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ABSTRACT 
High-resolution (A/AA = 37,000) M band (4.7 //m) spectra are presented for the seven embedded infrared 

sources W3 1RS 5, S140 1RS 1, NGC 7538 1RS 1, NGC 7538 1RS 9, GL 2136, LkHa 101, and MWC 349A. 
Absorption lines of the fundamental vibrational band of 12CO are seen in all of the sources, and correspond- 
ing 13CO lines are detected in five. Other spectral features seen are (1) blueshifted 12CO absorption in five of 
the seven sources; (2) clear 12CO emission lines in two sources (S140 1RS 1 and NGC 7538 1RS 9), and pos- 
sible CO emission lines in two others (W3 1RS 5 and NGC 7538 1RS 1); (3) hydrogen recombination lines in 
two sources (LkHa 101 and MWC 349A); (4) CO (v = 1-2) absorption lines in one source, GL 2136; and (5) 
broad absorption at 2140 cm-1, due to solid CO, in W3 1RS 5, NGC 7538 1RS 1, and NGC 7538 1RS 9. 
Analysis of the CO lines yields values for the gas temperature and column density in the line of sight to each 
source. Results from the above seven objects are combined with our previously published results for W33A 
and GL 2591 to make a sample of nine objects. Although blueshifted CO absorption (i.e., outflowing gas) is 
seen in six of the nine objects, we discuss in this paper only the quiescent (i.e., nonoutflowing) gas. 

Cold gas is seen toward all sources, with temperature from 11 K (for MWC 349A) to 66 K (for W3 1RS 5). 
Eight of the nine sources show, in addition, hot gas, with temperature from 120 K (for W33A) to 1010 K (for 
GL 2591). The cold gas resides in the molecular cloud within which the objects are embedded. The gas tem- 
peratures of the cold component agree very well with temperatures deduced from emission lines at millimeter 
and centimeter wavelengths. For five of the lines of sight, 13CO column densities calculated from the infrared 
absorption lines are in quite good agreement with 13CO column densities calculated from radio emission lines, 
given the uncertainties inherent in the use of emission lines (e.g., beam dilution and self-absorption). The loca- 
tion of the hot gas component, and its heat source, is uncertain. We present arguments in favor of the view 
that the hot gas toward GL 2591, GL 2136, W3 1RS 5, and S140 1RS 1 is very near the embedded object and 
is heated via gas-grain collisions. For the sources NGC 7538 1RS 1, NGC 7538 1RS 9, LkHa 101, and W33A, 
the same model may apply, but the clumpy cloud picture presented by Harris et al. in 1987, in which ultra- 
violet photons from nearby hot stars penetrate and heat the gas, cannot be excluded. 

The ratio of solid to gaseous CO is obtained for seven sources, using solid CO abundances published by 
Sandford et al in 1988. The fraction of CO in solid form is quite high for the sources NGC 7538 1RS 9 and 
W33A (4% and 10%, respectively). The four other lines of sight have less than 1% of CO in the solid state. 
Subject headings: interstellar: molecules — infrared: spectra — stars: pre-main-sequence 

I. INTRODUCTION 

The properties of molecular clouds are most commonly 
studied by the observation of emission lines arising from the 
deexcitation of collisionally excited molecules. Species that are 
widely used as probes of molecular clouds include CO, CS, 
NH3, and HCO+. Transparent (i.e., diffuse) interstellar clouds 
have been successfully studied for many years by absorption 
spectroscopy in the ultraviolet and visible, using background 
hot stars as sources of illumination. The exploitation of near- 
infrared (1-5 /¿m) absorption spectroscopy as a probe of molec- 
ular clouds and cloud cores, using embedded (or background) 
infrared objects, has begun only relatively recently. Much of 
the published work has been at only moderate resolution 
(A/AA « 1000), and most of the high-resolution work has been 
restricted to relatively narrow spectral bands. The use of both 
high spectral resolution {A/AA > 104) and broad wavelength 
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coverage has the obvious advantage of permitting the simulta- 
neous measurement of many molecular lines in a given band. 
The power of high spectral resolution, broad band, infrared 
spectroscopy as a probe of molecular cloud cores was convinc- 
ingly demonstrated by Scoville et al (1983) in their study of the 
BN object in Orion, employing the Fourier Transform Spec- 
trometer at the Kitt Peak 4 m telescope. The same instrument 
was used by Black and Willner (1984) in a study of NGC 2024. 

In this paper we present results from an observing program 
carried out at the Canada-France-Hawaii Telescope on 
Mauna Kea using the Fourier Transform Spectrometer at the 
Cassegrain focus. We have observed lines of the fundamental 
vibrational band of CO at 4.7 ¡jm toward embedded young 
stellar objects. Some results of the program, emphasizing newly 
detected outflows, have been published (Mitchell et al 
1988a, b; Mitchell, Allen and Maillard 1988; Mitchell et al 
1989). Here we discuss the properties of the quiescent gas 
toward nine YSOs. 

The nine sources in this study do not, by any means, form a 
homogeneous sample. They can be divided into three groups. 
The five objects GL 2591, S140 1RS 1, W3 1RS 5, NGC 7538 
1RS 1, and NGC 7538 1RS 9 are luminous, deeply embedded, 
and are sources of spatially extended gas outflows. These five 
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are classical examples of objects which were, until recently, 
called protostars but which are now, more cautiously, denoted 
young stellar objects. The two sources W33A and GL 2136 are 
also luminous and highly reddened but they do not show evi- 
dence of gas outflow. They appear in lists of YSOs but their 
status is not clear. The two objects LkHa 101 and MWC 349A 
are very different from the other seven in being much less 
deeply embedded in gas and dust. They are emission-line 
objects, probably at or near the zero-age main sequence. The 
evolutionary status of MWC 349A is controversial. White and 
Becker (1985) suggest that it is an evolved object. Hamann and 
Simon (1988), on the other hand, stress the similarities between 
MWC 349A and young stellar objects. They model MWC 
349A as a rotating disk plus a bipolar wind. 

In § II below, spectra of the individual sources, showing 
12CO and 13CO lines, are presented. Gas temperatures and 
column densities are calculated in § III, where it is shown that 
both hot and cold gas is often seen. In § IV the infrared tem- 
peratures and column densities are compared with available 
millimeter emission line measurements. A strong correlation 
between CO column density and silicate optical depth is 
demonstrated in § V. In § VI a comparison is made between 
solid and gaseous CO abundance for six lines of sight. The 
location and heating of the hot gas component are discussed in 
§ VII, and conclusions of the paper are reiterated in § VIII. 

II. THE OBSERVATIONS 

The data were obtained in 1987 July and 1988 September/ 
October using the Fourier Transform Spectrometer on the 
Canada-France-Hawaii Telescope. A log of the observations is 
given in Table 1. A filter with a bandpass of «100 cm-1, 
centered on 2130 cm-1 (4.695 (/mi), was employed. In each 
case, a resolution of /l/AA = 37,000 was used, corresponding, at 
4.7 //m, to a velocity resolution of 8 km s-1 (full width at 
half-maximum). Beam-switching of the source between the two 
entrance apertures was used to cancel the thermal background. 
Removal of absorption lines formed in Earth’s atmosphere is 
effected by ratioing the source spectrum with that of a standard 
star. The standard should be of early spectral type to ensure 
the absence of molecular absorption lines in its atmosphere. 
For each source, we used the A0 star, a Lyr, as the standard. 
On the same night that each source was observed, a spectrum 
of a Lyr was obtained through a similar air mass. Preliminary 
data processing, resulting in co-added spectra, was done at 
CFHT headquarters in Waimea. The measurement of line 
positions, widths, and equivalent widths was carried out at 
Saint Mary’s University using interactive software written by 
K. Belcourt. The software was validated by comparison with 

TABLE 1 
Log of the Observations 

Integration Time 
Source Date (minutes) 

GL 2136   1987 Julll 128 
W31RS 5   1988 Sep 30 96 
S140IRS 1   1987 Jul 12 160 

1988 Sep 30 224 
NGC 75381RS 1   1988 Oct 2 144 
NGC 75381RS 9   1988 Oct 1 160 
LkHa 101   1988 Oct 2 40 
MWC 349A   1987 Jul 10 80 

extensive measurements of the GL 2591 spectrum made by 
hand, using ruler and planimeter. 

Figure 1 shows a typical spectrum of a Lyr to illustrate the 
sky spectrum in the bandpass. The intensity scale in Figures 
1-8 is in arbitrary units. Telluric 12CO lines, from PI5 to R8, 
are labelled in Figure 1. The FTS spectra are subject to chan- 
neling, a sinusoidal modulation of the intensity caused by 
internal reflection in the cold filters. Some of the apparent 
structure in the a Lyr spectrum on a scale of « 1 cm ~1 is, in 
fact, due to channeling. Because of channeling, the continuum 
of the source and the standard star must be carefully matched 
in the vicinity of the line of interest before a ratio is taken. The 
ragged appearance of the spectrum in the P branch, at wave- 
numbers below 2130 cm-1 (Fig. lu), is due to telluric N20 
absorption. The R branch (Fig. lb) is much cleaner, containing 
well-separated lines of H20 and CO. 

Spectra of the sources GL 2136, W3 1RS 5, S140 1RS 1, 
NGC 7538 1RS 1, NGC 7538 1RS 9, LkHa 101, and MWC 
349A are shown in Figures 2 through 8. In each spectrum, CO 
(0-1) absorption lines are detected with velocities at or near the 
velocity of the respective molecular cloud core, as previously 
found from CO emission at millimeter wavelengths. Other 
spectral features seen are (1) blueshifted 12CO absorption in 
five of the seven sources; (2) clear 12CO emission lines in two 
sources (S140 1RS 1 and NGC 7538 1RS 9), and possible CO 
emission lines in two others (W3 1RS 5 and NGC 7538 1RS 1); 
(3) hydrogen recombination lines in two sources (LkHa 101 
and MWC 349A); (4) CO (v = 1-2) absorption lines in one 
source, GL 2136; and (5) broad absorption at 2140 cm-1, due 
to solid CO, in W3 1RS 5, NGC 7538 1RS 1, and NGC 7538 
1RS 9. The present paper is concerned with the quiescent (i.e., 
rest velocity) gas. The outflows and emission features will be 
discussed in future publications. 

Figure 2 shows the uncorrected spectrum of GL 2136. 
Detected lines of 12CO are labeled above the spectrum. At the 
date of observation, the Doppler shift of GL 2136 relative to 
Earth was fairly small (19 km s"1 or 0.14 cm -1), so that telluric 
CO lines, indicated by the symbol ©, are partially blended 
with the interstellar 12CO lines. The component to the left is 
the interstellar component. As well as being blended with tellu- 
ric lines, the 12CO lines are strongly saturated and cannot be 
used to deduce gas properties. The corresponding lines of 
13CO are also present and are not saturated. The 13CO lines 
are labeled below the spectrum. In addition, 12 absorption 
lines arising from CO in the first excited vibrational level are 
seen in the spectrum, making GL 2136 the second source we 
have observed (after GL 2591; Mitchell et al. 1989) which 
shows vibrationally excited CO lines. The CO(i; = 1-2) lines 
are denoted by an asterisk in Figure 2. 

The spectrum of W3 1RS 5 is shown in Figure 3. The absorp- 
tion lines of 12CO, labeled above the spectrum, show four 
velocity components, one at the velocity of the cloud core and 
three blueshifted with respect to the cloud core. The CO 
absorption consists, morphologically, of two broad features 
each with two components. The total velocity range of the 
absorption is «60 km s“1. The quiescent absorption, dis- 
cussed in this paper, is the reddest (lowest wavenumber) com- 
ponent of the four. The interstellar absorption lines are well 
separated from the telluric CO lines (denoted by ©) by a large 
Doppler shift. Narrow CO emission lines, to the red of the 
absorption lines are likely present. The emission lines appear 
strongest in the P-branch, particularly Pli, P9, and P8. A 
spectrum with a higher signal-to-noise ratio is needed to 
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Fig. 1.—The spectrum of the standard star, ol Lyr, illustrates the spectrum of the sky in our bandpass. Telluric lines, from PI5 through P8, are labeled. The 

intensity scale is in arbitrary units. 
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Fig. 2.—The spectrum of GL 2136, uncorrected for absorption due to Earth’s atmosphere. Absorption lines of 12CO are labeled above the spectrum and 
absorption lines of 13CO are labeled below. The telluric lines of 12CO are denoted by the symbol ©. 12CO(i; = 1-2) lines are denoted by an asterisk. 
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Fig. 3.—The same as Fig. 2 but for W3 1RS 5 
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confirm their existence in this source. Absorption lines of 13CO 
at the source velocity are detected and are labeled below the 
spectrum. Previous results for W3 1RS 5, presented in Mitchell 
et al. (1990), were based on a spectrum of W3 1RS 5 having 
only half the signal-to-noise ratio of the spectrum in Figure 3. 
The gas properties for W3 1RS 5 deduced in this paper are 
consistent with, but not identical to, the properties presented 
earlier. The results presented in this paper supersede those of 
Mitchell et al. (1990). 

Figure 4 shows the spectrum of S140 1RS 1. Strong 12CO 
absorption lines are present and are labeled above the spec- 
trum. Emission lines of 12CO are very clear in this source. The 
emission is redshifted by »10 km s-1 relative to the absorp- 
tion, so that the CO lines are P Cygni in character. At the 
resolution of 8 km s_1, the emission lines are unresolved. The 
12CO absorption lines are asymmetrical, having a blue wing 
which can be interpreted as gas outflowing at a velocity of 12 
km s“1. 13CO absorption lines corresponding to the 12CO 
lines are present and are labeled below the spectrum. 

The spectrum of NGC 7538 1RS 1 (Fig. 5) shows strong 
12CO lines at the source velocity. A blueshifted wing to the 
12CO absorption lines indicates gas outflowing at a velocity of 
»10 km s_1. Narrow, redshifted 12CO emission is probably 
present, although weak. Absorption lines of 13CO from P4 
through R13 are present and are labeled below the spectrum. 

NGC 7538 1RS 9 (Fig. 6) exhibits two strong interstellar 
absorption components due to 12CO. The redder component 
is at the velocity of the cloud core, while the other component 
is blueshifted by 16 km s-1. As in S140 1RS 1, strong, narrow 
emission lines of 12CO are present to the red of the rest velocity 
absorption, giving P Cygni-like CO profiles. The blueshifted 
CO absorption lines have a pronounced wing to the blue and 
are consistent with two blended velocity components having 
outflow velocities of 16 and 28 km s-1 relative to the source. 
The very broad absorption feature centered at 2140 cm-1 is 
due to solid CO. NGC 7538 1RS 9 has the deepest solid CO 
absorption of any source observed to date. In the solid CO 
feature the intensity drops to essentially zero, so that no gas 
phase absorption lines are measurable in this part of the spec- 
trum (from »2138 to 2143 cm-1). Despite the strength of the 
12CO absorption lines, only low-J lines of 13CO, J < 6, are 
seen. 

The emission-line star LkHa 101 has a much smaller column 
density of foreground gas than the previous sources. Inter- 
stellar 12CO lines are, therefore, weaker. Sixteen 12CO lines are 
present (Fig. 7), with values of the rotational quantum number 
up to J = 6. They are labeled below the spectrum. No 13CO 
lines are detectable. The Pf/? recombination line of hydrogen at 
2149 cm-1, formed in an outflowing ionized wind, is very 
strong. Its full width at half maximum is 42 km s- \ consistent 
with that of the Bry line (Simon and Cassar 1984). Note that 
the intensity scale in the portion of Figure 7 containing Pf/? is 
compressed in order to accommodate the emission. 

Only that portion of the spectrum of MWC 349A (Fig. 8) is 
displayed which shows interstellar features. Four weak 12CO 
absorption lines are seen, namely the R0, PI, Rl, and R3 lines. 
No 13CO is detected. The two hydrogen recombination lines 
Pf/? (7-6) and Hue (11-6), are very strong. These are the only H 
lines which fall in the filter bandpass. The emission lines are 
asymmetric and broad, consistent with other recombination 
lines observed in this source (e.g., Hamann and Simon 1986). 
The Piß line, measured after ratioing, has a FWHM of 92 km 
s-1, a FWZI of 157 km s-1, and an equivalent width of 1.015 

TABLE 2 
Cloud Core Velocities: Infrared Absorption Compared with 

Millimeter Emission 

t;LSR(kms l) 
  Reference to 

Object Infrared Millimeter Millimeter i;lsr 

W33A   32.6 ± 1.7 36 1 
W3IRS5   -42.4+ 1.5 -39 2 
GL 2136   26.5 ± 2.8 27.2 3 
GL 2591   -10.7 + 0.4 -6 4 
NGC 7538/1   -59.2 ±1.2 -58 5 
NGC 7538/9   -59.7 ±1.9 -58 5 
S140IRS1   -8.5 ±1.0 -8.5 6 
LkHa 101   -0.3 ±0.5 -1.2 7 
MWC 349A   3.1 ±1.7 -3.5 8 

References.—(1) Goldsmith and Mao 1983; (2) Hayashi et al. 1989; (3) 
Dinger et al. 1979; (4) Bally and Lada 1983; (5) Kameya et al. 1989; (6) 
Margulis and Lada 1985; (7) Redman et al. 1986; (8) Knapp et al. 1977. 

cm-1. The Hue line has a FWHM of 111 km s-1, a FWZI of 
160 km s -1, and an equivalent width of 0.232 cm - L 

The velocities of all CO lines were measured from ratioed 
spectra. Velocities with respect to the local standard of rest 
(plsr) of the quiescent cloud core component are given in Table 
2, where they are compared with velocities of CO emission 
lines at millimeter wavelengths. Velocities obtained from the 
13CO lines are used for the seven sources with 13CO lines. The 
13 CO lines, being narrower, give greater accuracy. For each 
source, the velocity listed in Table 2 is the average over all 
measured lines, and the error is a measure (1 or) of the scatter in 
the individual measurements. The infrared and millimeter ve- 
locities agree to within 2 a for seven of the sources. In the case 
of GL 2591, the difference is larger, as pointed out previously 
(Mitchell et al. 1989). For MWC 349A, the discrepancy is 
greater than 3 <j, possibly suggesting an error (typographical?) 
in the millimeter velocity tabulated by Knapp et al. (1977). 

III. CALCULATIONS OF GAS PROPERTIES 

For an optically thin line, the column density of CO in the 
initial rotational state of the transition, Nj, can be found 
directly from the equivalent width using the relation 

^ fjNj 
“ m„c2^ J 

where is the equivalent width in cm-1,/j is the absorption 
oscillator strength of the transition, and the other symbols 
have their usual meanings. For the objects W33A, W3 1RS 5, 
GL 2136, NGC 7538 1RS 1, NGC 7538 1RS 9, and S1401RS 1, 
the rest-velocity 12CO lines are saturated and cannot be used 
to obtain column densities. For the above sources, however, 
13 CO lines are reasonably strong and are not saturated, so that 
13CO column densities can be found. In the spectra of LkHa 
101 and MWC 349A, on the other hand, 13CO lines are not 
seen, but12CO lines are detected and are not saturated, so that 
12CO column densities can be obtained for these objects. Mea- 
sured equivalent widths of 13CO and 12CO lines are listed in 
Tables 3 and 4. In the case of S140 1RS 1, the tabulated widths 
are averages of the 1987 July and 1988 September observa- 
tions. 

Because the 13CO (t; = 0-1) lines are not always optically 
thin for sources as deeply embedded as these (e.g., Scoville et al. 
1983; Mitchell et al. 1989), we cannot assume the optically thin 
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Fig. 4.—The same as Fig. 2 but for S1401RS 1. In addition to absorption lines of 12CO and 13CO, emission lines of 12CO are strong in this source. 
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Fig. 5.—The same as Fig. 2 but for the source NGC 75381RS 1 
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Fig. 6.—The same as Fig. 2 but for NGC 75381RS 9. In addition to absorption lines of 12CO and 13CO, emission lines of 12CO are strong. The broad absorption 
feature centered at 2140 cm -1 is due to solid CO. 
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Fig. 7. The spectrum of LkHa 101. Lines of 12CO, from P8 to R8, are labeled below the spectrum. The corresponding telluric lines are denoted by the symbol 
© . The Pfund-/? emission line of hydrogen is labeled. 
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Wavenumber (cm 1) 
Fig. 8.—A portion of the spectrum of MWC 349A. The PI, RO, Rl, and R3 interstellar lines of 12CO are labeled. Two hydrogen recombination lines, the Pfund-/? 

and the Humphreys-e lines, are shown. 

relation connecting and AT,but must carry out a curve-of- 
growth analysis. For each source, it is necessary to adopt an 
appropriate line width (FWHM). The averaged measured 
13CO line width in each source is 10-12 km s-1. After correc- 

TABLE 3 
Equivalent Widths of 13CO Lines (cm-1) 

Line W3 1RS 5 GL 2136 

RO  0.0656 0.0571 
PI  0.0551 0.0820 
R2   0.0820 0.0688 
P2   0.0667 0.0682 
R3  0.0573 0.0518 
P3   0.0547 0.0490 
R4  0.0704 
P4   0.0529 
R5  0.0639 0.0699 
R6  0.0650 0.0432 
R7  0.0514 0.0561 
R9  0.0451 0.0384 
R10   0.0368 
Rll  0.0275 0.0449 
R12  0.0437 0.0504 
R13  0.0375 0.0409 
R15  0.0352 0.0288 
R16  0.0353 0.0275 
R17  0.0320 0.0305 
R18  0.0136 0.0395 
R19  0.0311 
R20  0.0194 0.0157 
R21  0.0252 
R22   0.0160 0.0295 
R23  0.0108 0.0216 
R24  0.0173 0.0016 

NGC 7538/1 NGC 7538/9 S140/1 

0.0597 0.0583 0.0338 
0.0645 0.0728 0.0385 

0.0468 
0.0800 0.0710 0.0366 
0.0745 0.0727 0.0429 

0.0274 0.0376 
0.0410 

0.0417 0.0728 0.0356 
0.0269 

0.0486 0.0097 0.0308 
0.0288 

0.0340 ... 0.0223 
0.0330 ... 0.0208 

0.0218 
0.0205 ... 0.0187 
0.0152 ... 0.0165 

0.0139 
0.0124 
0.0103 
0.0092 
0.0076 

tion for an instrumental width of 8 km s-1, the intrinsic line 
widths should be 6.5-9 km s~1. We feel, however, that the 
13CO lines are, at best, marginally resolved, and that widths 
obtained in this way cannot reliably be used in a curve-of- 
growth analysis. It is probably significant that the mean line 
width in all the sources is similar and is only slightly larger 
than the instrumental width : noise will inevitably increase line 
widths to values exceeding the nominal resolution. A second 
indication that the lines are not resolved is the fact that the 
high-J lines and low-J lines in each spectrum have the same 

TABLE 4 
Equivalent Widths of 12CO Lines (cm-1) 

Line NGC 7538/9 LkHa 101 MWC 349A 

R0. 
Rl. 
PI. 
R2. 
P2. 
R3. 
P3. 
R4. 
P4. 
R5. 
P5. 
R6. 
P6. 
R7. 
P7. 
R8. 
P8. 
P9. 

0.0935 
0.0977 

0.0866 

0.0735 
0.0534 
0.0574 
0.0643 
0.0672 
0.0573 
0.0565 
0.0654 
0.0669 

0.0502 
0.0551 
0.0492 

0.0445 
0.0436 

0.0311 
0.0385 
0.0337 
0.0397 
0.0347 
0.0305 
0.0223 
0.0225 
0.0256 
0.0189 

0.0162 
0.0238 
0.0076 

0.0376 
0.0264 
0.0103 

0.0080 
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mean line width. As we show below, the high-J lines are formed 
in hot gas while the low-J lines are formed in cold gas. The two 
temperature components are likely to be physically distinct 
and need not share a common line width. We must use, there- 
fore, high velocity resolution CO emission observations as a 
guide in choosing appropriate line widths. 

The sources W33A and GL 2591 have been discussed pre- 
viously (Mitchell, Allen, and Maillard 1988: Mitchell et al 
1989). For LkHa 101 we use the CO (J = 1-0) emission-line 
width of 3.5 km s'1 from Redman, Kuiper, and Lorre (1986). 
For the source MWC 349A, we use 3.4 km s-1, the CO 
(J = 1-0) emission line width found by Knapp et al (1977). For 
GL 2136, we use the CO (J = 1-0) line width of 8 km s_1 

found by Dinger et al (1979). A choice of line width for the 
other sources (W3 1RS 5, NGC 7538 1RS 1, NGC 7538 1RS 9, 
and S140 1RS 1) is difficult because of the complex nature of 
the CO emission lines. The 12CO (J = 1-0) and 12CO 
(J = 2-1) lines are broad (8-14 km-1 FWHM), asymmetric, 
and possess extended, high-velocity wings. The emission-line 
observations are taken with beam sizes typically in the range 
16"-60", whereas the infrared observations probe essentially a 
single line of sight. Black and Willner (1984) found very narrow 
(1.4 km s-1) 12CO (v = 2-0) absorption lines toward NGC 
2024 1RS 2, which contrast with considerably broader CO 
rotational emission lines. They suggested as an explanation 
that, because the source 1RS 2 is offset from the cloud center, 
the infrared line of sight does not probe the same region of the 
cloud as do the millimeter observations. The sources W3 1RS 
5, NGC 7538 1RS 1, NGC 7538 1RS 9, and S140 1RS 1, on the 
other hand, are located precisely at density maxima in their 
respective molecular cloud cores. In these cases the absorption 
line of sight will pass through the regions affected by outflows 
from the active central objects, and line widths need not be 
small. We have adopted 6 km s"1 for S1401RS 1, and 8 km s -1 

for W31RS 5, NGC 75381RS 1, and NGC 75381RS 9. 
For each source, a curve-of-growth analysis was carried out, 

following Spitzer (1978), using the line widths stated above. 
The result of the analysis is a column density, Nj, for the initial 
state of each measured transition. If the CO energy levels 
are populated according to thermodynamic equilibrium, 
the Boltzmann equation applies, and so Nj/(2J + 1) oc exp 
(—Ej/kT), where Ej is the energy of the Jth rotational state 
above the ground rotational state. It is, therefore, useful to plot 
In lNj/(2J + 1)] versus Ej/k. If the data points fall along a 
straight line, then LTE is probably a valid approximation and 
the gas temperature is obtained as the inverse of the slope. 
Figure 9 shows such “Boltzmann” plots, all with the same 
scale, for the nine sources. The most striking feature of Figure 9 
is that, for seven of the sources, a single straight line is a poor 
representation of the data. The distribution of points, for these 
sources, shows a break at E/k « 50-100 K. We see that the 
low-J points can be fitted by one straight line, while the higher 
J points can be fitted by a second line of shallower slope. Our 
interpretation, as made previously for W33A (Mitchell, Allen, 
and Maillard 1988) and GL2591 (Mitchell et al 1989), is that 
the low-J absorption lines are formed in cold gas while the 
high-J absorption lines are formed in hot or warm gas. The 
lines in Figure 9 are least-squares fits. CO temperatures 
obtained from Boltzmann’s equation are shown. Because the 
scale of Figure 9 is not appropriate for displaying the cold gas 
component, we show in Figure 10 Boltzmann plots for the cold 
gas alone, together with the least-squares fits. From Figures 9 
and 10 we see that cold gas (temperatures 11-66 K) is seen in 

front of all nine sources, while seven out of the nine sources 
show, in addition, a hot gas component (temperatures 120- 
1010 K). 

The absence, in NGC 7538 1RS 9, of 13CO absorption lines 
from higher rotational levels suggests that higher J lines of 
12CO may be unsaturated in this source. Equivalent width 
measurements show that this is, indeed, the case. A Boltzmann 
plot of 12CO in NGC 7538 1RS 9 is shown in Figure 11. 
Column densities were calculated assuming a line width of 8 
km s_1. The line through low-J points in Figure 11 indicates 
gas with a temperature of 16 K. The high-J lines (J > 4) show 
the presence of warm gas at T = 180 K. The cold gas tem- 
perature deduced from 12CO lines is considerably lower than 
that obtained using 13CO lines. The low-J lines of 12CO have, 
however, optical depths up to t = 5 so that they are at the 
transition region between the linear and saturated portions of 
the curve of growth. The column densities deduced from the 
low-J lines of 12CO will be less reliable than those from the 
13CO lines because of the large corrections for optical depth 
that must be applied to the 12CO lines. We adopt, therefore, 
the temperature of 26 K for the cold gas in front of NGC 7538 
1RS 9, as found from 13CO lines. Higher J lines (J > 4) of 
12CO have optical depths from 1.2 to 2, which puts them on 
the linear portion of the curve of growth. 

Of the eight sources showing hot gas, we believe that seven 
of the detections are new. The exception is NGC 7538 1RS 1. 
Wilson et al (1983) have observed emission from NGC 7538 
1RS 1 in several rotational transitions of NH3 having E/k 
values up to »400 K. They find a rotational temperature of 
170 K, in excellent agreement with our CO rotational tem- 
perature of 176 K. 

Once an excitation temperature is known, the total CO 
column density (in the ground vibrational state) can be calcu- 
lated from the CO column density in any rotational state (of 
the ground vibrational state) using the Boltzmann equation in 
the form 

—I _ p-Ej/kT 
N u(T) 

For a given gas component we calculate total CO column 
densities using each rotational state and average the results. 
Temperatures and column densities for all sources are listed in 
Table 5. In the cases of LkHa 101 and MWC 349A, it is neces- 
sary to convert 12CO column densities to 13CO column den- 
sities. Most recent determinations of the 12C/13C isotope ratio 
in the local interstellar medium are reasonably consistent with 
the solar system value of 89. For example, Scoville et al (1983) 
find 12CO/13CO = 96 in the core of the Orion Molecular 
Cloud, and Stahl et al (1989) obtain 12CH+/13CH+ = 77 
toward Ç Oph. For LkHa 101, MWC 349A, and NGC 7538 
1RS 9, therefore, the calculated 12CO column densities were 
divided by the solar system isotopic abundance ratio, 89, to 
obtain the 13CO column densities in Table 5. The errors 
quoted in Table 5 for temperatures and total CO column den- 
sities are 1 a errors due to scatter in the individual N/s. 

It is important to consider the uncertainty in the calculated 
column densities introduced by uncertainty in the intrinsic line 
widths. We have used 13CO emission line widths as a guide in 
selecting the intrinsic widths of 13CO absorption lines. If the 
emitting gas has an appreciable optical depth in the 13CO 
emission lines, the emission lines will be broadened. Toward 
W33A, for example, Goldsmith and Mao (1983) found a 13CO 
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Fig. 11.—A Boltzmann plot, as in Fig. 9, for 12CO lines in NGC 75381RS 9 

line width of 8 km s -1 while Jafîe et al (1984) obtained a width 
of 5 km s"1 for the less abundant C180. To assess the sensi- 
tivity of column densities to line width, we have calculated 
column densities for a range of line widths. A sample of the 
results is pven in Table 6 for the two sources S140 1RS 1 and 
W3 1RS 5. The first column is the assumed full width at half- 
maximum. The optical depth of each line comes out of the 
curve-of-growth calculation. To simplify the presentation in 
Table 6, we list in columns (2) and (6) an optical depth which is 
representative of lines with low rotational quantum number 
(J « 1), and in columns (4) and (8) an optical depth which is 

appropriate for lines of high rotational quantum number 
(J « 15). The notation N/N6 indicates the calculated column 
density divided by the column density for a FWHM of 6 km 
s“1. The ratio N/N6 is, therefore, the factor by which the 
column densities of 13CO toward S1401RS 1, in Table 5, must 
be increased if the intrinsic line width is less than 6 km s-1. 
Similarly, the column densities of 13CO toward W3 1RS 5 in 
Table 5 must be increased by the factor N/N8 if the line width 
is less than 8 km s-1. From the entries in Table 6, it is evident 
that the low-J lines become highly saturated if line widths are 
as much as 4 km s-1 narrower than our assumed widths. In 
this case, the cold gas column densities of Table 5 would be 
lower limits. A decrease of line width by 2 km s_ 1, on the other 
hand, results in a moderate 25%-30% increase in the calcu- 
lated column density of cold gas. 

The high-J lines, which are formed in hot gas, have lower 
optical depth than the lines of low J. The hot gas column 
densities are, therefore, much less sensitive to the assumed line 
width. For the examples of S1401RS 1 and W3 1RS 5 in Table 
6, a decrease in line width of 4 km s “1 produces a 30% increase 
in the column density of the hot gas. Higher spectral resolution 
observations are needed to determine the absorption line 
widths and resolve the column density uncertainty. An increase 
in resolution by a factor of 2-3, which is well within the capa- 
bility of the FT Spectrometer, would settle the issue. 

Another complication to the interpretation of the observed 
line widths is the possible clumpy structure of cloud cores. The 
line of sight may intersect a number of clumps, so that the 
observed line width will be due, in part, to the relative motion 
of the various clumps. If the individual clumps are optically 
thick, our calculated column densities will be too small. 

Limits can be placed on the gas density by exploiting the fact 

TABLE 5 
13CO Temperatures and Column Densities 

Cold Component Hot Component 

Source T (K) N (cm-2) x KT17 T (K) N (cm’2) x KT17 

W33A   2311 2.1 ± 0.9 120í}í 2.3 ± 0.4 
W3IRS5   66ÍJ3 2.2 ±0.8 571+_lt 2.1 ± 0.7 
GL 2136   1T1¡ 1.2 ±0.5 580!^ 2.5 ± 0.7 
GL 2591   38 ± 3 1.2 ± 0.2 1010Í0.93 ± 0.2 
NGC 7538/1   25 ± 4 1.5 ± 0.3 176 ± 8 1.4 ± 0.1 
NGC 7538/9a   26 ± 5 1.6 ± 0.9 ISOÍ^g 0.025 ± 0.0004 
S1401RS 1   28 ± 3 0.51 ± 0.1 390 ± 10 0.73 ± 0.05 
LkHa 101a   26 ± 6 0.013 ± 0.004 122Í2? 0.0068 ± 0.0005 
MWC 349Aa  llí| 0.0034 ± 0.0022 

a For LkHa 101 and MWC 349A, temperatures and column densities were obtained using lines 
of 12CO. For NGC 7538 1RS 9, the temperature and column density of the hot component were 
obtained using lines of 12CO. The column densities listed in the table are the 12CO column 
densities divided by 89, the assumed 12CO/13CO abundance ratio. 

TABLE 6 
Sensitivity of 13CO Column Densities to Line Widths 

S140 1RS 1 W3 1RS 5 
A^l/2 

(km s_1) t(Iow-J) N/N6 i(high-J) N/N6 i(low-J) N/N8 i(high-J) N/N8 
(1) (2) (3) (4) (5) (6) (7) (8) (9) 

2.0   >10 10 1 1.3 
4.0   2 1.3 <1 1.1 >10 2.5 1 1.3 
6.0   1 1 <1 1 3 1.2 <1 1.1 
8.0   ... ... ... ... 2 1 <11 
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that a Boltzmann distribution of rotational populations is 
maintained out to some rotational level. The hot gas properties 
are further discussed in § VII. Here we address the cold com- 
ponent only. The largest J level detectable in the cold gas 
varies from J = 3 for GL 2136 and MWC 349A, to J = 7 in 
W3 1RS 5. Viscuso and Chernoff (1988) have calculated CO 
rotational level populations for a range of temperatures 
(10-103 K) and densities (103-107 cm-3). Using their Figure 4, 
we can find the minimum gas density which will maintain LTE 
in the observed range of J levels. The result is the same for all 
sources, namely that the density of the cold gas must exceed 
105 cm-3. 

IV. COMPARISON WITH CO AND NH3 EMISSION-LINE RESULTS 

a) Temperature 
It is of interest to compare the temperatures of the cold gas, 

determined here, with other temperature measurements. 
Perhaps the most widely used method for obtaining gas kinetic 
temperatures in dense clouds is through the measurement of 
emission from low-lying rotational states of 12CO. The tran- 
sitions CO (J = 1-0) and CO (J = 2-1) have been frequently 
employed. The procedure is straightforward in principle. The 
antenna temperature, T$, is corrected for the coupling effi- 
ciency to the source and for the forward spillover and scat- 
tering efficiency to yield the radiation temperature, TR. The 
kinetic temperature is obtained from TR by assuming that the 
optical depth in the transition is large and that the CO energy 
levels are thermalized. Errors in the deduced temperatures can 
arise from uncertain coupling efficiencies, which depend on the 
source intensity distribution within the beam, and from pos- 
sible self-absorption in the very strong lines. 

Ammonia is a second useful interstellar thermometer. 
Observations of two or more inversion transitions of NH3 

provide a rotational temperature. The assumption that the 
ammonia is collisionally excited by H2 permits a calculation of 
the kinetic temperature. 

In Table 7, the 13CO temperatures of the cold gas, deter- 
mined from the absorption spectra presented in this paper, are 
compared to temperatures found by other methods. CO tem- 
peratures of NGC 7538 and S140 are taken from Wu and 
Evans (1989), who carried out a careful reanalysis of the gas 
and dust temperatures of several dense clouds. The ammonia 
temperatures in Table 7 are taken from Danby et al (1988), 
who recalibrated the relationship between rotational and 
kinetic temperatures using new calculations of collisional exci- 
tation rates of NH3 by H2. The NH3 rotational temperatures, 
from which the kinetic temperatures are derived, are from 
Takano (1986). The gas temperatures toward W3 1RS 5 and 
GL 2591 were deduced from CO (J = 2-1) observations 
obtained by Mitchell and Hasegawa in 1989 August, using the 
James Clerk Maxwell Telescope6 on Mauna Kea (Mitchell and 
Hasegawa 1990). We have deduced kinetic temperatures from 
the peak antenna temperatures as outlined above, employing a 
beam efficiency of 0.79 and assuming uniform source tem- 
peratures within the 20" beam. The results are given in Table 7 
with the reference “ unpublished JCMT data.” A temperature 
for the W3 cloud, based on continuum observations at 1.3 and 
3 mm (Gordon 1987), is included in Table 7. The sources LkHa 

6 The JCMT is operated by the Royal Observatory, Edinburgh on behalf of 
the United Kingdom Science and Engineering Research Council, the National 
Research Council of Canada, and the Netherlands Organisation for Pure 
Research. 

TABLE 7 
Temperature of the Cold Component Compared with 

Other Measurements 

Source 
T (CO 

absorption) T (other) Method References 

W33A .... 
W31RS 5 

GL 2591   

NGC75381RS9 ... 

NGC 75381RS 1 ... 

S1401RS 1   

23 
66 

38 

26 

25 

28 

26 
65 
67 
37 
44 
35 
24 
26 
35 
24 
26 
30 
27 
30 

CO 2-1 
Dust emission 
CO 2-1 
NH3 
CO 2-1 
nh3 
CO 2-1 
CO 1-0 
nh3 
CO 2-1 
CO 1-0 
NH3 
CO 2-1 
CO 1-0 

References.—(1) Goldsmith and Mao 1983; (2) Gordon 1987; (3) Unpub- 
lished JCMT data; (4) Danby et al 1988; (5) Wu and Evans 1989. 

101, MWC 349A, and GL 2136 are missing from Table 7 
because we could not find reliable temperatures in the liter- 
ature. 

The temperatures deduced from CO emission and absorp- 
tion lines are generally in good agreement. One implication of 
the agreement is that the line widths we have used in the curve 
of growth analyses are reasonable. Smaller line widths would 
steepen the point distribution in plots such as Figure 9, 
resulting in lower calculated temperatures. The steepening 
occurs because level population is inversely proportional to the 
rotational quantum number, J, so that the opacity corrections 
(i.e., increases) to Nj are also inversely proportional to J. 

The temperatures from NH3 are in good agreement with CO 
absorption temperatures for GL 2591 and SI40. The two 
methods do not, however, give consistent results for NGC 
7538, the ammonia temperature being about 30% higher. In 
the W3 core, the dust temperature from continuum observa- 
tions (Gordon 1987) is essentially identical to the gas tem- 
perature deduced from CO absorption lines. 

The close agreement between 13CO absorption tem- 
peratures and 12CO emission temperatures is surprising. The 
large optical depth in 12CO low-J emission lines implies that 
the emitting gas is further from the infrared source than is the 
13CO absorbing gas. The agreement between CO absorption 
and emission temperatures may be related to another remark- 
able agreement, that between the dust temperature from 60 
and 100 jum IRAS observations, and gas kinetic temperatures 
from CO(l-O) and CO(2-l) emission lines (Wu and Evans 
1989). The latter agreement does not appear to be understood. 
Possible simplified structures might be envisioned for the cloud 
cores. First, a hot circumstellar shell or disk may be sur- 
rounded by a sphere of uniform, low-temperature gas. In this 
picture, 13CO absorption lines of high J are formed as the 
continuous radiation passes through the hot gas, while the 
observed low-J absorption lines are formed in the cooler sur- 
rounding gas. The optically thick CO emission comes from the 
outer layers of the colder region. A second physical model is of 
a cloud possessing a continuous gradient in temperature and 
density. High-J absorption lines of 13 CO will be preferentially 
formed in the inner, hotter regions because of the larger popu- 
lation of excited CO. Low-J absorption lines will form in the 
outer, cooler regions. Again, the temperature agreement 
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between 12CO low-J emission lines and 13CO low-J absorp- 
tion lines is qualitatively understandable. It may be possible to 
distinguish between a two-zone model and a cloud with a gra- 
dient in temperature and density by making the simplifying 
assumption of local thermodynamic equilibrium. For example, 
the adoption of power laws for the density and temperature 
distribution permits the column density in any J level to be 
evaluated analytically (assuming LTE). Simple physical models 
will be, however, of questionable validity for the sources dis- 
cussed in this paper because of the presence of molecular out- 
flows and the probable dumpiness of the gas. It will be 
necessary to treat each source separately and in detail, combin- 
ing the new CO absorption results with the large body of 
existing emission line data. 

b) Column Densities 
For several of our sources, 13CO column densities have been 

determined from 13CO radio emission-line intensities. The 
basis of the method lies in combining 12CO and 13CO spectral 
line data to determine the optical depth in the 13CO transition. 
The column density of 13CO is then calculated, assuming that 
level populations are in LTE. The method is described in, for 
example, Margulis and Lada (1985). For dense molecular 
clouds, the optical depth of 13CO, at the line centers, can be 
considerable (t13 > 1), leading to large uncertainties in the cal- 
culated column densities. Self-absorption in 12CO is another 
source of error in t13 and, therefore, in column densities. 

Column densities of 13CO from emission lines are com- 
pared, in Table 8, with 13CO column densities from the infra- 
red absorption lines. Column densities of the cold component, 
the hot component and the total column density (cold plus hot) 
are given in Table 8. For GL 2591 and NGC 7538 1RS 9 we 
have calculated new 13CO column densities using 12CO 
(J = 2-1) and 13CO (J = 2-1) spectra acquired at the JCMT in 
1989 August (Mitchell and Hasegawa 1990). The column 
density of 13CO toward S1401RS 1 was calculated by us from 
spectra published in Hayashi et al (1987). 

Emission from low rotational levels will probably be from 
the cold gas only, so that it is appropriate to compare the 
emission column densities with the column densities of the cold 
gas detected in absorption. The agreement is reasonably good. 
Close agreement between our absorption column densities and 
column densities obtained from emission lines cannot be 
expected for a number of reasons. Emitted radiation comes 
from both foreground and background gas, while absorption 
lines are produced in the foreground gas only. Also, our 
extremely narrow beam (which is the subarcsecond size of the 

TABLE 8 
13CO Column Densities: Absorption and Emission 

Measurements Compared 

N(13CO) x 10"17 cm-2 

  References 
Absorption for 
  Emission 

Source Cold Hot Total Emission Data 

W33A  2.1 2.3 4.4 1.0 1 
W3IRS5   2.2 2.1 4.3 3.4 2 
GL 2591   1.2 0.93 2.1 2.4 3 
NGC 75381RS 9   1.6 0.025 1.6 0.63 3 
S140IRS1   0.51 0.73 1.2 1.4 4 

References.—(1) Goldsmith and Mao 1983; (2) Hayashi et al. 1989; (3) 
Unpublished JCMT data; (4) Hayashi et al. 1987. 

IR continuum source) compared to the radio beam should 
weight our observations toward denser gas. Furthermore, self- 
absorption in 12CO emission lines will result in 13CO optical 
depths which are too large and, therefore, in column densities 
which are too large. 

V. CORRELATION BETWEEN 13CO COLUMN DENSITY AND 
SILICATE OPTICAL DEPTH 

An absorption feature at 9.7 jum, seen in the spectra of many 
highly reddened infrared sources, is generally attributed to 
interstellar grains of silicate composition. If silicate grains are 
smoothly distributed in molecular gas, the silicate optical 
depth should be a measure of total gas column density. That is, 
t(9.7 jiim) and iV(H2) should be closely correlated. It is quite 
well established on observational and theoretical grounds that, 
in strongly shielded regions (i.e., Av > 4), CO is an excellent 
tracer of H2, with 12CO/H2 « 10-4. The 13CO column den- 
sities of Table 5 provide, therefore, an opportunity to investi- 
gate the distribution of silicate grains and molecular gas along 
the same lines of sight in different molecular clouds. Willner et 
al. (1982) have obtained silicate optical depths, in a uniform 
fashion, for seven of the nine sources in Table 5, namely for 
W33A, W3 1RS 5, GL 2136, GL 2591, NGC 7538 1RS 1, NGC 
7538 1RS 9, and S140 1RS 1. Figure 12 is a plot of 13CO 
column density from Table 5 against 9.7 jum optical depth from 
Willner et al. (1982). The 13CO shown is the cold component 
only. It is not immediately obvious whether the cold gas 
column density or the total gas column density (cold plus hot) 
should better correlate with t(Sí). We know neither the origin 
nor the spatial distribution of the hot gas, so there is no cer- 
tainty that the ratio of molecular gas to grains is similar to that 
in the cold gas. Figure 12 shows that the column density of 
cold 13CO is quite strongly correlated with the silicate optical 
depth, the correlation coefficient being 0.86. The correlation 
between r(Si) and the total 13CO column density is only slight- 
ly weaker, with a correlation coefficient of 0.78. 

VI. THE RATIO OF SOLID TO GASEOUS CO 

An absorption feature at 4.67 //m (2140 cm -1), due to CO in 
the solid phase, is seen in the spectra of many infrared sources 

Fig. 12.—The column density of cold 13CO is plotted against the optical 
depth of the silicate absorption feature for seven sources. The error bars are the 
1 a errors from Table 5. The correlation coefficient, R, is 0.86. 
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embedded in molecular clouds (Lacy et al. 1984; Larson et al. 
1985; Whittet, Longmore, and McFadzean 1985; Geballe 
1986). Of the sources in the present study, solid CO has been 
found in W33A, NGC 75381RS 9, NGC 75381RS 1, W31RS 5, 
and GL 2136, while upper limits to the solid CO optical depth 
exist for GL 2591 and LkHa 101. Because of the relatively 
small gas column density to LkHa 101, the solid CO upper 
limit is not very interesting, and we exclude this source from 
the discussion below. Since the solid and gaseous CO absorp- 
tion features are seen at the same wavelength, the location of 
the background continuum (i.e., the surface of last scattering) is 
identical for the two sets of data. Thus, the gas phase CO 
occupies precisely the same line of sight as the solid CO. We 
can, therefore, compare the gas phase and solid phase abun- 
dances to determine the fraction of CO which is frozen out 
onto grains. The result for W33A has been reported previously 
(Mitchell, Allen, and Maillard 1988), where it was shown that, 
for this line of sight, solid CO comprises only a few percent of 
the total CO. It is important to know whether the result for 
W33A is general. 

For the five sources W33A, NGC 7538 1RS 9, NGC 7538 
1RS 1, W3 1RS 5, and GL 2136, we have taken solid CO 
abundances from Sandford et al. (1988), who use observational 
data of Lacy et al. (1984) and Geballe (1986). The CO solid-to- 
gas ratio is given in Table 9 for the cold gas alone and for the 
total gas column, cold gas plus hot gas. Note that the solid to 
gas ratio for W33A in Table 9 differs from that reported 
in Mitchell, Allen, and Maillard (1988) only because of a differ- 
ent assumed 12CO/13CO ratio. Those authors adopted 
12CO/13CO = 60, while we use here the solar value, 
12CO/13CO = 89. 

It is most unlikely that solid CO can survive in the hot gas 
toward W3 1RS 5, GL 2136, and GL 2591 at temperatures of 
«600-1000 K. For these three cases, the ratio Nsolid/iVgas(cold) 
should be the preferred measure for the local solid/gas ratio 
along these lines of sight. The hot gas temperatures for W33A 
and 6GC 7538 1RS 1 are low enough that the survival of solid 
CO in ice mixtures cannot be ruled out. 

The source NGC 7538 1RS 9 is of particular interest because 
it has the largest known solid CO column density. The CO 
solid-to-gas abundance ratio in the line of sight to NGC 7538 
1RS 9 is 0.10, the largest in the present sample. It is noteworthy 
that the nearby source, NGC 7538 1RS 1, has a low solid-to- 
gas ratio of 0.03. The two sources are embedded in the same 
molecular cloud, having a separation of only 0.8 pc (if the 
distance is 2.7 kpc). The different solid CO abundances in front 
of 1RS 9 compared to 1RS 1 may imply that most of the 

observed solid CO is close to the embedded sources rather 
than being distributed throughout the molecular cloud. 

In four of the six sources in Table 9, less than 1% of the 
observed CO is in the solid state. This contrasts with the 
results of Whittet, Longmore, and McFadzean (1985) for the 
Taurus dark cloud complex. They find solid CO in five infrared 
sources, with the fraction of solid CO as great as 40%. The gas 
phase abundances used by Whittet, Longmore, and McFad- 
zean (1985) are taken from Frerking, Langer, and Wilson 
(1982), who employed a telescope with the large beamwidth of 
L6 at the CO (J = 1-0) frequency. Beam dilution may, there- 
fore, explain part of the difference between the Taurus results 
and the results for the sources in Table 9. The determination of 
gas phase CO abundances toward the Taurus sources by the 
absorption method would be useful. It may be significant that 
the temperature of the gas in the Taurus cloud is about 10 K, 
whereas the temperatures of the cloud cores observed in the 
present paper are considerably higher (see Table 5). Possibly 
the accretion of CO onto grains is more rapid at the colder 
temperatures of the Taurus cloud. 

VII. THE HOT GAS 

The absorption technique probes a single line of sight to the 
embedded infrared object, so that we are unable to determine 
directly the spatial distribution of the hot gas. In the case of 
GL 2591, we have argued (Mitchell et al. 1989) that the hot gas 
is of such high density that it must be very near the central 
object. The argument is twofold: First, a Boltzmann distribu- 
tion of rotational populations is maintained for rotational 
quantum numbers, J, as high as 23. For optically thin lines 
(and the observed high-J transitions are optically thin) den- 
sities exceeding 107 cm-3 are required. Second, absorption 
lines from 12CO in the first excited vibrational state are seen in 
the spectrum of GL 2591. The excitation temperature of the 
vibrationally excited CO is consistent with that of the (hot) 
ground vibrational state CO, implying that the v = 1-2 lines 
are formed in the same gas as the t; = 0-1 lines. The sponta- 
neous decay rates from v = 1 to t; = 0 are so fast that gas 
densities exceeding 1010 cm-3 are required to maintain an 
observable population in the first excited vibrational state. 
With such high densities, the 1010 K gas in GL 2591 must be a 
shell, disk, or extended atmosphere very close to the YSO. 
12CO v = 1-2 lines are seen also in GL 2136, so that the same 
arguments apply for GL 2136. 

In W3 1RS 5 and S140 1RS 1, no t; = 1-2 transitions are 
seen, but the Boltzmann distribution of rotational states out to 
high J again implies n> 107 cm-3. It seems plausible, by 

TABLE 9 
12CO Solid to Gas Ratio3 

Wsoiid tfgas(cold) Ngas(all) 
Source (xl(T17) (xKT19) N^JN^ (xKT19) N^JN^W) 

W33A   7.4 1.9 0.04 3.9 0.02 
NGC 75381RS 9   14.5 1.4 0.10 1.4 0.10 
NGC 75381RS 1   0.76 1.3 0.006 2.5 0.003 
W31RS 5   0.83 2.2 0.004 4.3 0.002 
GL 2136   0.62 1.0 0.006 3.2 0.002 
GL 2591   <0.4 1.1 <0.004 1.9 <0.002 

a The 12CO gas column densities are obtained from the 13CO column densities (of Table 3) by 
multiplying by the abundance ratio, 12CO/13CO = 89. The abundances of solid CO are taken from 
Sandford et al. 1988. Column densities are in units of cm-2. 

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



19
90

A
pJ

. 
. .

36
3 

. .
55

4M
 

572 MITCHELL ET AL. Vol. 363 

analogy with GL 2591 and GL 2136, that the hot gas toward 
W3 1RS 5 and S140 1RS 1 is also very close to the embedded 
sources. For the remaining four sources, NGC 7538 1RS 1, 
NGC 7538 1RS 9, LkHa 101, and W33A, densities as low as 
106 cm-3 are permitted for the hot gas so that a more wide- 
spread distribution is possible. 

Recent observations of high-J lines of CO ( J = 7 and higher) 
in emission have led to the detection of hot gas in several 
molecular clouds (Jaffe, Harris, and Genzel 1987; Harris et al. 
1987; Stutzki et al. 1989). Gas with temperatures of 100-500 K 
was found in the cloud cores of M17, S106, W51, and DR 21. 
In W51 and DR 21, the hot gas is associated with the H n 
regions of each source and has a spatial extent of about 1 pc. 
Harris et al. (1987) suggest that the gas is heated by photoelec- 
trons ejected from grains by912Âtoll00Â photons from 
adjacent young, hot stars. The column density of hot gas is too 
large by factors of 10-100 to be produced in a single photo- 
dissociation region (e.g., Tielens and Hollenbach 1985). Harris 
et al. (1987) invoke, therefore, a model in which the cloud is 
clumpy, so that ultraviolet photons penetrate deeply into the 
cloud core. The observed column of hot gas is, in this picture, 
the sum of many clump interfaces along the line of sight. A 
radiation field enhanced by a factor of » 105 over the mean 
interstellar radiation field is required for the model to yield the 
observable column density of gas with a temperature of several 
hundred degrees. There is not yet any overlap in the sources 
with hot gas seen in absorption and sources with hot gas seen 
in emission. An important task for the future is to map these 
sources in high excitation emission lines to put direct con- 
straints on the spatial extent of the hot gas. 

If the hot gas is close to the central source and is heated by it 
via gas-grain collisions (Scoville and Kwan 1976), a crude esti- 
mate of the size of the hot region can be found by determining 
the distance from the central source at which the grain tem- 
perature equals the observed gas temperature. We have carried 
out this exercise for the seven sources which have a component 
of hot gas, with the results shown in Table 10. The dust tem- 
peratures were obtained using an expression given in Takano 
(1986) based on Scoville and Kwan (1976). The source lumin- 
osities are based on often poorly known distances, introducing 
an additional uncertainty. We see from Table 10 that the grain 
heating assumption requires the hot gas to be at a distance of 
» 10 AU from GL 2591, ä 100 AU from W3 1RS 5, GL 2136, 
and S140 1RS 1, and » 1000 AU from W33A, NGC 7538 1RS 
1, NGC 75381RS 9, and LkHa 101. 

VII. SUMMARY 
High-resolution (8 km s-1), M band (4.7 /um) spectra have 

been presented for the seven embedded infrared sources 
W3 1RS 5, S140 1RS 1, NGC 7538 1RS 1, NGC 7538 1RS 9, 
GL 2136, LkHa 101, and MWC 349A. Properties of the fore- 
ground gas were deduced using absorption lines of the funda- 
mental vibrational band of 13CO and 12CO. The data from 
these seven objects were combined with previously published 
work for W33A and GL 2591, with the following results : 

TABLE 10 
Distance from the Embedded Sources at which the Dust Temperature 

Equals the Temperature of the Hot Gas Component 

Source L/LQ T (K) Distance (AU) 

W33A   3 x 104 120 1900 
W31RS 5   4.2 x 105 577 140 
GL 2136   1.8 x 105 580 91 
GL 2591   1.6 xlO4 1010 6.7 
NGC 7538/1   1.5 x 105 176 1630 
NGC 7538/9   3 x 104 180 2000 
S140/1   2.4 x 104 390 89 
LkHa 101   1.2 xlO4 122 1150 

1. Cold CO is seen toward all nine sources, with tem- 
peratures from 11 K (for MWC 349A) to 66 K (for GL 2591). 
Column densities of cold CO are presented. To achieve the 
observed Boltzmann population of low rotational levels, the 
density of the cold gas must exceed « 105 cm~3. 

2. Hot gas is seen toward eight of the nine objects, with 
temperature from 120 K (for W33A) to 1010 K (for GL 2591). 
With the exception of NGC 7538 1RS 1, we believe that the hot 
gas detections are new. Lower limits to the hot gas density 
were obtained. The presence of 12CO (v = 1-2) lines in the 
spectra of GL 2591 and GL 2136 requires a density greater 
than 1010 cm"3. In W3 1RS 5 and S140 1RS 1, the Boltzmann 
distribution of high-J populations of the fundamental band of 
13CO implies that the density of the hot gas exceeds 107 cm-3. 
A similar argument for NGC 7538 1RS 1, NGC 7538 1RS 9, 
W33A, and LkHa 101 implies that the hot gas density is 
greater than 106 cm-3. 

3. The hot gas toward GL 2591, GL 2136, W3 1RS 5, and 
S1401RS 1 is probably very near the central source and heated 
via gas-grain collisions. For the sources NGC 7538 1RS 1, 
NGC 7538 1RS 9, LkHa 101, and W33A, a more spatially 
extended distribution for the hot gas, such as in photo- 
dissociation regions, cannot be excluded. 

4. The optical depth in the silicate (9.7 /un) feature is strong- 
ly correlated with the 13CO column density, confirming that 
silicate optical depth is a useful measure of gas column density. 

5. The ratio of solid-to-gaseous CO is obtained for seven 
sources using published solid CO column densities. In the gas 
toward NGC 7538 1RS 9 and W33A, the fraction in solid form 
is moderately high (4% and 10%, respectively). Less than 1% 
of CO is in solid form along the four other lines of sight. Our 
results do not agree with those of Whittet, Longmore, and 
McFadzean (1985) who found solid CO fractions as high as 
40% for the Taurus dark cloud. The difference, if real, may be 
due to the lower temperature (10 K) of the Taurus cloud. 
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