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ABSTRACT 
We have mapped the inner region of Maddalena’s cloud, a massive, cold object in the outer Galaxy, in both 

12CO and 13CO (J = 1-0) using the FCRAO 14 m telescope. The visual extinction has been determined by 
star counts and is used to investigate the gas and dust properties of the cloud. 

Our results indicate that the 13CO column density to visual extinction ratio is similar to that found in local 
molecular clouds. This suggests that if the gas to dust ratio is normal, the CO abundance is similar to that of 
the clouds near the Sun. The masses derived from the LTE and virial analyses differ by a factor of 5; the virial 
analysis gives a mass 5 times larger than the LTE value. The structure and kinematics of the cloud inferred 
from the CO maps suggest that the inner region of the cloud may be expanding. Thus, both the kinematics of 
the cloud and the mass discrepancy suggest that this object may not be gravitationally bound. If we assume 
the LTE mass to be correct, the ratio of molecular hydrogen column density to CO integrated intensity is 
0.7 x 10^u cm z (K km s ) \ much lower than that 
Subject headings: interstellar: molecules 

1. INTRODUCTION 

Giant molecular clouds (GMCs) in our Galaxy are a signifi- 
cant mass component of the interstellar medium. However, 
investigations of these objects often suffer from an observa- 
tional bias: usually the clouds selected for study are located 
near H n regions, OB associations, bright IR sources, or other 
recent products of the formation of fairly massive stars. Little 
attention has been given to clouds that show no conspicuous 
star-forming activity, although there is evidence that such 
clouds exist. Comparing the unbiased Columbia CO survey of 
distant objects in the inner Galaxy with far-infrared, radio- 
continuum, and radio recombination line surveys, Myers et al. 
(1986) showed that the number of young stars that accompany 
large molecular clouds fluctuates greatly and that some large 
clouds display little or no evidence of star formation. Using the 
Massachusetts-Stony Brook Galactic Plane CO Survey, 
Solomon, Sanders, & Rivolo (1985) identified 2000 CO emis- 
sion centers. These separated into two populations according 
to temperature, which they labeled as cold clouds and warm 
clouds. They found that the cold clouds must be more wide- 
spread both in and out of spiral arms, than the warm clouds. 
More importantly, they found that three-quarters of the emis- 
sion centers were cold. Thus, cold, giant molecular clouds may 
be quite numerous in the Galaxy. 

A large molecular cloud in the third quadrant at Galactic 
coordinates l = 216?5, b = — 2?5, was identified in the Colum- 
bia CO survey by Maddalena & Thaddeus (1985; hereafter we 
call it Maddalena’s cloud). The cloud was estimated to have a 
mass of ~ 106 M0 and was distinguished by being very cold, 
with no optical or infrared signs of star formation, They sug- 
gested that the cloud may be relatively young and has not yet 
extensively formed stars, based on their 12CO and radio con- 
tinuum data. However, the resolution of the Columbia CO 
survey (8!7 beamwidth) was not adequate to determine the 
structure of the cloud, and no higher resolution observations in 
any molecular species have been published, leaving unresolved 
the extent with which this cloud or any of the cold, giant 
molecular clouds differ from other GMCs. 

There are several advantages in studying Maddalena’s cloud 

for most GMCs in the inner Galaxy. 

as opposed to cold clouds in the inner Galaxy ; first, a distance 
can be estimated from its radial velocities, unlike the situation 
in the inner Galaxy, second, Maddalena’s cloud is much closer 
than other known massive clouds in the inner Galaxy; and last, 
source confusion, which complicates the analysis of clouds, is 
less significant in the outer Galaxy. 

In this paper we present the first high angular resolution 
maps of 12CO and 13CO emission from the inner region of 
Maddalena’s cloud. We have also made the first determination 
of the visual extinction distribution in this cloud using star 
counts. This provides the first estimate of the 13CO column 
density to extinction ratio in a molecular cloud outside the 
solar neighborhood. This study is the first step of a project to 
fully map Maddalena’s cloud (18 deg2) with 50" sampling. 
Observations of the CO and the star count method are 
described in § 2. In § 3 we present the results of the observa- 
tions. In § 4 we discuss the correlation between visual extinc- 
tion and 13CO column density, and the physical parameters 
derived for the cloud including velocity field. In § 5 we sum- 
marize our results. 

2. OBSERVATIONS OF CO AND THE STAR COUNTS METHOD 

2.1. CO Observation 
A 1 deg2 region of Maddalena’s cloud (/ = 216?0 to 217?0, 

b = — 2°.0 to — 3?0) was mapped in the J = 1-0 transition of 
12CO and 13CO between 1989 December and 1990 February, 
using the 14 m telescope of the Five College Radio Astronomy 
Observatory. The sampling was 3' and the FWHM beam size 
was 45" at 115.27 GHz and 47" at 110.2 GHz. A 0.25 deg2 

region centered on the strongest emission in the 1 deg2 region 
(/ = 216?45 to 216?95, b = — 2?45 to — 2?95) was remapped 
with a spacing of 1' in the same transitions of both 12CO and 
13CO. All observations were made by position switching 
between the observed positions and a reference position 
located at / = 216?5, h = —4°. Each reference observation was 
shared with observations of four positions within the map. 
Calibration was accomplished by frequently observing an 
ambient temperature load. All antenna temperatures quoted 
are corrected for atmospheric extinction and for the forward 
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spillover and scattering losses of the antenna and radome, and 
are therefore on the T% temperature scale defined by Kutner & 
Ulich (1981). Two 256 channel filter banks with spectral 
resolutions of 250 and 100 kHz were used, which provided 
resolutions of 0.65 and 0.26 km s“1, respectively, at the fre- 
quency of 12CO. The data were smoothed and resampled at 1 
km s-1 resolution. The 0.25 deg2 region mapped with 1' sam- 
pling had a 1 a rms noise in 12CO and 13CO of 0.28 and 0.18 
K; the 1 deg2 region with 3' sampling had rms noise of 0.33 and 
0.19 K, respectively. 

2.2. Star Counts 
The basic procedure used for the star counts follows that 

given by Bok & Cord well (1973) and Dickman (1975, 1978b). 
Star counts were made by superposing a transparent grid 
(“reseau”) with rulings every 2'.2 x 2'.2 (2x2 mm) on the 
Palomar Observatory Sky Survey red print. Stars were 
counted in each grid element of a 0.25 deg2 region, using a 
30 x microscope. Red and blue prints of three reference fields 
were counted at adjacent positions, in order to determine the 
unextincted star density. All stars in a given reseau square were 
counted, with no attempt to sort them into magnitude intervals 
based upon image size. We repeated the counts twice to check 
for counting constancy. Positioning and alignment errors were 
minimized by several procedures utilizing computer-generated 
transparent plate overlays, and it is estimated that as a result of 
these precautions the error in the location of any reseau square 
is less than 0Í2. The extinctions for each square derived from 
the star counts are computed relative to the nearby reference 
fields. The presence of any residual obscuration in the reference 
fields leads to a systematic underestimate of the background 
stars and thus, of cloud extinction. 

3. RESULTS 

3.1. Distance 
An accurate distance determination is important for estimat- 

ing the number of foreground stars used for deriving the cloud 
extinctions, and for estimating cloud parameters, such as size, 
mass, and luminosity. Kinematic distances of 2.7 and 2.14 kpc 
have been estimated by Maddalena & Thaddeus (1985) and 
Sodroski (1991); the differences arise due to the use of slightly 
different rotation curves and cloud radial velocities. However, 
due to uncertainties in the rotation curve in the outer Galaxy, 
the fact that the cloud lies near the anticenter, and the random 
motions of clouds, the distance to Maddalena’s cloud is not 
well established by kinematics. 

Using a model of the Galactic radial velocity field 
(Feitzinger & Spicker 1987), Neckel et al. (1989) obtained a 
distance of 2.3 kpc for S287 (or NS 14) close to Maddalena’s 
cloud; the H n region has a radial velocity nearly identical to 
Maddalena’s cloud. They also estimated a photometric dis- 
tance of 2.1 kpc for S287. The agreement between the radial 
velocities of Maddalena’s cloud and the molecular cloud 
associated with the H n region suggests the two are at the same 
distance. 

Another method for estimating distance is based on the 
reddening of bright stars (see, for example, Snell 1981). Given 
MK spectral types, visual magnitudes, and (B — V) colors for 
the stars in the vicinity of a cloud, one can calculate their color 
excess, EB_V, and distance, based upon the intrinsic color 
(B — V)0 and absolute magnitude associated with their spectral 
type and luminosity class. Figure 1 shows a plot of color excess 
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Fig. 1.—Color excess vs. distance for 42 stars in the vicinity of Maddalena’s 

cloud. 

versus distance for 42 stars in the vicinity of Maddalena’s 
cloud; since MK spectral data and colors are available for only 
a rather limited number of stars from the Kennedy & 
Buscombe Catalog (1977), quite a large area (7?5 x 6°) had to 
be employed to obtain this sample. Figure 1 shows that at a 
distance of approximately 2 kpc there is a rapid rise in the 
visual extinction. 

In consideration of uncertainties the distances are all in rea- 
sonable agreement. By combining all the above estimates, we 
thus adopt 2.2 kpc as the distance of Maddalena’s cloud. 

3.2. CO Column Density 
The column density of 13CO at each map position may be 

estimated from our observations of the 12CO and 13CO line 
temperatures and from the line width of the 13CO emission, 
assuming LTE (Dickman 1978a; Penzias 1975). These mea- 
surements allow us to determine the excitation temperature 
and the 13CO optical depth. With the LTE assumptions, the 
column density of 13CO in the ith pixel of a cloud is given 

iV^COX 
2.42 X 1014Ak;rxT

13 

1_ exp [ — 5.29/7;] 
[cm 2] , (1) 

where t13 is the line optical depth of 13CO, Tx is the excitation 
temperature, and AkJ is the full width at half-intensity in veloc- 
ity units. Above equation was used for the pixels with emission 
in 13CO larger than the 3 o noise level. For pixels with emis- 
sion weaker than the 3 <7 noise level, we assumed optically thin 
emission and used the integrated intensity of 13CO : 

iV(13CO), = 3-76 ^ 1014 J T*(13CO)dt,[cm-2] , (2) 

where fu is the fraction of 13CO in the upper state (J = 1). We 
take = 0.55, assuming 7; = 5 K. Most of column density, 
and thus mass, are produced in regions with strong 13CO emis- 
sion. Assuming a [H2]/[

13CO] abundance ratio of 5 x 105 

(Dickman 1978a; see also § 4.1), we can then determine the H2 
column density and total mass (LTE masses derived in this 
manner are multiplied by a factor of 1.36 to account for the 
contribution of He by mass). A contour map of N(13CO) is 
shown in Figure 2a for the 0?5 x 0?5 region that was sampled 
every 1'. The map has been smoothed to the resolution of star 
counts, 2!2. Column densities shown range from 1 to 8 x 1015 
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cm-2. The peak 13CO column density of 8 x 1015 cm-2 is a 
lower limit, as it is smoothed over larger area than the tele- 
scope beam; the peak 13CO column density before smoothing 
was 12.4 x 1015 cm-2. 

3.3. Visual Extinction 
Determining extinctions in distant clouds using star counts 

is made difficult by the presence of foreground stars. A com- 
pletely opaque region, which in a nearby cloud will show a 
total absence of stars, becomes increasingly difficult to dis- 
tinguish at progressively larger distances, since the presence of 
interposed foreground stars reduces the contrast between the 
cloud and the unobscured, adjacent sky. Accordingly, once star 
counts have been carried out on a distant object, the raw 
counts in each reseau element must be reduced by the mean 
number of foreground stars expected within the solid angle 
subtended by each grid element at the distance of the cloud. 
Note that this procedure invariably reduce the dynamic range 
of the counts and, owing to the reduction in star numbers, 
unavoidably increases the statistical (^n) errors associated 
with the counts. We have generally followed the Herbst & 
Sawyer (1981) method for estimating foreground stars. They 
calculated foreground star numbers for samples of distant 
opaque clouds within b = ±10° as well as those of nearby 
clouds, using the following method. The fundamental equation 
of general star-count analysis for an opaque cloud at distance r 
may be written as 

P mum Pr 
Nct = œ\ D(r') 

J— oo JO 
X <D[m - 5 log r' + 5 - £(r')]r'2 dr' dm , (3) 

where Nci is the number of stars counted, co is the solid angle 
and mlim is the limiting magnitude of the counts. The quantity 
D(r) represents the volume density of stars at distance r in units 
of the corresponding stellar density near the Sun, <D(M) is the 
luminosity function, and E(r) is the extinction out to r along 
the line of sight. In the present case, the limiting magnitude is 
estimated to be 20.5 mag, based on an extrapolation of the van 
Rhijn (1929) tables. By using observed values of ATct, such as 
those of van Rhijn (1929), equation (3) can be solved analyti- 
cally for D(r) by differentiating both sides with respect to r. 
Unfortunately, such a method is impractical. However, an 
average density of stars can be determined from star counts to 
a known limiting magnitude in the direction of an opaque 
cloud. For NGC 2175 at a distance and direction (d = 2.1 kpc; 
I = 190°, b = 0°) similar to those of Maddalena’s cloud, Herbst 
& Sawyer (1981) calculated averaged density of stars 
<D(r)> = 0.25, wherein the reddening is assumed to be evenly 
distributed along the line of sight. 

Using equation (3) with the adopted general extinction of 
Eb_v = 0.1 from Figure 1, an average density of 0.25, a cloud 
distance of 2.2 kpc, and the luminosity function of Widen, 
Jahreiss, & Krüger (1983), we estimate the number of fore- 
ground stars in 2'.2 x 2'.2 reseau as 6.8. We are able to compare 
our value to that of NGC 2175 (d = 2.1 kpc, / = 190°, b = 0°), 
5.7, and that of IC 1085 (d = 2.4 kpc, / = 136°, b = +2°), 7.1 
(Herbst & Sawyer 1981). In consideration of their limiting 
magnitude of 21.1, our value of 6.8 seems to be a proper one. 

The visual extinction distribution is shown as a gray (and 
contour) scale map in Figure 2b. An inspection of Figures 2a 
and 2b shows a good correlation between 13CO emission and 
visual extinction. Condensations with Av > 3 magnitudes are 

visible, and a hole appears around the central portion of the 
cloud (/ = 216?7, b = — 2?65) in both maps. Some differences 
appear in the lower right and central parts of the map, possibly 
caused by noise in the data. Comparing visual extinction map 
with the integrated intensity map of 13 CO emission (Fig. 2c) 
and 12 CO peak temperature map (Fig. 2d), the apparent thick- 
ness and shape of the cloud are found to be in generally good 
agreement in all three maps. Note that the maps of visual 
extinction and 13CO column density have 2!2 resolution, and 
the maps of 12CO peak temperature and 13CO integrated 
intensity have 1' resolution. 

3.4. Kinematics and Masses 
Figure 3 shows the cloud’s velocity field over the entire 

Io x Io region mapped. The cloud has an interesting velocity 
structure that is best seen in maps of the 12CO emission in 
Figure 3. A systematic velocity shift is seen across the cloud; 
the lowest velocity emission is found primarily in the southeast, 
while the highest velocity emission is found in the northwest. 
At intermediate velocities (24 ~ 26 km s-1) a nearly complete 
ring is seen. The explanation for this velocity gradient may be 
either rotation or expansion of the cloud about a center 
located at / = 216?5, b = — 2?5. As we show later, interpreta- 
tion of the velocity gradient as an expansion appears to be 
consistent with several other unusual properties of the cloud. 
The spectra presented in Figure 4 suggest that there is addi- 
tional structure in the velocity field; some parts of the 1 deg2 

core region show clear double- or triple-peak spectra. This 
cloud is unlikely to be blended, according to the l-v map of 
Maddalena & Thaddeus (1985), so that these features reflect 
the velocity field of a single object. 

If we assume a uniform density distribution, the virial mass 
of Maddalena’s cloud is given by Mvir = 5<7t

2
ot D/2G, where D is 

the diameter and <jtot is the one dimensional velocity disper- 
sion. In estimating the velocity dispersion, two types of gas 
motions within the molecular cloud must be considered 
(Dickman & Kleiner 1985; Lee, Snell, & Dickman 1990): <7¿, an 
“internal dispersion” which represents the spread of velocity 
observed along each line of sight, and (Tc, a “centroid 
dispersion” which represents bulk motion of gas within the 
cloud. Thus, the total magnitude of velocity fluctuations is 
given by crt

2
ot = of + cr2. To avoid the possibility of saturation 

effects on the 12CO line widths, we used 13CO in calculating 
the velocity dispersion. 

Two methods were used to determine cloud masses. The 
virial mass of the 0.25 deg2 region mapped in this study is 
estimated to be 7.7 x 104 M0, and the LTE mass is estimated 
to be 1.0 x 104 M0. The virial mass is a factor of 8 larger than 
the LTE mass. For the 1 deg2 region of the cloud, the virial 
mass is 1.2 x 105 M0, and the LTE mass is 0.25 x 105 M0 ; 
the virial mass is a factor of 5 larger than the LTE mass, and 
the discrepancy is similar to that for the smaller region. 

4. DISCUSSION 

4.1. Visual Extinction versus 13CO Column Density 
Figure 5 shows the observed correlation of A(13CO) versus 

Av. A regression line to describe the relationship between these 
quantities can be obtained in many ways (Isobe et al. 1990), 
including the usual least-squares fit, which minimizes the quan- 
tity I,[N(13CO)i — aAv — b]2, where N(13CO)i and Av are 
individual values of column density and visual extinction, and 
a and b are the slope and the intercept of the fitted line. This 
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(a) N(13C0) (b) Av 

216.9 216.8 216.7 216.6 216.5 216.9 216.8 216.7 216.6 216.5 
l (deg) l (deg) 

(c) I.3CO (d) Tpic(1ZCO) 

216.9 216.8 216.7 216.6 216.5 216.9 216.8 216.7 216.6 216.5 
I (deg) l (deg) 

Fig. 2.—(a) 13CO column density map of the 0.25 deg2 region of Maddalena’s cloud with 2!2 resolution; contour levels are 1, 2, 3, ..., 8 x 1015 cm-2, (b) Visual 
extinction map with 2'2 resolution; Contour levels are 1,2, 3,4, and 5 mag. (c) 13CO integrated intensity map with 1' resolution ; contour levels are 3,4, 5, ..., 9,10 K 
km s~ ^ (d) 12CO peak temperature map with 1' resolution; contour levels are 2,2.5, 3, ..., 4.5, 5 K. 

method, however, fixes the x-axis, Av, and sometimes gives an 
unrealistic fit. The results of this fit to the data is shown by the 
dotted line in Figure 5. The points have large dispersion, but 
this is expected, since we have applied star counts to an object 
a factor of 4 or 5 more distant than clouds in the solar neigh- 
borhood. 

One can exchange the axes N(13CO)i and Av with each 
other, and minimize the quantity ^[Av — aN(13CO)i — b]2. In 
this case, the 13CO column density is fixed. The regression line 
of Av on N(13CO) is shown as the dashed line in Figure 5 and 
is given by iV(13CO) = 3.0 x 1015(AK — 1.5). 

If the two parameters in a regression fit have a good corre- 
lation, the slopes obtained by the above two ways are, ideally, 
inversely proportional to each other. However, in most cases, 
the two slopes are not inversely matched precisely, because the 
two-fit parameters will typically have different error ranges. 
Recently, Isobe et al. (1990) showed that these two slopes are 
the two extreme cases in a more general fit; one has the 
steepest slope and the other the smallest. Isobe et al. (1990) also 
introduced three other fits and calculated the dispersion of 
those slopes. They suggest that the bisector of the two extreme 

slopes performs significantly better than the other methods. In 
adopting their technique, we have therefore used traditional 
least-squares fits to obtain the bisector regression line, which is 
given by 

iV(13CO) = (1.73 ± 0.09) x 1015(AV - 0.95) . (4) 

The bisector fit is shown as the solid line in Figure 5. 
In Table 1 the slopes and intercepts of various published 

regression lines of column densities relative to visual extinc- 
tions for nearby clouds are listed. Slopes range from 1.3 x 1015 

to 3.8 x 1015 cm-2 mag-1 and Dickman & Clemens (1983) 
derived 1.9 x 1015 cm-2 mag“1 for a large sample of local 
dark clouds. Since the slopes given in Table 1 were obtained by 
least-squares fits, they should be regarded as lower limits, 
according to Isobe et al. (1990). In any case our results indicate 
that the 13CO column density to visual extinction ratio in 
Maddalena’s cloud is similar to (or slightly less than) that 
found in local molecular clouds. This suggests that if the gas to 
dust ratio is normal, the CO abundance in this object is similar 
to that of clouds near the Sun. 
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Vlsr = 20 km s 1 Vlsr = 21 km s 1 Vlsr = 22 km s' 

L (deg) 
Fig. 3a 

Vlsr = 23 km s"1 Vlsr = 24 km s"1 Vlsr = 25 km s' 

l (deg) 
Fig. 3b 

Vlsr = 26 km s-1 Vlsr = 27 km s 1 Vlsr = 28 km s' 

l (deg) 
Fig. 3c 

Fig. 3.—12CO channel maps of the 1 deg2 region of Maddalena’s cloud with 3' resolution; contour levels are 2, 2.5, ..., 4.5, 5 K. (a) FLSR = 20 km s -1 (left), 21 km 
s“1 (center), and 22 km s“1 (right); (b) KLSR = 23 km s“1 (left), 24 km s“1 (center), and 25 km s"1 (right); (c) FLSR = 26 km s"1 (left), 27 km s"1 (center), and 28 km s~1 

(right). Around 24-26 km s 1 ringlike structure is seen. 

4.2. Cloud Kinematics and Mass Discrepancy 

4.2.1. Cloud Mass Estimates 
There is a big difference in the magnitudes of the masses 

derived by the virial technique and the LTE method. The virial 
mass is a factor of 8 larger than the LTE mass for the 0.25 deg2 

core region of the cloud. For the 1 deg2 region which we 
mapped, the virial mass is a factor of 5 larger than the LTE 
mass. 

A number of assumptions have entered into determining 
both the virial and LTE masses, including the 13CO abun- 
dance and the density structure of the cloud. In an earlier study 
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10 20 30 40 
VLSR (km s ) 

Fig. 4.—Some examples of typical spectra. Solid line represents 12CO emission and dotted line represents 13CO emission. 

of GMCs in the inner Galaxy, Lee, Snell, & Dickman (1990) 
found a systematic difference between the LTE masses and the 
virial masses; however, this discrepancy was probably due 
largely to the difficulty in separating individual clouds in the 
crowded inner region of the Galaxy. In a study of outer Galaxy 
molecular clouds Carpenter, Snell, & Schloerb (1990) found 
good agreement between the virial and LTE mass estimates, 

Av 

Fig. 5.—/lK-
13CO column density correlation. Dotted line represents a 

traditional least-squares fitted line (LSQ), dashed line is LSQ case when the 
axes of x and y are changed. Solid line represents the bisector of these two 
lines; its slope is 1.73 x 1015. 

suggesting than in well-resolved clouds these techniques give 
similar results. While the use of the virial expression may not 
be strictly applicable to small portions of a cloud complex, in 
the study of Carpenter, Snell, & Schloerb (1990) it was suc- 
cessfully applied to a single cloud that was part of much larger 
complex. Thus, one might expect relatively good agreement 
between the two mass estimates for Maddalena’s cloud and the 
mass discrepancy is somewhat puzzling. 

A striking feature of Maddalena’s cloud is the possible 
expansion of its central region at a velocity of approximately 4 
km s-1. Moreover, the dispersion of centroid velocities is 
nearly twice that of the average velocity dispersion along each 
line of sight. Thus, if the motions indicated by the shifts in the 
centroid velocity are not due to gravitationally bound motions, 
the virial mass will greatly overestimate the true mass that is 
present. 

Therefore, if the central region of Maddalena’s cloud is 
expanding and unbound, the mass discrepancy can be under- 
stood. However, the origin of these motions is not known. The 
total LTE mass of the expanding region is 2.5 x 104 M0 and 
its velocity is approximately 4 km s-1. Thus, the total kine- 
matic energy is 4 x 1048 ergs, which could be produced by a 
supernova explosion or winds from massive stars. However, 
there is no evidence for the presence of either massive stars or a 
supernova remnant in this region, although the expansion’s 
dynamical time scale of approximately 3 x 106 yr is far greater 
than the visible lifetime of a supernova remnant. Further 
detailed mapping of the entire cloud is needed to determine if 
this explanation is correct. 

4.2.2. CO Luminosities versus Mass Ratio 

The 12CO and 13CO luminosities are calculated from L — A 
Zj- AF¿ x Tpk [K km s"1 pc2], where the sum is over all pixel i, 

AJ^ is the full width at half-intensity in velocity units, and A is 
the pixel area in units of pc2. The 12CO luminosity is estimated 
as 0.57 x 104 K km s_1 pc2 for the 0.25 deg2 region, and 
1.8 x 104 K km s"1 pc2 for the 1 deg2 region. 

Empirical relationships between CO integrated intensity 
and H2 column density, or between CO luminosity and mass, 
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TABLE 1 
Least-Squares Fits of iV(13CO) versus Av for Nearby Clouds 

Cloud Slope Intercept Distance (pc) References 

pOph  2.5 ... 160 Encrenaz et al. (1975) 
L134   3.8 ... 150 Tucker et al. (1976) 
L43   1.5 ... 160 Elmegreen & Elmegreen (1979) 
Taurus  1.4 1.0 100 Frerking et al. (1982) 
p Oph  2.7 1.6 160 Frerking et al. (1982) 

2.2 1.4 160 Dickman & Herbst (1990) 
HCL2   1.3 0.5 100 Cernicharo & Guélin (1987) 
L1495   2.0 0.5 100 Duvert et al. (1985) 
Perseus   2.5 0.8 100 Bachiller & Cernicharo (1986) 
Local clouds  1.9 ... ... Dickman & Clemens (1983) 
This work  1.7 0.95 2200 

for GMCs in the inner Galaxy and for external galaxies have 
been found by a number of investigators and reviewed by Sco- 
ville & Sanders (1987). However, for the outer Galaxy this 
relation has been studied by only a few investigators (Sodroski 
1990; Diegel, Bally, & Thaddeus 1990; Carpenter et al. 1990). 
The value for the inner Galaxy given by Scoville & Sanders 
(1987) is N(H2)/Ico = 3.6 x 1020 cm-2 (K km s-1)-1 or equiv- 
alently, M/Lco = 7.9 M0 (K km s-1)-1 pc“2. Lee, Snell, & 
Dickman (1990) found a ratio for the inner Galaxy of 
Ar(H2)//co = 1.6 to 2.8 x 1020 cm“2 (K km s"1)“1 based on 
both LTE and virial mass determinations. For the outer 
Galaxy, Sodroski (1991) and Diegel et al. (1990) both found 
values considerably larger than those for the inner Galaxy; 
these range from 6 to 9 x 1020 cm“2 (K km s“1)“1. However, 
Carpenter et al. (1990) also studied the ratio in outer Galaxy 
clouds that are luminous star-forming sites and found a ratio 
of 1.7 x 1020 cm“2 (K km s“1)“1, much smaller than that 
found by the other investigators of the outer Galaxy and even 
slightly smaller than that found for the inner Galaxy. Thus, 
there is considerable uncertainty in the correct calibration of 
the CO intensity or luminosity to cloud column density or 
mass. In addition, it is not clear if there is a difference in the 
calibration factor between the inner and outer Galaxy. 
However, in the studies by Sodroski (1991) and Diegel et al. 
(1990), masses were derived by applying the virial theorem to 
rather poorly resolved molecular clouds, but even ignoring this 
issue, their masses are likely to be overestimated, since the 
spatial and velocity extents are in some cases implausibly large 
to correspond to single clouds. 

For Maddalena’s cloud, we can estimate the ratio between 
mass and CO luminosity. We use the LTE estimate for this 
purpose, since we have independently determined the 13CO 
column density to Av ratio. We find a LTE mass to CO lumi- 
nosity ratio of 1.4 and 1.8 M0 (K km s“1)“1 pc“2 for the 1 
deg2 and the 0.25 deg2 regions, respectively, or a ratio of 
A(H2)//co = 0-7 to 0.8 x 1020 cm“2 (K km s“1)“1. The virial 
mass estimates lead to much larger ratios of iV(H2)//co = 3.1 
to 6.3 x 1020 cm“2 (K km s“1)“1. 

If the LTE masses are accurate, the conversion factor for 
Maddalena’s cloud is unusually small. Theoretically, Dickman, 
Snell, & Schloerb (1986) found that for clouds in virial equi- 
librium the ratio between CO luminosity and mass depends on 
the temperature and density of the cloud in the following way : 

M/LcocxT-V1/2. (5) 

Since Maddalena’s cloud is exceptionally cold, one might 
expect that it would have less CO emission per unit mass than 

warmer clouds, and thus a higher M/Lco ratio than most 
clouds instead of the lower ratio our observations suggest. 
However, since the CO luminosity is given by ~TAVnr2, if the 
cloud was larger than its equilibrium configuration, it would 
then have a greater luminosity for its mass. Likewise, since the 
virial mass is proportional to rAV2, if the cloud is expanding 
from an equilibrium configuration, one would also have an 
erroneously large virial mass. Thus, three pieces of evidence 
suggest that Maddalena’s cloud may not be in virial equi- 
librium but instead in a state of expansion: (1) the large ratio of 
virial to LTE mass, (2) the small ratio of LTE mass to CO 
luminosity, and (3) the structure and kinematics of the cloud. 

5. SUMMARY 

We have observed emission from the J = 1-0 rotational 
transitions of 12CO and 13CO towards the inner portion of 
Maddalena’s cloud in order to study the relationship between 
CO column density and visual extinction, and to derive 
various physical parameters of this unusual object. The visual 
extinction has been determined by traditional star counts. This 
represents the first detailed extinction map of a molecular 
cloud substantially beyond the solar neighborhood. The 
extinction distribution is in good agreement with that of 13CO 
column density, and the slope of the correlation between these 
two parameters is estimated as 1.7 x 1015. The 13CO column 
density to visual extinction ratio is thus similar to that in local 
molecular clouds, suggesting that if the gas to dust ratio is 
normal, the CO abundance in this object is similar to that of 
the clouds near the Sun. 

The masses derived from the LTE and virial analyses differ 
by a factor of 5 for the 1 deg2 region ; the virial analysis gives a 
mass 5 times larger than the LTE value. The structure and 
kinematics of the cloud inferred from the CO maps suggest 
that the inner region of the cloud resembles an expanding ring. 
Thus, both the kinematics of the cloud and the mass discrep- 
ancy suggest that this object may not be gravitationally bound. 
The large discrepancy in mass leads to a wide range of ratios of 
molecular hydrogen column density to CO integrated inten- 
sity, 0.7-6.3 x 1020 cm“2 (K km s“1)“1. However, if we 
assume the LTE mass to be correct, the ratio would be 
0.7 x 1020 cm“2 (K km s“1)“1, much lower than that found 
for most GMCs in the inner Galaxy. 
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