed by
convolving appropriate NRO spectra to the same beam size as the J = 2— 1 spectrum (i.e., 33) which was obtained with the NRAO 12 m telescope. The

temperature scales for both spectra are Tg* equivalent scales.

comprise about 30% of the total mass of the cloud complex.
The complexes are gravitationally bound and represent local-
ized mass enhancements in a large H 1spiral arm feature, 7 kpc
from the center of M31. The molecular component of each
complex appears to be made up of typically two or more large
or intermediate-sized molecular clouds. The velocity disper-
sion of the CO clouds is similar to that of GMCs in the solar
neighborhood. From the H 1 and CO observations we find no
evidence to indicate that the physical conditions in these cloud
complexes is different in any substantive way from the physical
conditions in local GMCs in our Galaxy. Recently, higher
resolution CO observations of this region have been obtained
with the millimeter-wave interferometer at Owens Valley
Radio Observatory. Vogel, Boulanger, and Ball (1987) synthe-
sized a minute of arc field of view centered on BA 292 with a
projected spatial resolution equal to about 25 pc. They
detected CO emission from the BA 292 cloud over a region
about 60 x 20 pc in extent. The CO emission measured by the
interferometer was centered at an LSR velocity of about —530
km s~ ! and observed over a velocity range of about 8 km s~ 1.
These observations recovered only about half the flux of the
NRO observations and evidently revealed only the most
prominent of the clouds in this complex. Vogel, Boulanger, and
Ball found that the size and brightness of the CO cloud they

detected was very nearly the same as that which would be
observed from the Orion molecular cloud complex if it were at
the same distance. These observations clearly support the con-
tention that the CO features mapped by our NRO observa-
tions are indeed individual GMCs in M31, similar to those in
our Galaxy.

It is interesting to consider our observations of M31 in the
context of stellar and molecular cloud formation and evolu-
tion. From Figure 2 we see that the positions of the H 11
regions occur closer to the positions of peak CO emission
rather than peak H 1 emission in the P248 and BA 292 cloud
complexes, suggesting that, as in the Milky Way, the formation
of massive stars occurs in molecular clouds. Figures 1 and 2
also show that the molecular coluds are well centered within
the H1 arm. As seen in Figure 1 and discussed earlier, the
optically identified dark clouds, like the CO emission in D118,
also appear centered along the spine of the H 1 arm. If the
molecular gas is indeed centered within the H 1 filament, then
this would suggest that the H 1arm is itself centrally condensed
along its length. Such an idea is consistent with the fact that the
molecular complexes are regions of enhanced total mass
density in the H 1 arm. This is what one might expect as a
result of a gravitational (or Parker-type) instability in the H 1
arm. Spiral density waves appear capable of triggering such
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FIG. 12—Predicted intensities of the J =1— 0 transition of CO (solid
lines) and the ratios of the J=1-0 to J =2 — 1 peak intensities (dashed
lines) from a simple statistical equilibrium, radiative transfer calculation, rep-
resenting a plane-parallel molecular cloud with a kinetic temperature of 10 K
and a CO linewidth of 10 km s~ *. These quantities are plotted as a function of
molecular hydrogen number density and CO column density. The solid con-
tours are the peak temperatures of the J = 1 — 0 transition expressed in equal
0.5 K units starting from 0.5 K at the lowest contour. The dashed contours run
from 1.6 to 5.6 in equal increments of 0.4.

large-scale instabilities in disk galaxies (Elmegreen 1979). The
very large arm-interarm contrast in CO emission in M31
(Stark 1985) suggests that the GMC-H 1 complexes we have
observed are likely to have been formed within the spiral arm
feature. There are at least two ways in which the GMCs could
have been created within the H 1 arm. First, the deep potential
well resulting from the large-scale instability in the arm could
have collected into the H 1 arm numerous, preexisting, but
undetectable, small interarm molecular clouds. Large, detect-
able GMCs would then form from these small molecular
clouds through collisional coalescence. Second, the GMCs
may have formed from atomic gas within the spiral arm
feature. In this picture the interarm gas is primarily atomic
hydrogen in form and the gravitational (or Parker) instability
initially produces a central H 1 mass condensation which
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grows from the infall of surrounding gas until the column
density of H 1 is above the threshold for molecular hydrogen
then later CO formation. At this point the molecular complex-
es would become detectable. Our findings that (1) the overall
molecular hydrogen mass in the arm is on the order of only
20% of the total gaseous mass, and (2) the H 1 and CO column
densities are linearly correlated, combined with the fact that (3)
the arm-interarm contrast in CO emission (>25; Stark 1985) is
considerably greater than that in H 1 emission (2-6; Sofue and
Kato 1981) suggest that the molecular clouds were formed
from the H 1 gas in the arm. Otherwise, (2) would imply that
the arm-interarm contrast would be the same for CO and H 1
emission, which is inconsistent with (3). In other words, a
population of small clouds with sufficient molecular mass to
ultimately form the observed GMCs would be readily detect-
able in the interarm region. In addition, (1) indicates that the
atomic gas is the largest reservoir of protons in the region and
this is what one would expect if molecules formed from atomic
gas in the H 1 arm. However, if the GMCs formed from atomic
gas in the arm, (2) suggests that the conversion of H 1 — H, is
never complete, even after the threshold column density for H,
formation is exceeded. On scales of 100 parsecs or so the for-
mation efficiency of H, from H 1is between 50% and 70% (by
mass). These considerations suggest that the molecular clouds
we have observed are very young, having formed within a time
given by tgyc & Dy = V, = 2.0 x 107 yr, where Dy, is the
width of the H 1 arm above the column density threshold for
CO detection (about 100 pc) and V, is the velocity dispersion of
the CO clouds in the arm (about 6 km s~ ). Finally, we point
out that on scales of 100 pc or so we find no indication for a
global spatial separation of the atomic and molecular gas as
might be expected if a spiral density wave was responsible for
the direct transformation of atomic to molecular gas in a
shock. However, such a spatial segregation might not be
apparent in M31 because of its high inclination to the line of
sight. Consequently, our observations also could be consistent
with molecular cloud formation in a classical density wave
shock.

Apparently, soon after the formation of the GMCs takes
place, OB star formation occurs within them. The formation of
such stars is expected to eventually disrupt the GMCs. How
long this takes is unclear. However, our observations of the
A22 region suggest that this disruption process may also occur
on a very short time scale. Figures 3 and 5 show our CO and
H 1 observations centered on the H 1 region BA 289, a very
bright nebula at the southwest tip of A22. The basic properties
of the H1 and CO emission here are considerably different
from those found for the D118 region as a whole. For example,
Figure 3 shows that the CO emission is weaker and more
patchy in its spatial distribution than that of the D118 region.
However, the most dramatic difference between the two
regions is in the observed line widths of the H 1 and CO pro-
files. As Figure 5 and Table 1 show the H 1 emission toward
BA 289 has a line width of about 53 km s~ !, nearly twice as
wide as the typical H 1 profiles in the D118 region. The CO line
toward BA 289 has a formal half-intensity width of 12 km s,
typical of the CO clouds near P248 and BA 292. However,
unlike those clouds, significant CO emission from BA 289 is
observed over a velocity range of nearly 40 km s~ ! at just
below the half-intensity level. It is important to note that the
large velocity widths observed in the H 1 and CO gas are both
localized and centered around BA 289. These large velocity
dispersions are certainly associated with the H 1 region and
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are not due to lots of small clouds which are distributed over a
large distance along the line of sight in the highly inclined
galaxy.

In Table 2 we list the atomic and molecular gas masses for
the BA 289 region. Although the total gas mass associated with
BA 289 is similar to that of the GMC complexes in D118 (i.e.,
~10° M), the fraction of the total mass along the entire line
of sight in the form of molecular hydrogen is significantly
lower, having a value of only about 30% or less. The viral mass
for BA 289 is found to be about 107 M, an order of magni-
tude greater than the total mass listed in Table 2. Clearly,
unlike the cloud complexes in D118, the BA 289 complex is
unbound. The gravitational binding energy of an individual
GMC in D118 is & GM?/R =~ 2 x 10°! ergs which is approx-
imately equal to the total kinetic energy of the gas in it.
Toward BA 289 the kinetic energy (i.e., :MV?) of the atomic
hydrogen gas alone is roughly 7 x 10°! ergs and the total gas
kinetic energy exceeds 1032 ergs! Apparently, massive stars in
BA 289 and in A22 have injected large amounts of energy into
the complex and through the combined action of H 11 regions,
winds, and supernovae, have caused it to become unbound.
Indeed, the overall morphology of the region (see Fig. 1) sug-
gests that BA 289 is now located in the last surviving molecular
remnant of a once larger molecular cloud complex from which
the A22 association formed. The relative positions of the OB
stars in A22, the H 11 region and the molecular gas are also
consistent with a picture that the cloud disruption occurred as
a result of the sequential progression of massive star formation
through the original cloud (Elmegreen and Lada 1977). In any
event, it appears that the time scale for cloud disruption by star
formation is relatively short, since the BA 289 complex is not
displaced in any measurable way from the spine of the H 1 arm.
As before this suggests a time scale of disruption also on the
order of a few times 107 yr.

Together, these considerations suggest that GMCs in this
region of M31 are formed and destroyed over relatively short
times within the H 1 spiral arm feature. This suggestion is con-
sistent with the finding that the arm-interarm contrast in CO
emission in M31 is very large (Stark 1985). These observations
appear to indicate once more that spiral arms play a significant
and fundamental role in the formation of GMCs and massive
stars in disk galaxies, although, the detailed nature of that role
is still unclear (e.g., Elmegreen 1987).

V. SUMMARY AND CONCLUSIONS

We have obtained the first coordinated CO and H 1 0observa-
tions of M31 made with identical and sufficiently high angular
and velocity resolutions to resolve individual giant molecular
clouds. We obtained extensive observations of a star-forming
complex located within a portion of a spiral arm about 7 kpc
from the center of M31. The primary results of these observa-
tions can be summarized as follows.

1. The distribution of atomic and molecular gas is clearly
correlated in both space and velocity. The peak temperatures
and integrated intensities of H 1 and CO emission are found to
be linearly related, with the strongest CO emission occurring in
regions of strongest H 1 emission within the spiral arm.

2. The H 1 line widths are typically around 25 km s~ ! and
usually a factor of 2 broader than CO lines detected along the
same lines of sight. Along lines of sight where both CO and H 1
lines are detected, the velocities of peak H 1 and CO emission
tend to agree, but there is a large dispersion in the difference of
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peak emission velocities of about 6 km s~ !. However, in spite
of this large dispersion, the extent of the CO emission is always
contained within the extent of the H 1 emission profile. The
dispersion in observed radial velocities of the CO clouds is
between 4 and 6 km s~ ! in the region observed. This is similar
to the one-dimensional velocity dispersion of GMCs in the
Milky Way.

3. The spatial distribution of CO emission toward D118
shows significant structure with a large contrast between the
peaks of CO emission and the background, where no CO emis-
sion is detected. Indeed, the observations resolve the CO emis-
sion into three distinct cloud complexes with projected sizes
and separations on the order of 100 pc. The distribution of H 1
emission is much smoother than that of the CO emission.
However, spatial peaks in the H 1 intensity distribution are
found at the same locations as the CO peaks. The contrast
between the peaks and the background is considerably smaller
for the H 1 emission than for the CO emission.

4. The molecular clouds are associated with H 11 regions
and appear to be active sites of star formation. The clouds
contain molecular hydrogen masses on the order of 5 x 10°
M, similar to the GMCs near the Sun. The GMCs in M31 are
also found to contain substantial amounts of atomic hydrogen
gas which comprise ~30% of the total mass of each cloud
complex. These GMC-H 1 complexes are gravitationally
bound and represent localized mass enhancements in the large
H 1 spiral arm feature. The molecular component of each
complex is made up of typically two or more large or
intermediate-sized molecular clouds. There is no evidence for a
significant contribution to the observed emission from small
molecular clouds, indicating that masses of the complexes are
dominated by GMCs.

5. The observed correlations between CO and H I inten-
sities suggest a threshold column density for the formation of
molecular hydrogen of about 102! atomic hydrogen atoms per
square centimeter. Similarly, the observations suggest a thresh-
old atomic hydrogen density of about 5 x 10*! cm~2 for the
formation of CO molecules. In both instances the apparent
thresholds are very similar to the corresponding values obser-
vationally determined for clouds in the Milky Way. This sug-
gests that the physical conditions (e.g., interstellar radiation
field, gas-to-dust ratio, CO-to-H ratio, etc.) in the interstellar
medium of M31 are similar to those in the solar neighboor-
hood.

6. In the region we mapped, about 25% of total gas mass is
in the form of molecular hydrogen. For the spiral arm as a
whole we estimate that 15%-20% of the total gaseous mass is
in the form of molecular hydrogen. This is similar to the
observed molecular hydrogen abundance within the solar
neighborhood.

7. Comparison of CO observations in the J =1—-0 and
J =2 —1 transitions with model cloud calculations suggest
hydrogen number densities and CO column densities similar to
those in galactic GMCs.

8. Comparison of our H1 and CO observations suggests
that molecular clouds form from atomic gas on relatively short
time scales within a spiral arm. However, it is not clear whether
this occurs as the result of a density wave shock or some sort of
instability induced in the arm. Observations of large line
widths associated with the atomic and molecular gas around
the BA 289 H 1 region suggest that the formation of massive
stars can lead to the rapid disruption of the molecular com-
plexes after the clouds are formed. The entire evolution of the
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GMC:s in this region of M31 from formation to destruction
may occur within a period of less than 108 yr.

Our observations indicate that the physical conditions in the
D118 star-forming region of M31 are remarkably similar to
those in the solar neighborhood of the Milky Way. The
observed sizes, masses, atomic to molecular gas abundances,
cloud densities, and velocity dispersions are all very similar to
those of nearby GMCs. There is even some evidence to suggest
that the gas-to-dust ratios and average interstellar radiation
fields are similar. All of this is in striking contrast to a compari-
son of the global star-forming properties of the two galaxies.
Although the two galaxies have similar total stellar and H 1
masses, M31 is 5 times weaker in its total far-infrared lumin-
osity (Habing et al. 1984; Walterbos 1986) and has an average
molecular hydrogen surface density between 3 and 5 times
lower than the Milky Way (Walterbos [1986] and references
therein). Our observations indicate that these global differences
may not arise as a result of fundamental differences in the
physical conditions of the interstellar medium on microscopic
(ie., 100 pc) scales. It is also clear that the star-formation

properties of the Milky Way differ from M31 primarily in the
inner regions of both galaxies. Perhaps the pertinent question
which needs to be addressed is why the inner Milky Way is so
different from the solar neighborhood in its star-formation
properties.
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