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ABSTRACT

The 1.2 m millimeter-wave telescope at the Center for Astrophysics has been used to carry out the first
complete CO survey of M31. At 115 GHz, the frequency of the J = 1 — 0 transition observed, the telescope
has a beamwidth of 8.7, corresponding to 1.7 kpc at the distance of M31. A total of 8 hr per day during two 6
month observing periods were devoted to the survey, which covers a 153’ x 45" area of the disk with half-
beamwidth (4:5) spacing. An average integration time of 100 minutes per point yielded an rms noise of 18 mK
in each 1.3 km s~ ! wide channel of our spectrometer. The entire galaxy has been observed out to a radius of
at least 15 kpc—well beyond the optical disk and H 1 ring.

Like other Population I in M31, the bulk of the CO emission in M31 is confined to a broad ring with a
radius of ~10 kpc. Secondary enhancements in CO near R = 4.5 kpc and 14 kpc, similar to that in other
Population I and probably the result of spiral arms, were also detected. The fraction of gas in molecular form
drops sharply beyond 10 kpc, but is constant or rising within. Near the tangent of Arp’s inner spiral arm N3
at R = 4.5 kpc, the H,/H 1 surface density ratio is roughly 3 times the mean in the 10 kpc ring.

If the Galactic value for the ratio of H, mass to CO intensity is adopted, the molecular mass surface
density at the peak of the 10 kpc ring is ~1.3 My pc~ 2, about the same as that in the Milky Way at the
same radius, but only one-fifth that at the peak of the Milky Way’s molecular ring at 4.5 kpc. Even at the
brightest CO positions, the fraction of gas in molecular form appears no larger than one-third. The total H,
mass of M31 is found to be 2.7 x 108 M o, more than a factor of 10 less than that of H 1, and about one-

fourth the molecular mass of the Milky Way computed in the same way.
Subject headings: galaxies: ISM — galaxies: individual (M31) — galaxies: structure — ISM: molecules

1. INTRODUCTION

As the nearest spiral galaxy to our own, the Andromeda
galaxy, M31, has been the most intensely observed of all exter-
nal galaxies. Its proximity allows studies of its stars, dark
clouds, H 11 regions, and other constituents with resolution
achievable in no other spiral except M33. Its high inclination
to the line of sight (77°) poses a difficulty in the determination
of the distribution of objects in the disk, but it greatly facilitates
studies of the disk kinematics.

Although a number of complete 21 cm surveys of atomic
hydrogen in M31 have been carried out over the past 30 yr
(e.g., Roberts 1966; Emerson 1974; Unwin 1980; Brinks &
Shane 1984; Braun 1991), no comparable CO studies of molec-
ular gas have been undertaken. The pioneering study of
Combes et al. (1977) showed that CO along the major axis of
M31 was confined to the Population I ring about 10 kpc from
the galactic center. Strip maps along the minor axis by Stark
(1979) and Sandqyvist, Elfhag, & Lindblad (1989) confirmed this
result and showed that, unlike the center of our Galaxy, the
center of M31 contained no significant CO emission. The two
largest regions of M31 mapped previously in CO were a
18’ x 15 field near the southwest tangent of the Population I
ring (Stark, Linke, & Frerking 1981) and a 20’ x 4’ field in an
eastern spiral arm (Ryden & Stark 1986), both studies at an
angular resolution of 1!7. Most subsequent CO observations of
M31 have been at yet higher angular resolution within one or
the other of these two regions, with the purpose of studying the
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relation of molecular clouds to spiral arms or the properties of
individual clouds (see Hodge 1992 for a review).

M31 is difficult to survey in CO in any rotational transition
because of its large angular size, roughly 3° by 1°, and the
faintness of its CO emission, which in the J = 1 — 0 line on the
scale of 1 kpc is nearly an order of magnitude fainter than that
in our own Galaxy. Almost all existing millimeter-wave tele-
scopes have too small a beam, are too insensitive at the CO
lines, or are shared by too many observers to fully survey M31
in a reasonable amount of time.

The 1.2 m millimeter-wave telescope at the Center for Astro-
physics (CfA) is equipped with one of the most sensitive exist-
ing receivers at 115 GHz, the frequency of the CO J =1 -0
line used for most molecular surveys, and this telescope is
especially well adapted to large-scale studies requiring months
or years of observation. With an 8!7 beam, the CfA telescope
has mainly been dedicated to surveys within our own Galaxy,
but it has long been apparent that a complete study of CO in
M31 with this instrument would be worthwhile, and quite pos-
sible with a very sensitive cryogenic receiver. The wealth of
useful information on the distribution of gas in M31 that can
be obtained at our angular resolution is demonstrated by the
21 cm survey of M31 done with the 100 m Effelsberg telescope
(Cram, Roberts, & Whitehurst 1980; hereafter CRW), an
instrument with almost exactly the same beam size at 21 cm as
that of our telescope at 115 GHz.

Two observing seasons on the CfA telescope, each from
autumn to spring, were required to obtain the fully sampled
CO survey of M31 presented here. Ours is the first to com-
pletely sample the Population I disk of M31, and it provides a
linear resolution (1.7 kpc) which is within a factor of a few of
that achievable in CO with most filled-aperture telescopes in
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other nearby spirals; at M51 even with the IRAM 30 m tele-
scope the linear resolution is ~0.6 kpc at the J = 1 — 0 line,
and 0.3 kpc at 2— 1. Our purpose here is to amplify and
extend the brief reports of our survey published recently by
Dame et al. (1991) and Koper et al. (1991), presenting maps
which summarize the spatial distribution and kinematics of
molecular gas in the galaxy, and comparing CO, H 1, and other
Population 1. Further analysis of the survey, including a
detailed comparison of the interstellar medium in M31 and the
Milky Way using the IRAS survey and a discussion of the
conversion of CO intensity to H, mass in M31 will be present-
ed in Koper et al. (1993; hereafter Paper II).

In the next section we describe the CfA telescope, with
emphasis on those components of the instrument, especially its
light, rapidly position-switched antenna, computer system, and
SIS receiver, which made the survey possible. In § 3 we discuss
the observations in detail. In many respects the survey was the
most challenging yet undertaken with the 1.2 m telescope,
requiring the implementation of new observing techniques and
unprecedented care in data acquisition to reduce baseline
irregularities. In § 4 we summarize the survey in various ways,
including a velocity-integrated spatial map, major axis profile,
and position-velocity contours, and compare these to similar
displays of the CRW 21 cm survey. We also derive and
compare the distributions with galactocentric radius R of H,
and H 1, and their distributions with galactocentric angle
around the main gas ring in M31 at R ~ 10 kpc.

2. INSTRUMENTATION AND CALIBRATION

The antenna of the 1.2 m telescope, a Cassegrain with a
parabolic primary with an rms surface accuracy of 40 um, and
17.8 cm hyperbolic secondary, is a fast diffraction-limited
system with an effective f/D of 3.79. In 1988, a transmitter in the
intermediate field at a distance of 1400 m (2.5D?/1) was used to
measure the telescope’s beam pattern in azimuth and elevation
to a radius of 70’, beyond the fourth sidelobes at a power level
of —40 dB relative to the main beam. The measured beam-
width at 115 GHz of 87 and beam efficiency of 0.82 were in
good agreement with the predictions of scalar diffraction
theory. Direct-drive torque motors can position switch the
lightweight aluminum antenna over an angle of several degrees
to an accuracy of better than 1’ in a time of about 1 s.

The present survey would not have been feasible without the
very sensitive SIS heterodyne receiver which was installed on
the telescope in 1983. The mixer (an inductively shunted Nb/
PbInAu junction; Pan et al. 1989) and the first stage of amplifi-
cation (a low-noise Weinreb 30 dB high electron mobility
transistor [HEMT] amplifier) are maintained at 4 K in a liquid
helium dewar. The mixer can be tuned with two backshorts to
reject the image sideband to better than 20 dB. Typical single
sideband receiver noise temperatures were in the range 60—70
K during the entire present survey. Total system temperatures
referred to above the atmosphere ranged from ~ 800 K at the
lowest elevations observed (~30°) to ~400 K at the highest
(~75°); acceptable weather variations imposed an rms scatter
on these values of ~25 K. At high elevations, the atmosphere,
the far sidelobes, and the receiver made roughly equal contri-
butions to the total system temperature, so a much better recei-
ver would not be of much benefit in Cambridge.

The spectrometer used for our survey, a 256-channel filter
bank adapted from an NRAO design (Mauzy 1974), has
proved extremely reliable and stable over a decade of use. At
115 GHz, its 0.50 MHz filters provided a velocity resolution of

1.3 km s™'—far better than required for the broad lines
observed—and total velocity coverage of 332 km s !—
adequate to cover the full range of 21 cm velocities observed by
CRW at any one position while leaving one-quarter to one-half
the channels beyond the rotation curve of M31 as spectral
baseline. At the sensitivity of the M31 survey, variations in the
power-law characteristics of the filters in the spectrometer, par-
ticularly systematic variations between groups of 16 filters on a
single board, can be a significant source of spurious baseline
structure unless residual (ON-OFF) switched power is kept very
low. To first order, the amplitude of this effect scales with
residual power (Digel 1991), and becomes comparable to the
survey rms for residual powers greater than 1 K. To eliminate
this effect as a significant source of baseline distortion, residual
powers were kept below 0.1 K by the techniques described in
§ 3.

The first major upgrade of the computer control system of
the CfA telescope since its construction in 1974 occurred in the
summer of 1990, with the M31 survey half completed. A Data
General NOVA computer with 64 kb of random access
memory (RAM) and a 5 Mb disk was replaced with a Mac-
intosh IIfx with 5 Mb of RAM and 140 Mb of disk storage. All
of the control and data reduction software, originally written
in ASSEMBLY language and a customized language similar to
ForTH, were simplified and rewritten in C language. The
Macintosh communicates with the telescope hardware
through a National Instruments 32-bit parallel interface board,
and with a Digital Equipment VAXstation II through a serial
line. The VAX receives completed spectra from the Macintosh
for further processing and can relay messages to observers via
electronic mail when problems occur during automated
observing. Data can be exported in its original format, along
with the new software which can be run on any Macintosh
computer, or in FITS format via the VAX. Among the software
improvements relevant to the M31 survey were a complete
implementation of the (X, Y) offset coordinate mode, allowing
mapping and other automated observing procedures, auto-
matic setting of center velocity and baseline windows from
CRW data on-line, and more frequent adjustments of the ele-
vation of the OFF position to obtain required low residual
switched power (see § 3).

Spectral line intensities were calibrated against a room-
temperature blackbody, a standard Eccosorb chopper wheel
rotating just in front of the feed horn (Davis & Vanden Bout
1973). Measurements of sky brightness as a function of ele-
vation, obtained at least every 6 hr, were fitted to the two-layer
atmospheric model of Kutner (1978) to determine the tem-
perature and opacity of atmospheric water vapor. The ability
of the SIS receiver to tune out the image sideband eliminated a
serious source of uncertainty in calibrating the CO J =1-0
line: the significant difference in sky brightness between the
image and signal frequencies caused by the pressure-
broadened atmospheric O, line at 118 GHz. The oxygen
opacity at the zenith was assumed constant at 0.378; water
opacities ranged from a minimum of 0.05 on the coldest, driest
days, to 0.25, the opacity at which observations were
abandoned.

All line intensities given here and in Paper II are in units of
radiation temperature Ty = T%/n, where T% is antenna tem-
perature corrected for atmospheric absorption, ohmic losses,
and rearward spillover and # is the main beam efficiency given
above. Note that intensities reported in Koper et al. (1991) are
in units of T%, and thus are lower by a factor of 0.82.
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At an angular resolution of 8.7, there is no strong CO source
either in M31 or in the Milky Way near the —300 km s~!
systemic velocity of M31. The best that could be found for a
check of the intensity calibration and pointing was Galactic
source NGC 7538 at v = —55 km s~1, 24° away at | = 111°5,
b = 0°75. Since the CO frequency of NGC 7538 is 100 MHz or
more from that of the gas in M31, it was necessary to retune
the SIS receiver, remeasure its receiver temperature, and reca-
librate the atmospheric model between observations of the test
source and M31. This procedure was performed twice daily,
once at the start of observations, and again 6 hr later, following
a 2 hr period during which M31 was too close to the zenith to
be tracked by the altitude-azimuth mount. The mean velocity-
integrated CO temperature of NGC 7538 (in the range —90 to
—30 km s™!) was 121 K km s~ !, with a day-to-day variation
of less than 3% rms.

3. OBSERVATIONS

Even when observed on an angular scale of ~1’, CO lines in
M31 are weak (<0.1 K) and broad (Av ~ 50 km s~ !: e.g,
Ryden & Stark 1986; Blitz 1985). With a small dish, beam
dilution tends to weaken the velocity-integrated line intensity,
and velocity gradients across the beam widen the lines and
further reduce the peak line intensity. Because, as discussed
below, we observed a given position in M31 for no longer than
~20 minutes on any given day, the survey was conducted
“blind ” in the sense that lines could not be discerned in indi-
vidual spectra. It was therefore necessary to take great care to
ensure that the telescope was operating properly. Even when
many spectra were summed, extremely flat baselines, free of
systematic errors, were required to detect the very broad lines
observed at our angular resolution.

November to April is generally the best observing period in
Cambridge, and the present survey was done during those
months in 1989-1990 and 1990-1991. M31 was observed daily,
weather permitting, for 8 of the 10 hr when it was above an
elevation of 35°. Observations could be made on roughly half
the days during each period. Clear skies were generally
required when the outside temperature was above freezing;
below freezing some diffuse cirrus clouds were tolerable.

To randomize possible systematic errors, observations of a
given point in M31 were divided among 5 separate days nor-
mally separated by weeks or months. Each observation was to
an rms noise of 40 mK per channel and typically required 20
minutes of integration. Averaging the five observations yielded
an overall noise level of 18 mK. On a given day, observations
were confined to one or two groups of points which were close
in radial velocity (+25 km s~ '), to maintain optimum receiver
tuning, but well distributed spatially, to randomize slight cali-
bration differences from day to day.

The 21 cm survey of CRW was extremely useful in guiding
the observations, since on the scale of our beam CO and H 1
are fairly well correlated in M31. We observed a total of 365
positions lying on exactly the same half-beamwidth (4.5) rec-
tangular grid as that of CRW, centered at a = 0"40™, § = 41°
(1950), with X increasing toward the northeast along the major
axis of M31, at position angle 38°, and Y increasing along the
minor axis toward the southeast.® Qur observations cover just
over 2 deg?, and include all of the area within 16 kpc of the

3 The 4, B coordinate system of CRW is defined such that A= X and
B = —Y. Our coordinate system is negligibly different from that defined by
Baade & Arp (1964).
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center of M31, and 70% of the area between 16 and 21 kpc
from the center. At each position, the spectrometer was cen-
tered on the emission-weighted mean H 1 velocity from CRW,
and only those channels at velocities where T,(H1) < 1 K (i.e.,
less than 10% of typical peak H I intensities) were used in
removing linear baselines from the spectra.

Cautioned by the fact that the first reported detection of CO
in M31 was entirely spurious (Solomon & de Zafra 1975; their
claimed line toward the galactic center turned out to be base-
line ripple with a velocity-integrated intensity ~ 100 times that
of subsequent upper limits set at that position, as shown by
Rickard et al. 1977 among others), we took several unusual
steps to ensure flat spectral baselines. Azimuth switching to
a point just outside the H 1 disk of CRW (| X|> 130’ or
| Y| > 45) was used to remove most of the instrumental base-
line distortion. We further adopted a full switching period of
20 s, shorter than the 30 s period usually employed, to reduce
short-term sky and gain variations. Since M31 lies more than
20° from the Galactic plane, foreground Galactic emission is
not expected near —300 km s~ !, and there is no evidence for
high-velocity CO in M31 which could be confused with Milky
Way CO near 0 km s~ . Velocities over the main gas ring of
M31 range from —550 km s~ ! at the southwest limb to —50
km s~ ! at the northeast limb (see Fig. 1 of Koper et al. 1991).

The reference (OFF) position, typically displaced from the
source (ON) position by 1°-2° in azimuth, was also displaced by
a few arcminutes in elevation to cancel small shifts in total
power with azimuth. Since the OFF is always observed 10 s after
the on, the ~2’ change in elevation of M31 during that time
will introduce a systematic difference in total power between
the oN and ofr of ~0.1 K. To cancel this difference, the OFr
was displaced 21 below the oN while M31 was rising, and the
same distance above while setting.* Although this resulted in
residual powers which were very small, clouds and instrumen-
tal fluctuations introduced an rms scatter in the residual
powers of ~0.2 K. A comparable scatter resulted even if the oN
and OFF were held at the same fixed position on the sky.

To cancel these random variations in total power, the ele-
vation of the OFF relative to the oN was periodically adjusted
during an observation. The adjustments were made 8 times per
scan during the first observing season and more frequently
(every ON-OFF cycle) during the second season. At the time of an
adjustment, the calibrated atmospheric model of Kutner (1978)
was used to calculate the elevation offset necessary to cancel
the current residual power by the end of the scan. Offsets were
kept below 10" to avoid accidentally switching too close to the
disk of M31, but generally offsets of only 2'-3" were sufficient to
balance total powers at the ON and OFF to better than 1 part in
10*. The average residual power for all scans in the survey is
0.02 K, with a scan-to-scan variation of 0.05 K rms. A small
fraction of scans (~ 5%) with residual powers greater than 0.1
K were repeated; these were generally from days when clouds
produced larger and more rapid total power variations than
normal.

It does not appear that residual baseline curvature or ripple
contributes significant systematic errors to the survey, even to
velocity-integrated maps which are the most sensitive to wide
spurious spectral features. The observed rms noise calculated
over all baseline channels is consistent with that expected from
purely statistical instrumental noise. Figure 1 demonstrates

4 The value 21 assumes a constant rise/set rate of 0,18 s~ ! and an average
observing efficiency of 88%.
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FiG. 1—Velocity-integrated CO emission, Weq, in M31. (a) Positive emission, with the contour interval and lowest contour at 0.19 K km s~ *, about the 1 ¢ noise
level. (b) Negative emission similarly contoured, a demonstration that little of the structure in (a) is the result of noise.

clearly that the positive emission contoured in (a) lies well
above the noise, since little negative emission is seen in (b).
Further, the noise around the edges of the map, where there is
little or no emission, is close to that expected. This point is
demonstrated quantitatively in Figure 2, which compares the
distribution of W, values around the edges of the map with
that expected. A y? test indicates that the two distributions are
indistinguishable at the 98% confidence level.
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FiG. 2—Histogram of W, in regions thought to be free of CO: the 72
positions surveyed at | X | > 75 or | Y| > 20". The smooth curve shows the
distribution expected from purely statistical instrumental noise.

4. DISCUSSION

4.1. Weo Map

In the Milky Way, the velocity-integrated CO intensity,
W0, is the most useful and widely used tracer of total molecu-
lar mass, i.e., the molecular hydrogen column density N(H,).
Independent estimates of H, mass based on (i) the virial
theorem (Solomon et al. 1987), (ii) extinction in the visual and
near-IR (Dickman 1978; Dame 1993), and (iii) high-energy
gamma rays (Strong et al. 1988) demonstrate that Wco is a
particularly good tracer of H, on the scale of giant molecular
clouds (GMCs) or larger, and all three estimates yield a mass
calibration X = N(H,)/Wso of about 2 x 102° cm~2 K™!
km ™! s. Because the beam of the 1.2 m telescope subtends such
a large area at the distance of M31, it is likely that as here, W0
is a good tracer of H, mass in M31, but there is no assurance
that X is the same as here. For the sake of comparison with
most Galactic and extragalactic work to date, we will adopt
the Galactic value of X derived by Strong et al. (1988) from an
intercomparison of CO, H 1, and gamma-ray surveys® and
defer discussion of the best value to adopt for X in M31 to
Paper I1.

The most important result of the present survey, the dis-
tribution of W across M31, is shown in Figure 3b along with
similar maps of other Population I. The noise in the W, map
has been somewhat reduced by degrading the angular
resolution slightly (to 10’) by convolution with a Gaussian
smoothing function with a width approximately equal to that

5 Scaled down by 22% to 1.9 x 102 cm~2 K~ km™! s to account for a
calibration difference between the Ty scale used here and that used by Strong
et al. (see Bronfman et al. 1988 for details).
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Fi6. 3.—Spatial maps of Population I in M31. X and Y are rectangular offsets from a = 0"40™, § = 41° along and perpendicular to the major axis, at position
angle 38°. Maps a—d are spatially smoothed to an angular resolution of 10, the cross hatched disk in Fig. 3c. (a) H 1 column density derived from the 21 cm survey of
Cram, Roberts, & Whitehurst (1980) with foreground emission from the Milky Way removed; the contour interval is 3.4 x 102° cm ™2, (b) Velocity-integrated CO
intensity, from Fig. la. (c) IRAS 100 ym emission; the contour interval is 1.8 MJy sr~!. (d) Continuum map at 2695 MHz from the survey of Beck & Grive (1982); the
contour interval is 6.5 mK. Strong point sources with flux density greater than 11 mJy have been removed. (e) The positions of optical H 11 regions and supernova
remnants overlaid on the W, map, shaded as in (b). The H 1 regions are from Fig. 2 of Pellet et al. (1978), the brighter ones in black; the SNR are from the catalog of
D’Odorico et al. (1980).
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of the half-beamwidth sampling interval. Each of the other
i Population I maps shown in Figure 3 has been smoothed to
the same resolution. The only significant differences between
Figure 3b and the W, map presented by Koper et al. (1991)
occur at the adjacent positions (X, Y) = (22.5, 0) and (27, 0).
Two distinct H 1 lines of comparable strength at each of these
locations (see Fig. 7 below) resulted in inappropriate choices
for CO baseline windows at these positions in the Koper et al.
map. All other baseline windows were rechecked to ensure that
similarly poor baseline fits did not occur elsewhere in the
survey.

Figure 3a is the atomic hydrogen column density derived
from the survey of CRW on the assumption that the 21 cm line
is everywhere optically thin. The H 1 data of CRW used
throughout this paper has been corrected for Galactic fore-
ground emission, which is significant at X > 13’5. Since the
foreground emission appears to vary smoothly with Y (see, e.g.,
Fig. 3 of CRW), it was removed at each X by fitting a straight
line to the emission at large | Y |. CRW used a similar technique
in producing their velocity-integrated map (cf. their Fig. 6g),
which agrees extremely well with Figure 3a.

Figure 3¢ is the 100 um map derived from IRAS “additional
observations” taken on a regular grid toward M31; the orig-
inal map had a resolution of 69 x 4.3, with the long axis of the
beam roughly aligned with the major axis of the galaxy
(Walterbos & Schwering 1987). Figure 3d is the 11 cm contin-
uum map; strong point sources were removed, since ~90% of
them are expected to be from background objects unrelated to
M31 (Berkhuijsen 1977). The W o shading is repeated without
the contours in Figure 3e, with the positions of optical H 11
regions and supernova remnants overlaid.

In CO as in other Population I, the largest scale structure
evident in M31 is a fairly well-defined ring with a radius of
~10 kpc. A similar distribution of molecular clouds and other
Population I is observed in our Galaxy, and indicates that in
M31, as here, molecular clouds as traced by CO are the prob-
able precursors to the star formation manifested in various
ways in Figures 3c—e: young massive stars born in molecular
clouds produce the H 1 regions (Fig. 3e), the 100 um emission
(Fig. 3c) through dust heating, and the thermal component of
the 11 cm continuum (Fig. 3d). The nonthermal continuum,
which Berkhuijsen & Wielebinski (1974) estimate accounts for
approximately half the total at 11 cm, also derives at least in
part from molecular clouds, since Type II supernovae descend-
ed from massive stars generate the cosmic-ray electrons
responsible for the nonthermal synchrotron radiation. In M31,
as in the Milky Way, the molecular ring is resolved at higher
resolution than ours into spiral arms (e.g., Braun 1991), and is
therefore not at all axisymmetric on the scale of ~1 kpc and
smaller.

A number of differences between the maps in Figure 3 are
worth noting. Even at our limited resolution, it is evident that
in CO M31 is about the same size as in other Population I
tracers, except H 1, in which it is significantly larger. The strong
H 1 peaks along the major axis at X = —63' and X = 70’
correspond to the tangent regions of the optical spiral arms S5
and N5, respectively (Arp 1964). Surprisingly, these outer arms
have a relatively high density of optical H 1 regions, even
though they are weak in CO, far-infrared, and radio contin-
uum. The reason for this is unclear; it may be because optical
H 1 regions are easier to detect beyond the crowded and dusty
Population I ring.

The strong far-infrared and radio continuum emission at the
center of M31 is somewhat surprising, given the absence there

of appreciable gas and star formation. Although neither emis-
sion is entirely understood, both probably derive from the high
density of old stars in the center: the far-infrared from dust
heated by late-type giants (Habing et al. 1984) and the radio
continuum from Type I supernovae (Walterbos 1986; Hjellm-
ing & Smarr 1982). The lack of a clearly defined 10 kpc ring in
the distribution of optical supernova remnants (Fig. 3e) is also
somewhat surprising, but may simply be the result of the
higher obscuration in the ring.

4.2. Azimuthal Distribution

Since much of the CO, H 1, and 100 ym emission in M31 lies
in a fairly narrow ring, a useful quantitative intercomparison
can be obtained by plotting the mean ring intensity in each
tracer as a function of galactocentric azimuth ¢. The curves in
Figure 4 represent mean face-on intensity in 10° slices of galac-
tocentric azimuth bounded by galactic radii 6 and 14 kpc (30’
to 70" along the major axis). With the data transformed in this
way, the pronounced limb brightening seen in the W, map
along the major axis is removed.

Except in the region from ¢ = 300° to 320° to be discussed
below, CO, H 1, and I,,, around the Population I ring correl-
ate fairly well. However, the amplitude of the variations in CO
is much larger than that of H 1: the brightest and weakest
sections of the ring differ in CO intensity by a factor of ~ 6, but
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FIG. 4—Mean face-on CO intensity in 10° slices of galactocentric azimuth
¢ bounded by galactic radii 6 and 14 kpc (30’ to 70" along the major axis). CO
is compared to the corresponding H 1 and 100 um intensities in (a) and (b),
respectively.
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only by ~30% in H 1. It is evident from the size of the CO
error bar that this difference is not attributable entirely to
noise in the CO data. Interpretation of this variation around
the ring is complicated by the finite thickness of the disk—
probably larger for H 1 than for CO—which folds in a signifi-
cant amount of gas outside the nominal 6-14 kpc radius
(Boulanger, Stark, & Combes 1981). Still, given the high con-
trast of CO as a spiral arm tracer in external spirals (see Casoli
1991 for a review) and the Milky Way (Dame et al. 1986;
Grabelsky et al. 1988), it is possible that the larger variations
for CO reflect a higher arm-interarm contrast of molecular gas
in M31 relative to that of the atomic gas. As will be shown in
Paper 11, I,,, correlates fairly well with total gas density in
M31, so it is not surprising that its variation in intensity
around the ring lies between that of CO and H1.

It is worth noting in Figure 4 that the Population I ring at
the northeast tangent at ¢ = 0° (X = 45, Y = () is not partic-
ularly bright in CO, and actually appears as a shallow
minimum in H1and I,,,. The southwest tangent is expected at
¢ = 180°, but the spatial map (Fig. 3b) suggests that the ring
may be warped in this region, since a peak quite similar to that
of the northeast tangent appears ~4' above the major axis at
X = —45'. This region appears at ¢ = 150° in Figure 4 and is
bright in all three tracers.

Two significant gaps and one strong peak in the molecular
ring also appear in the other Population I in Figure 4. The
gaps occur on either side of the southwest tangent, at ¢ = 210°
and 120° (corresponding roughly to [ —35, —7'] and [—27,
+9'] respectively in the spatial maps). The gap at (—27, +9')
is evident in the spatial distributions of all Population I in
M31, even SNRs (Fig. 3e). Features worth pointing out in this
region are a large-scale irregularity in the magnetic field
(Berkhuijsen, Beck & Grive 1987) and a far-infrared spur
extending above this irregularity to Y > 30’ (Walterbos &
Schwering 1987). The brightest section of the ring in CO and
1,00, and the second brightest in H 1is centered at ¢ = 70° and
corresponds to a spiral arm in the eastern quadrant (225, 9')
previously mapped by Ryden & Stark (1986). This region is the
brightest in the 11 cm spatial map (Fig. 3d), brighter even than
the limb-brightened tangents, and is the richest in H 11 regions
(Fig. 3e).

It is rather surprising that the brightest section of the ring in
H 1, centered at ¢ = 315°, is not prominent in other Population
I. The CO has a broad minimum through this region, with a
deep though narrow gap at ¢ = 305°. In the spatial maps (Fig.
3) all of the tracers except H 1 show a gap in this section of the
ring (near 30, —10"). This gap is also quite evident in the map
of warm dust derived by Walterbos (1986), but much less so in
his map of cool dust. It would be worthwhile to compare this
region in detail with the eastern arm region discussed above,
since both have comparable amounts of H 1 but differ mark-
edly in CO emission and star formation.

4.3. Major Axis Profiles

The major axis profiles in Figure 5 exhibit directly the radial
distributions of CO, H 1, and far-infrared emission in M31. A
determination of the radial distribution of CO from all of the
survey data is given in Section 4.6, but that along the major
axis alone gives the radial distribution so directly that it is
worth discussing first. Major axis profiles are of additional
interest because there are several regions of substantial CO
emission inside the Population I ring which happen to lie
along the major axis.
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F1G. 5—Integrated intensity of CO along the major axis, compared with
that of H 1(a) and 100 um (b). For all three tracers, the intensities are those at
Y = 0, after smoothing to an angular resolution of 10" as in Fig. 3.

The CO and H 1 major axis profiles in Figure 5 differ slightly
from those in Figure 3 of Koper et al. (1991) in three ways: (i)
most importantly, the Koper et al. profiles assume that the
southwest side of the disk is warped, the major axis passing
through the strong emission peak at (—45’, 4.5), while the pro-
files here are strictly at Y = 0’; (ii) the revised spectra at (22.5,
0) and (27, 0) discussed in § 4.1 produce a peak which is not in
the Koper et al. profiles; and (iii) the Koper et al. profiles are an
average over a 9’ strip of Y, while the profiles here display the
Y = 0’ positions from the W, map (Fig. 3b), which has been
smoothed to 10’ resolution.

As Figure 5 shows, CO, H 1, and 100 um emission along the
major axis are all fairly symmetrical about the galactic center.
The opposite sides of the Population I ring, at +45’, are nearly
equal in intensity in all three. The opposing spiral arms S5
(—63) and NS5 (70" are also evident in all three tracers,
although most pronounced in H 1. On the other hand, the main
spiral arms inward of the ring, S3 and N3 near 425/, are not
obvious in H 1, but peaks possibly related to both these arms
exist in CO, and there is one near N3 in I, y,.

Because of the strong concentration of CO and other Popu-
lation I in the 10 kpc ring, one might expect the fraction of gas
in molecular form to be highest there, but there is some evi-
dence to the contrary. Figure 6, which was derived directly
from the curves in Figure 5 using the Milky Way value for the
H, mass to CO intensity ratio, X, shows the ratio of molecular

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1993ApJ...418..730D

No. 2, 1993
1
r (a) 7 ]
08 [ ]
[ B ]
T 06 | ]
=z I | ]
~ L -
£ 04 F -
= [ ]
02 [ ]
0__

r T
7 J IcE
_O.ZLLL.l [ . 1 | o
-15 -10 -5 0 5 10 15

R(kpc)
1 e
) ]
08 I~ ]
= 0| ]
2 Folded & ]
~ 04 F ]
< - Averaged ]
= 02 | 1
0f T gy
Y S S U U S RO
0 5 10 15

R(kpc)
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to atomic gas mass as a function of position along the major
axis. On both sides of the center there is a relatively smooth
increase in the molecular fraction with decreasing radius, from
a value consistent with zero at |R| > 14 kpc to ~40% near
+4 kpc. A radial decrease in X, as suggested by the results of
both Paper II and Allen & Lequeux (1993), would imply an
even steeper increase in the molecular fraction with decreasing
radius. The Population I ring, so prominent in the CO and H1
spatial maps (Fig. 3), is little evident in Figure 6. The increase
in the molecular fraction from the outer to the inner edge of the
ring is fairly distinct even in the major axis profiles of CO and
H 1 (Fig. 5), where the CO is seen to peak ~ 5, or 1 kpc, inward
ofthe H1.

This evidence for an increase in the molecular gas fraction
inward of the Population I ring must be considered tentative,
since it largely depends on only a few, rather small emission
regions (§ 4.4) lying along the major axis. As shown below
(§ 4.6), a more sophisticated analysis of the radial distributions
of CO and H 1 based on all our data, not just that along the
major axis, does not show as distinct a rise in the molecular
fraction with decreasing radius. Still, the existence of even a few
positions with a molecular fraction higher than that in the
Population I ring is worthy of notice, because each position is
an average over such a large area of the galactic disk (~13
kpc?). It is worth noting in this regard that CO observations of
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M31 made with the Bell Laboratories 7 m antenna have
already confirmed that the tangent of Arp’s arm N3 at R ~ 5
kpc is brighter in CO than the tangent of the Population I ring
at 10 kpc (Bally 1992).

4.4. Particular Regions

As in the Milky Way, it is evident from Figure 3 that the
molecular ring in M31 is extremely irregular, possessing a
great deal of azimuthal structure presumably the result of
spiral arms. To partition the CO emission into spiral arms in a
credible way requires higher angular resolution than ours, and
that will not be attempted in this paper or its sequel, but it is
still worthwhile to discuss individually the large regions of
enhanced CO emission evident in Figure 3. For the sake of this
discussion we will dissect the molecular gas in M31 into the 19
regions shown in Figure 7, without the implication that any
physical interaction or order, gravitational or otherwise, is
responsible for this segregation—these regions are generally far
too big to be molecular clouds or even cloud complexes, so it
would make no sense to attempt to estimate masses for any of
the regions from the virial theorem. Several of the regions,
however, may mainly consist of segments of particular spiral
arms. Composite CO and H 1 spectra were produced for each
of the regions, and some of the more interesting of these are
shown in Figure 7. The composite spectra are useful for dis-
playing the signal-to-noise ratio for discrete CO features, the
quality of the spectral baselines, and the correspondence of CO
and H 1 emission lines. Data determined from Gaussian fits to
the CO composite spectra—peak temperature, velocity, and
linewidth—as well as positions and other data for each region
are given in Table 1.

The variation in the CO/H 1 ratio across the disk of M31 is
readily apparent from the sample composite spectra in Figure
7, all plotted to the same scale. The regions which lie squarely
in the Population I ring, ie., 2, 8, 13, 16, and 17, are rather
similar in CO and H 1. In contrast, the H 1 lines for regions 5
and 14, which lie well within the ring, are weak, yet the mean
CO peak temperature of region 14 is the highest of any region
in the survey. Region 5 is much weaker in CO, and may consist
of two separate velocity components separated by roughly 100
km s~ !. These two components are marginally seen with poor
signal-to-noise ratio at each of the two observed positions
which compose region 5. As the scaled (dotted) version of the
H 1 spectrum shows, both CO lines have H 1 counterparts, and
the H 1 spectrum shows another intermediate component as
well.

4.5. Velocity Structure

Since most of the CO emission we detected lies either in the
10 kpc molecular ring, which is only one or two beamwidths
wide in our survey, or along the major axis, most of the veloc-
ity information contained in the survey can be summarized by
three X-v contour maps, one integrated over the southeast
(Y > 0') portion of the ring (Fig. 8a), one at Y = 0’ (Fig. 8b),
and one over the northwest (Y < 0') portion of the ring (Fig.
8c). The H 1 emission for the same regions are shown by the
dotted contours. For better comparison, both the CO and H 1
contours are linearly spaced, except that an additional, very
low-intensity contour is added for the H 1 to outline the full
extent of the atomic gas.

As the numbers in Figure 8 show, nearly all of the discrete
emission regions evident in the spatial map (Fig. 7) are also
well-defined in velocity, and generally show a good correspon-
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TABLE 1
CO EMissION REGIONS IN M31

Region .4 Y R N T v Av oy, Our  Oy,/Oui Comments
1o —63.00 000 12.66 4 79 —544 49.8 031 234 0.13 Arp outer arm S5
2 s —40.50 4.50 9.08 13 11.8 —533 69.8 064 260 0.25 SW tangent of population I ring
3 —31.50 —9.00 10.23 3 11.6 —462 60.6 0.68 231 0.29
4 —31.50 0.00 6.33 2 199 529 454 066 193 0.34 Inner edge of SW tangent
5 —18.00 0.00 3.62 2 120  —406 49.6 067 1.03 0.65 Possibly tangent of Arp arm S3
20.3 —512 16.2 Second velocity component of region 5
6 i —18.00 18.00 16.48 2 9.5 —-373 95.6 0.58 1.69 0.35 Weak feature at suspiciously large Y
—13.50 —9.00 8.49 4 64 —366 101.1 051 210 0.24
—9.00 9.00 8.24 4 11.8 —350 86.0 0.69 2.37 0.29
450 —1350 1210 7 77 =322 83.9 0.53 210 0.25 Along NW minor axis
0.00 9.00 8.04 3 12.6 -312 71.7 0.64 1.45 0.44 Along SE minor axis
4.50 0.00 0.90 3 83 —248 679 046  0.79 0.58 Weak “bridge ” near minor axis
13.50 —1350 1236 3 120 252 51.0 060 242 0.25
13.50 9.00 8.49 8 103 -220 71.0 0.56  2.66 0.21 Spiral arm mapped by Stark et al. (1981)
22.50 0.00 4.52 2 241 —106 374 066 1.13 0.58 Near tangent of Arp arm N3
31.50 9.00 1023 5 124 —119 61.3 0.68  2.59 0.26 Extension of eastern arm
40.50 9.00 1144 4 223 —86 40.7 078 285 0.27 Highest H, mass surface density
45.00 0.00 9.05 9 197 —-74 472 071 263 0.27 NE tangent of population I ring
54.00 000 10.85 4 115 —52 43.5 048 227 0.21 Outer edge of NE tangent
63.00 9.00 15.00 4 6.9 —48 385 025 148 0.17 Arp outer arm N5

NoTE—X, Y = rectangular offsets from « = 0"40™, § = 41° (arcmin); R = galactic radius of peak position (kpc); N = number of observed points in region;
T = peak temperature from Gaussian fit to composite profile (mK); v = mean LSR velocity from Gaussian fit to composite profile (km s~'); Av = FWHM line
width from Gaussian fit to composite profile (km s™'); o, = mean H, mass surface density (Mg pc~2); oy, = mean H 1 mass surface density (Mo pc™2);
0y,/0y; = molecular-to-atomic mass surface density ratio.
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arcmin and the H 1 contour interval is 12 K arcmin, with one additional contour at 1 K arcmin. The numbers refer to the emission regions identified in Fig. 7 and

listed in Table 1.

dence with H 1. This provides additional evidence that most of
the CO features in the W, map are real, and that contami-
nation by baseline ripple or curvature is small or negligible.
Note in particular the weak CO features near X = +65' in
Figures 8a and 8b, which may correspond to the outer spiral
arms S5 and NS. Although these CO features are only a few
standard deviations above the instrumental noise, their close
correspondence with H 1 is additional evidence for the detec-
tion of some molecular gas beyond the Population I ring. Note

also how weak these features are relative to region 14 (Fig. 8b),
even though they lie in regions with much more H 1 (see § 4.3).
The CO emission is generally less extended in velocity than
the H 1, with only one velocity component at locations where
the H 1 has two or more. This is possibly entirely the result of
the lower dynamic range of the CO data: a more sensitive
survey might reveal the other components. At | X | > 30, where
the H 1 lines are broad and complex, the CO line generally lies
near the most extreme velocity H 1 component, i.e., that far-
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thest from the systemic velocity of the galaxy and arising from
the inner disk. The good correspondence of CO and H 1 at the
extreme velocities is also evident in Figure 1 of Koper et al.
(1991), which compares CO and H 1 composite spectra from
the Population I ring. There is little CO emission associated
with the other main H 1 component—that at less extreme ve-
locities which is generally attributed to the warped outer disk
of the galaxy (e.g., Henderson 1979).

4.6. Radial Distribution

Determining the radial distribution of CO emission in M31
is difficult because of the galaxy’s high inclination, only 13°
from edge-on. Since the beam of the CfA telescope is 1.7 kpc in
diameter at the distance of M31, and its projection onto the
disk is 7.6 kpc in the Y direction, a simple binning of emission
in radius yields a radial distribution with a resolution much
worse than that of the beam along the major axis. The best way
to determine the mean molecular distribution is by model
fitting.

We have used the Richardson-Lucy (R-L) iterative rectifica-
tion scheme (Lucy 1974) to determine the radial distribution
which best reproduces the observed map. This Bayesian tech-
nique differs from the methods of y? minimization and
maximum likelihood in that it conserves the constraints
on frequency distributions (i.e.,, normalization and non-
negativeness) and yields a smooth and continuous function. In
principle, if the gas kinematics are known a priori, the tech-
nique can be used to infer spatial distributions at a resolution
somewhat higher than that of the beam (see, e.g., Scoville,
Young, & Lucy 1983). Here, however, because of the relatively
poor signal-to-noise ratio in individual spectra and the lack of
detailed knowledge as to the CO kinematics, the model is fitted
directly to the velocity-integrated map.

The 21 cm survey of CRW is useful for testing this rectifica-
tion scheme, because it has the same angular resolution as
ours, and because the H 1 radial distribution is known from
higher resolution surveys, which therefore serve as a check. In
Figure 9, the solid curves are the H 1 radial distributions in the
southwest and northeast halves of M31 determined by apply-
ing the R-L technique to the CRW velocity-integrated map
(Fig. 3a). In Figure 9q, these are compared to the results from a
simple binning of the CRW data (after interpolation to a finer
grid to eliminate quantization), and in Figure 9b, they are
compared to a binning of a higher resolution 21 ¢cm survey. It
is apparent that the structure seen in the higher resolution
profiles is better reproduced by the R-L technique than by
simple binning. Some of the discrepancy between the curves in
Figure 9b, particularly at R < 6 kpc, may be attributable to the
lack of short-spacing data in the interferometric 21 cm
survey used (Unwin 1980). Figure 9¢ demonstrates that the
R-L technique yields results which are quite similar to that of
x2 minimization.

The radial distributions of H, surface density for the
southwest and northeast halves of M31, and for the galaxy as a
whole, are shown by the solid lines in Figures 10a to 10c,
respectively; the dotted ones show the corresponding H 1
surface densities, scaled down by a factor of 3. The H, distribu-
tions in the southwest and northeast exhibit the same sym-
metry that was evident in several previous figures: the main
peaks corresponding to the Population I ring are nearly identi-
cal in height, width, and galactic radius, and both distributions
show evidence for spiral arms beyond the ring (arm 5 of Arp
1964) and inward of the ring (arm 3).

The main peaks in the southwest and northeast H, radial
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distributions occur at the same galactic radius (9.5 kpc) even
though in the spatial map (Fig. 3b) the southwest tangent of the
ring lies at a smaller X (—41’) than the northeast tangent (45').
The southwest tangent is assigned to a larger galactic radius
than its position along the major axis would indicate because it
is also offset in Y by ~4'5 (see § 4.2). This example illustrates
that the derived radial distribution depends on the interpreta-
tion of the strong peak in the spatial map near (—41’, +4.5): is
it the limb-brightened tangent of a warped Population I ring,
or is it largely a true density enhancement at a somewhat larger
radius? Figure 10d shows the effect on the derived H, and H 1
densities of assuming that the disk on the southwest side is
warped. The effect of such a warp on the H, distribution is not
large: the Population I ring is shifted inward only slightly
(compare the relative intensities of the bins at 8.5 and 10.5 kpc).
The H 1 distribution is more dramatically affected, but mainly
in the outer arm 5 which is very weak in CO. Figure 10d is
simply an updated version of Figure 3b of Koper et al. (1991);
the H 1 distribution has not changed, but that of H, has, owing
to the minor changes in the Wo map discussed in § 4.1.

As Figure 10c shows, the Population I ring in H, is centered
~1 kpc inward of that in H 1. The cause of this offset is prob-
ably not a systematic offset between CO and H 1 within a
particular spiral arm, since higher resolution studies (e.g., Stark
1985) have found no such effect; it may instead simply reflect
the increase in molecular fraction from the outer to inner edge
of the ring noted earlier (§ 4.3). The H, mass surface density at
the peak of the Population I ring at 9.5 kpc is ~1.3 Mg pc~?,
approximately one-third the H 1 surface density there.
Although the densities of both tracers drop sharply inward of
the ring and the CO emission inside of R = 6 kpc is very weak,
the H, and H 1 densities may be comparable in the inner arm 3
near 4.5 kpc. Beyond the ring, the H, density drops very
sharply—by about an order of magnitude between 10 and 14
kpc—while the H 1 density falls by only 10%-20%. The total
H, mass of M31, on the present assumption of a Galactic X
ratio (which Paper II will show to be questionable), is
2.7+ 0.2 x 108 M o, more than a factor of 10 less than its H 1
mass (3.8 x 10° M, derived in the same way from the CRW
survey after subtraction of Galactic foreground emission).

Even if the H, density at the peak of the Population I ring in
M31 is only one-fifth that at the peak of the molecular ring in
the Milky Way near 4 kpc, as the Galactic X implies, it is still
comparable to the H, density at the same radius in the Milky
Way (Dame et al. 1987). This fact, and the apparent increase in
the molecular fraction inward of 10 kpc in both galaxies, may
be important clues to the nature of both molecular rings. At
and beyond 10 kpc, the two galaxies are rather similar in their
molecular and atomic densities, and it may be that the essential
difference between the two is that the density of gas in all forms
decreases sharply inward of 10 kpc in M31, while here the H 1
density remains roughly constant and the molecular density
continues to increase with decreasing R to about 4 kpc. Pos-
sible causes of this difference will be considered in Paper II.

5. SUMMARY

We have used the CfA 1.2 m telescope to carry out the first
complete CO survey of M31. This survey was the most difficult
and sensitive among the many so far undertaken with that
instrument, requiring observations for 8 hr each day during
two 6 month observing seasons. Spectra were obtained on the
same half-beamwidth grid as that used with the Effelsberg 100
m telescope by Cram et al. (1980) for their 21 cm survey of
M31, since the beam of that instrument at 21 cm is nearly
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three other methods (dotted curves). Results for the southwest side of the galaxy are shown in the left column, those for the northeast side in the right column. In (a),
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dotted curves are the result of fitting an inclined, axisymmetric disk to the CRW integrated map using the method of least-squares.

identical to ours at CO. Although few spectra showed CO lines
with peak temperatures more than a few times the instrumen-
tal noise, extremely flat spectral baselines and broad linewidths
resulted in high signal-to-noise ratio in velocity-integrated
intensity, and a good determination of the molecular distribu-
tion with galactocentric radius.

Most of the CO emission in M31 is confined to a fairly
well-defined ring near R = 10 kpc, very similar to that seen in
other Population I tracers such as H 1 regions, radio contin-
uum, and far-infrared emission. The molecular gas is similar to
the atomic gas in that it peaks in the Population I ring and is
very scarce at the galactic center, but differs in its much sharper
decrease in density beyond the ring and its clumpier appear-

ance, plausibly the result of a higher arm-interarm contrast for
molecular gas than for atomic.

Although the molecular gas and all associated Population I
peak in the 10 kpc ring and the surface densities of both atomic
and molecular gas decrease sharply within, it is possible that
the fraction of gas that is molecular may actually increase. Of
particular note is a region at R = 4.5 kpc near the tangent of
Arp’s spiral arm N3 which apparently has an H,/H 1 ratio
roughly 3 times the mean value in the ring.

At the angular resolution of the present survey, the molecu-
lar and atomic gas in M31 appear to have the same large-scale
kinematics. Essentially all CO lines are coincident in velocity
with corresponding 21 cm lines, although the 21 cm profiles are
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F1G. 10—Radial distributions of atomic (dotted) and molecular (solid) mass surface densities in M31, as determined by a Richardson-Lucy fit to the Ny, and W,
maps in Fig. 3. Molecular column densities were calculated assuming the Milky Way value for the N(H,)/Wc, ratio (see text), a distance of 690 kpc, and a disk
inclination of 77°. The error bars represent 1 o instrumental noise. (a) the southwest (X < 0') half of the galaxy; (b) the northeast (X > 0') half; (c) the entire galaxy; (d)
the entire galaxy on the assumption that the southwest disk is tilted such that the major axis passes through the point (—45’, 4:5).

generally more complex, showing additional components not
detected in CO. Toward the tangents of the Population I ring,
where 21 cm spectra are particularly broad and complex, the

CO lines generally correspond to the 21 cm component far-
thest from the systemic velocity of the galaxy and arising from
the inner disk.
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