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ABSTRACT
Measurements of the CO J = 3 - 2 emission line at 345 GHz in translucent and high-latitude clouds are

reported. Together with data on the J

=2->1land J

constrain the densities in the clouds. The physical condit
similar to those in the translucent clouds. The CO emission-line data complement optical absorption-line
observations of the C, molecule in the same region, which provide independent constraints on temperature

and density. The densities derived from the 2CO 1

= 10 lines of both '2CO and !3CO, they are used to

ions in the high-latitude clouds are found to be very

— 0/3 > 2 ratios are often higher than those inferred from

the C, excitation, whereas densities derived from the 3 — 2/'3CO 1 - 0 ratios are found to be very similar to

those based on C,. Several explanations for these

differences are discussed, including the possibility that the

CO and C, molecules are distributed differently throughout a cloud. Various “ clumpy” cloud models have

been developed to explore this question. No CO

diffuse cloud toward { Oph. The very low limit, T

models for this line of sight. Evidence is found for

line intensity ratios from the edge to the center of
increase in the density into the center. The CO lines

preted in terms of gradients in density,
ponent.

*
A

one

J =32 emission has been detected from the classical
(3—2) <0.08 K, excludes high-density (ny > 700 cm~3)
a slight decrease in the J = 1 —0/3-2and 2-1/3-52

cloud, which can be explained by a corresponding

often show complex profiles consisting of several narrow
(AV <1 km s~ ') components; in some cases the profiles

show centrally reversed line cores that can be inter-

temperature, and molecular abundance within a single kinematic com-

Subject headings: high-latitude objects — interstellar: molecules

I. INTRODUCTION

Translucent and high-latitude molecular clouds with AP ~
1-5 mag have attracted considerable attention in recent years,
through observations at both optical and millimeter wave.-
lengths. Not only are these clouds interesting as a class by
themselves, but they also provide the important link between
the classical diffuse and dense interstellar clouds. A major dis-
tinction between thin, diffuse clouds and thick, dense clouds is
the extent to which ultraviolet photoprocesses control the
chemistry and ionization. Indeed, there is growing evidence
that dense molecular clouds have a very clumpy structure
through which the ultraviolet radiation can penetrate (e.g.,
Stutzki et al. 1988); the clumps are estimated to be similar in
size to the translucent clouds, so that a detailed study of their
structure and chemistry is quite relevant to the study of dense
clouds.

At optical wavelengths, about 25 translucent clouds have
been observed through absorption lines of molecules like CH,
C,, CN, and CH" toward bright stars located fortuitously
behind the clouds (Crutcher 1985; see van Dishoeck and Black
1988a, 1989 for overviews). More recently, these molecules

! Based in part on observations collected at the European Southern Obser-
vatory, La Silla, Chile.
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have also been detected toward a number of stars located
behind high-latitude clouds (de Vries and van Dishoeck 1988a,
b; Welty et al. 1989; Penprase et al. 1990). Absorption-line
studies not only provide molecular abundances but also put
constraints on the distance to the cloud (Hobbs, Blitz, and
Magnani 1986; Hobbs et al. 1988) and can give information on
the extinction and other properties of the dust. At millimeter
wavelengths, the observations have until now focused on the
nearby (d ~ 100 pc) high-latitude clouds, which have the
advantage over most low-latitude translucent clouds that they
are free of potentially confusing background emission
(Magnani, Blitz, and Mundy 1985; Keto and Myers 1986).
Observations of '>CO and '*CO provide direct measures of
the size, morphology, and kinematics of the cloud, as well as
indirect estimates of the total column density and mass of
hydrogen. The weak (T% ~ 0.54 K) J = 1 — 0 lines of 12CO
and '’CO from nearby translucent and high-latitude clouds
are, at worst, slightly saturated and can thus reveal structure
on small scales. The millimeter-wavelength emission-line data
typically refer to a beam size of about 30", which corresponds
to 6000 AU at 200 pc. For comparison, optical absorption-line
measurements sample scales that are governed by the angular
size of the background star, which is only 0.04 AU at 200 pc
seen toward a 10 R, star at 500 pc. On the other hand, velocity

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


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1991ApJ...366..141V&amp;db_key=AST

J. - 0366, _IAV

]

[T991A

142 VAN DISHOECK ET AL.

resolution of 0.1 km s~ ! or better can routinely be achieved at
millimeter wavelengths, but the resolution is usually 3 km s !
or worse for the optical measurements.

Detailed models of the depth-dependent structure and
chemistry in translucent and high-latitude clouds have been
developed by van Dishoeck and Black (1986a, 1988b, 1989)
and by Viala (1986) and coworkers (Viala et al. 19884). The
models incorporate the latest laboratory data on the impor-
tant, but complicated, photodissociation of CO and its iso-
topes (Letzelter et al. 1987; Stark et al. 1990) and make
predictions about the abundances and excitation of other
species. The results depend strongly on the adopted physical
parameters in the cloud, such as density, temperature, and
strength of the incident ultraviolet radiation field. For the clas-
sical diffuse clouds studied with the Copernicus satellite, these
properties can be inferred from a number of diagnostic obser-
vations. However, as illustrated in Table 1 of van Dishoeck
(1990), the relevant ultraviolet data are lacking for the more
recently discovered translucent and high-latitude clouds. In
particular, no high-resolution ultraviolet observations of the
rotational excitation of H, and the fine-structure excitation of
C, C*, and O have been obtained prior to the launch of the
Hubble Space Telescope. The only diagnostic available
through ground-based absorption line observations is the C,
molecule. The C, rotational populations result from the com-
petition between collisional excitation and deexcitation pro-
cesses, and radiative pumping at far-red wavelengths, 1 ~ 1 yum
(van Dishoeck and Black 1982). The populations of the lowest
J levels are sensitive to the temperature in the cloud, whereas
those of the higher J levels depend on the combination of
parameters noo/Ig, where n = n(H) + n(H,) is the density of
collision partners, o, is the collisional cross section, and I is
the scaling factor for the radiation field at far-red wavelengths.
Owing to uncertainties in the C, collisional cross sections and
in the strength of the interstellar radiation field at A ~ 1 um,
the inferred densities are uncertain by factors of a few.

The CO molecule may be particularly suited to provide
independent measurements of the density in these clouds. The
molecule is abundant and has a small dipole moment. Its exci-
tation in translucent and high-latitude clouds is therefore
dominated by collisions with neutral species, rather than by
electrons. Owing to rapid improvements in the sensitivity of
high-frequency detectors, it is now possible to observe lines as
weak as 0.1 K in the 345 GHz window in reasonable amounts
of integration time. We report here measurements of the CO
J =32 emission from a number of translucent and high-
latitude clouds, and use them, together with COJ =1 —» 0 and
2 — 1 observations, to constrain the densities in the clouds. In
particular, it will be interesting to see whether there are any
significant differences in the physical properties of the trans-
lucent and high-latitude clouds. The densities are compared
with those inferred from the C, excitation, wherever possible.

II. OBSERVATIONS

a) Submillimeter and Millimeter Observations

The CO J = 3 — 2 observations at 345.796 GHz were per-
formed at the Caltech Submillimeter Observatory (CSO) in
1988 July, 1989 March and October and 1990 March. During
the 1988 July run, the telescope was equipped with the Berke-
ley 345 GHz liquid helium—cooled SIS receiver in the sidecab,
with a double-sideband receiver temperature of about 400 K
(Sutton et al. 1990). The backend was an acousto-optical spec-
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trometer (AOS) consisting of 1000 channels over a 500 MHz
bandwidth (Masson 1982). The effective resolution was about
1.6 km s~ !, somewhat coarser than the channel width of 0.43
km s~ !. In 1989 March, the new Caltech 345 GHz SIS receiver
(Ellison et al. 1989) mounted at the Cassegrain focus was used,
in conjunction with the same low-resolution backend. The
double-sideband receiver temperature was typically 250-300 K
during this run but improved to less than 200 K during sub-
sequent runs. For the 1989 October and 1990 March observa-
tions, the Caltech 345 GHz SIS receiver was connected to a
new high-resolution AOS with a 50 MHz bandwidth and an
effective resolution of 0.043 km s~ !. The weather conditions
during the first two runs and during the 1990 March run were
reasonable to good for observations at 345 GHz, but poor in
1989 October. In 1989 March and October, some positions
were also observed in the CO J = 2 — 1 line at 230.537 GHz
with the Caltech 230 GHz SIS receiver. During the last observ-
ing run, this receiver had a noise temperature of less than 100
K. All spectra were taken in position-switching mode. Offset
positions were chosen either on the basis of CO J=1-0
maps, or by switching by 1°-2° in azimuth. The beam sizes of
the CSO are measured to be 20" at 345 GHz and 32" at 230
GHz, full width at half-maximum.

In order to compare the CO J = 3 — 2 data with the 2 > 1
and 1 — 0 data, accurate calibration is required. At the CSO,
the calibration is performed using the chopper-wheel method
(Penzias and Burrus 1973). The resulting antenna temperatures
are denoted T%* and have not yet been corrected for the cold
spillover efficiency and the efficiency with which the antenna
beam couples to the source. Since the clouds studied in this
work are often extended compared with the beam size, the
efficiency correction factor for these two effects has been deter-
mined from observations of an extended source, such as the full
Moon. The resulting Moon-beam efficiency factors were 0.68
(Berkeley 345 GHz receiver), 0.74 (Caltech 345 GHz receiver),
and 0.77 (Caltech 230 receiver). These factors are 10%-25%
larger than the corresponding efficiencies for sources that are
small compared with the beam size. The overall uncertainties
in the calibration are estimated to be of the order of 30%.
Whenever possible, strong sources such as Orion, IRC
+10216, and NGC 7027 were observed throughout the night
to check that the relative variations in the calibration were less
than 15%. In addition, most sources were observed during at
least two observing runs with different equipment. The corre-
sponding antenna temperatures generally agree to better than
30%. The intensities, corrected for cold spillover and coupling
to an extended source, are presented as Ty, the Rayleigh-Jeans
radiation temperature (Kutner and Ulich 1981).

CO J =1 -0 data were collected from a variety of obser-
vatories. Part of them were obtained in 1988 October at the
NRAO Kitt Peak 12 m telescope? with the 115 GHz SIS recei-
ver, equipped with both low-resolution (250 kHz or 0.65 km
s~1) and high-resolution (30-100 kHz, or 0.08-0.26 km s~ 1)
filter banks. The calibration procedure at Kitt Peak corrects
for the cold spillover efficiency, so that the resulting spectra are
presented in terms of T%. For extended sources, the coupling
efficiency is assumed to be unity (P. Jewell 1989, private
communication). Additional observations were collected
throughout the year at the 15 m Swedish-ESO Submillimeter
Telescope (SEST) in Chile with the 115 GHz Schottky barrier

2 The National Radio Astronomy Observatory is operated by Associated
Universities, Inc., under contract with the National Science Foundation.
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diode receiver and the high-resolution AOS backend (0.13 km
s~ 1). These data were recorded as T%, and the Moon-beam
efficiency has been measured to be 0.92. However, comparison
of the SEST data with the Kitt Peak data for the same sources
indicates that the SEST data are systematically lower by about
10%. The origin of this discrepancy is not understood, but for
consistency, we have adopted a somewhat lower Moon-beam
efficiency of 0.82 for the SEST data. Limited 230 GHz data
were collected at SEST. At this frequency, the Moon-beam effi-
ciency is approximately 0.75. The 115 and 230 GHz SEST data
were taken in frequency-switching mode, whereas the Kitt
Peak data were obtained with position switching. The uncer-
tainties in calibration are estimated to be about 15%-20% for
both telescopes. The beam sizes at 115 GHz are 55” and 44” for
the Kitt Peak and SEST telescopes, respectively. Details of the
SEST observations will be discussed elsewhere.

b) Selection of Sources

The translucent clouds were chosen from the list compiled
by van Dishoeck and Black (1989). This sample was selected
optically on the basis of strong interstellar absorption lines in
the spectra of reddened stars. For most clouds, only the direc-
tion of the background star was observed in CO J =3 — 2.
Limited maps were made in CO J = 1 — 0 around the stellar
position, and these will be discussed elsewhere (Gredel et al.
1990; Gredel, van Dishoeck, and Black 1990). In a few cases,
the maps show significant structure on scales of a few arcmin-
utes. However, except for one or two directions, no significant
variation is found on scales of 20"-60"; therefore, comparison
of data obtained with different beam sizes in this range is
thought to be meaningful. The beam sizes correspond to scales
of 0.015-0.15 pc at the estimated distances of these clouds,

TABLE 1
OBSERVED POSITIONS IN TRANSLUCENT AND HIGH-LATITUDE CLOUDS®

Star/Cloud «(1950) 6(1950) C, OH H,CO C;H,
HD 21389 .................. 03255422 +58°42'26"4 - — - -
HD 21483 .................. 03 25 42.2 +30 1212.4 - - - -
HD 26571 .................. 04 09 53.1 +22 1711.7 — - - -
HD 29647 .................. 04 38 03.8 +25 5350.3 + - - -
HD 62542 .................. 07 40 58.1 —42 06 36.2 + - - -
HD 73882 .................. 08 37 19.5 —40 1431.6 + - - -
HD 80077 .................. 09 14 133 —49 4550.1 + - - -
HD 147084 ................. 16 17 37.4 —24 0302.0 + - - -
HD 147889 ................. 16 22 22.8 —242107.2 + — - -
{Oph ... 16 34 24.1 —10 28 02.8 + + - -
HD 154368 ................. 17 03 08.5 —352305.1 + - - -
BD —14°5037 ............. 18 22 15.0 —14 4041.2 + - - -
HD 169454 ................. 18 22 249 —14 0025.5 + - - -
HD 210072 ................. 2204 29.8 +550009.6 - - - -
aOrid ...l 05 53 44 07 2358 - - - -
MBM26A .................. 08 04 00.0 61 2200 - - + -
MBM32A .................. 09 30 38.0 66 1106 — - + +
MBM32B .................. 09 28 42.0 66 0500 - + - -
MBM32C .................. 09 32 00.0 66 0500 - - + -
MBM32D ................. 09 28 42.0 66 09 00 - - -
MBM40A .................. 16 08 13.2 21 5930 - - + -
MBM40B .................. 16 08 15 2201 - - — -
MBM40C .................. 16 08 24 21 57 - + + +
MBM40D ................. 16 07 46.4 220928 - - * +
MBMS3A ... 2305 43 22 37 — - - -
MBMS54A .................. 23 06 48 18 13 - - - -
MBMSSA ... 23 06 14 20 - -
MBMS5SB ...l 2305 54 14 45 - - - -
MBMSSC ...l 2305 29 14 38 - - - -
MBMSSD ................. 23 05 54 14 49 - + + +
HD 210121 ................. 22 05 36.1 —03 46 35.5 + - - -
HD 210121 A .............. 22 05 04 —03 56 35.5 - - - -
HD 210121 B=B8 ........ 22 03 26.4 —03 4635.5 - - - -
Bl ............. 22 03 26.4 —03 4135.5 - — - -
B2 ............. 22 03 26.4 —03 4215.5 - - - -
B3 ............. 22 03 264 —03 4255.5 - - - -
B4 ............. 22 03 26.4 —03 4335.5 - - - -
BS ...l 22 03 26.4 —03 4415.5 - - - -
B6............. 22 03 26.4 —034455.5 - - - -
B7 ............. 22 03 26.4 —034535.5 - - — -
B9 ............. 22 03 26.4 —03 46 55.5 - - — -
BIO ........... 22 03 26.4 —034715.5 — - - -

* The table includes a summary of searches for other molecules in the directions. Plus sign: mol-
ecule has been detected ; minus sign: molecule not yet searched for; asterisk : molecule searched for but

not detected.
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100-1000 pc. The comparisons of optical absorption and radio
emission observations are complicated by the fact that part of
the CO emission may come from material lying behind the
star. Cases in which this confusion is obviously present were
therefore excluded from the sample. For example, HD 37903
illuminates the dense reflection nebula NGC 2023 from the
near side and shows rather weak foreground absorption.

The high-latitude positions were taken mostly from the
survey of Magnani, Blitz, and Wouterloot (1988). In particular,
positions were chosen for which CO J = 1 — 0 line parameters
are listed, and for which other molecules, such as OH and
H,CO, have been detected. A few places where C;H, and
H,CO have been observed by Turner, Rickard, and Lan-ping
(1989) have been added to the list. Finally, the line of sight
toward HD 210121, a high-latitude star with strong interstellar
CH,CH™", C,, and CN lines (de Vries and van Dishoeck 1988a,
b, 1990) has been observed. The area surrounding HD 210121
has been mapped extensively in CO J = 1-0 by Gredel et al.
(1990), and a few of their peak positions offset from the star
were studied as well. Table 1 summarizes the observed posi-
tions and indicates in which directions optical absorption lines
of C, or radio emission lines of OH, H,CO, or C;H, have been
detected.

III. RESULTS

In Tables 2 and 3, the results of the observations obtained at
the various telescopes are presented for the translucent and the
high-latitude clouds, respectively. Table 4 lists the measured
13CO intensities. Tables 5 and 6 summarize the results for the
HD 210121 cloud. Where the line is resolved, both the peak
antenna temperature T%, the line width AV, and the integrated
antenna temperature | T%dV are listed. These parameters
result from least-squares fits of Gaussian profiles to the lines.
Some profiles show evidence of multiple components; the
resulting Gaussians fitted to the profile are listed separately in
Tables 2-6. However, as argued below (§ VI), alternative expla-
nations for “double ” profiles are possible in terms of effects of
radiative transfer in inhomogeneous regions. For unresolved
lines, only the integrated line strengths are tabulated. In cases
where several components are observed to be separated by a
few km s !, only those components which coincide in velocity
with the optical absorption lines are listed. In some cases, the
accuracy of the optical velocities is not high enough to make
an unambiguous assignment. For example, the CO J =1-0
profile toward HD 80077 shows three components at Vg =
2.1, 5.1, and 8.0 km s~ . The optical absorption lines give
Visk =2 + 2 km s~ . Although the agreement in velocity is
best for the Vg = 2.1 km s~ component, we cannot fully
exclude the 5.1 km s~ ! component. Figure 1 illustrates some of
the J =2 — 1 and 3 — 2 profiles obtained at the CSO. In the
following, we will comment on a few individual lines of sight.

CO J=1-0and 2 -1 line emission toward HD 21389
was observed by Lada and Blitz (1988). Their measured
Tr(2 > 1) ® 42 K at the Texas 5 m Millimeter Wave Observa-
tory (MWO) is somewhat higher than T = 3.0 K found at the
CSO. In addition, the CSO profile clearly shows a double
structure, which can be fitted with two components spaced 1
km s~ ! apart. In contrast, the tabulated 1 — 0 linewidth of
Lada and Blitz is much narrower than that of their 2 — 1
profile and appears to refer only to Vg = —10.5 km s~!
component. Accordingly, we have compared only the —10.5

km s~ part of the 2 —» 1 and 3 — 2 profiles with the J = 1 -0
data. For HD 21483, both the 1 —» 0 and 2 — 1 profiles clearly
have a double structure, as Figure 1 shows. However, in this
case the decomposition into the two components is not unam-
biguous, so that only total line strengths are compared. The
CO profiles toward HD 29647 exhibit a complicated velocity
structure (cf. Fig. 1), which can be fitted by at least two Gauss-
ians. The corresponding temperatures obtained for the 2 — 1
profile are nearly a factor of 2 lower than those measured by
Crutcher (1985) at the MWO. For both HD 21389, HD 21483,
HD 26571, and HD 29647, accurate velocity information on
the optical absorption lines is lacking, so that it is not clear
whether all components seen in CO are in front of the stars.
The CO column densities derived from ultraviolet absorption
line observations toward HD 26571 and HD 21483 are large,
10'6-10'® cm~2, suggesting that most of the material does
indeed lie in front of those stars (Joseph et al. 1986).

The velocities of the CO measured toward HD 62542, HD
73882, HD 147084 (0 Sco), and HD 147889 agree well with
those found from the absorption-line data. However, the mea-
sured CO antenna temperatures are much larger than expected
on the basis of the extinctions toward these stars. It is therefore
likely that part of the CO emission in these cases arises from
material located behind the star. For HD 147889, for example,
this is evidenced by a small reflection nebula. Since the fraction
of material located in front of the star is not known, we have
considered only the total intensities in the analysis. For the
stars HD 154368, BD —14°5037, HD 169454, and HD 210072,
it is plausible that most, if not all, emission at velocities of
interest comes from CO located in front of the stars, so that
direct comparison with the optical data is possible. For HD
154368, the 2 — 1 peak T; ~ 2.4 K measured at SEST is lower
than T, =~ 3.4 K found at the MWO by Lada and Blitz (1988),
although the integrated temperatures differ less. The HD
169454 cloud has been studied in detail by Jannuzi et al. (1988).
The CO 2 - 1 temperature Tx = 2.6 K measured at the CSO is
again somewhat lower than T =~ 3.9 K found by Lada and
Blitz (1988) at the MWO. For BD — 14°5037, two components
spaced nearly 10 km s~ ! apart were discovered in the optical
absorption line data of Gredel and Miinch (1986). Only the
stronger component of the two at Vg = 8.3 km s~ ! is seen in
the millimeter data.

The “tiny ” cloud o Ori No. 4 was discovered by Knapp and
Bowers (1988). Based on their measured CO 1 — 0/2 — 1 inten-
sity ratios, they concluded that the cloud is highly clumped in
the center. The fact that our measured CO1 >0 T ~ 3.9 K in
the 44” SEST beam is significantly larger than T; ~ 2.6 K
found with the 100” Bell Labs beam, is consistent with this
interpretation. The antenna temperature varies sharply in
small-scale mapping at SEST with 25" beam spacing. This
structure must be considered in the comparison with the
higher frequency transitions.

Most of the *2CO and 3CO J = 1 - 0 line parameters for
the high-latitude clouds are taken from Magnani, Blitz, and
Wouterloot (1988). For lines measured at the MWO, an
extended source efficiency of 0.8 was adopted to convert their
measured T% to Tr. At position MBM 54A, Blitz, Magnani,
and Wandel (1988) have reported significant line “wings.”
These “wings” are also observed in our 2 — 1 and 3 — 2 pro-
files but do not appear more pronounced relative to the
narrow peak than in the 1 — 0 data (see Falgarone and Phillips
1990 for an extended discussion of such line wings).
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TABLE 4
13CO OBSERVATIONS OF TRANSLUCENT AND HIGH-LATITUDE CLOUDS

A. STARS
13C0 (1-0)
Vi T*2 AV [T%dv
STAR (kms™1) (K) (kms™') (Kkms™? Telescope®
HD 21389 ................ —10.5 0.7 0.7 0.5 K¢
—-94 ... .. ..
Total 0.5: K¢
HD21483 ................ 54 22 13 3.0 K
7.1 0.3 .. .. K
Total 35 K
HD 26571 10.4 0.5 1.2 0.6 S
HD 29647 53 24 1.0 24 S
6.7 14 12 1.7 S
Total 4.1 S
a Ori No. 4 10.3 0.11 1.14 0.14 B¢
HD 62542 ... —4.2 0.8 1.1 1.0 S
HD 73882 ... 59 0.6 2.5 15 N
HD 80077 2.0 0.2 1.2 0.3 S
5.0 0.7 1.0 0.7 S
Total . ... 1.0 S
HD 147084 .............. 4.1 0.4 0.6 0.3 K
HD 147889 ... 29 1.5 N
COph vveoiiieii -08
04 ... ... .
Total 0.02 0.3 0.01 B
HD 154368 .............. 57 0.4 0.6 0.2 S
6.4 0.7 0.6 04 S
Total 0.7
BD —14°5037 ........... 8.7 0.4 0.7 0.3 S
HD 169454 .............. 6.3 1.2 0.8 1.0 Kf
HD 210072 .............. —6.2 0.2 0.5 0.1 K
B. CLoups
13COo (1-0)
Vs T%® AV [T%dv
CLoup (kms™1) (K) (kms™') (Kkms~!)  Telescope®
0.2
35
4.1
Total ... ... e
3.0 3.0 04 13 Ks®
39 0.7 09 0.7 Ts
-37 04: 0.7 0.3: Kf
-3 0.7 Kfh
—-38 0.6 1.7 1.0 S
=77 1.0 13 13 S
—6.2 04 1.0 0.4 S
Total 1.7 S
MBM 55D ............... —-74 1.5 1.6 2.6 Kfe

* For data obtained at Kitt Peak, T% rather than T* is listed.

® K = Kitt Peak 12 m; S = SEST 15 m; T = Texas MWO 5m; B = AT&T Bell Labs 7 m.
¢ From Lada and Blitz 1988.

¢ From Knapp and Bowers 1988.

¢ From Langer, Glassgold, and Wilson 1987.

’ Data obtained at SEST agree within 20%.

¢ From Magnani, Blitz, and Wouterloot 1988.

% From Blitz, Magnani, and Wandel 1988.
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TABLE 6
13CO OBSERVATIONS OF SELECTED POSITIONS IN THE HD 210121 CLoup

13C0 (1-0)
T%® Av [T%av
(K) (kms™")  (Kkms™!)  Telescope®
0.1 1.7 02 S
1.1 09 1.1 S
<0.15 <0.2 S
<0.15 <02 S
<0.15 <02 S
0.3 1.5 0.5 S
0.5 0.8 0.4 S
0.5 0.7 0.4 S
0.6 1.0 0.6 N
0.6 0.7 0.4 S
<0.15 <02 S
<0.15 <02 S
* For data obtained at Kitt Peak, T% rather than T* s listed.
*S =SEST 15m.
3 T T T T I T T T T I T T T T I T T B 3 C T T T T I T T T T I T T T T I T T B
HD 169454 ] C HD 29647
2 coz-1 - 2| coz-1 -
> - . : ]
~ 1 - 1 .
ER: 1 F ;
ol - of
-1 : 1L 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 -1 : 1 1 1 1 l 1 1 1 1 I 1 1 1 L l 1 1 1 1 ]
-5 0 5 10 15 -5 o 5 10 15
4 [T T T T I T T T T I T T T T | T T T T] 4 T T T T l T T T T I T T T T I T T T i
E HD 21012147 F HD 21483 7
°F coz-1 o e coz-1
S eF 3 ef -
= F
0k . 0
—_ : 1 1 1 l 1 1 1 1 I 1 L 1L i l 1 1 1 1 : -1 : 1 1 L 1 I 1 1 1 1 I 1 1 1 1 [ 1 1 1 1 .
-15 -10 -5 0 5 -5 0 5 10 15
T T T T ] T T T T I T T T T I T T T = T T T T I T T T T I T T T T I T T T :
2 HD 169454 ] 2 HD 154368 _|
C co3-z ] F co3-2 -
—~ C ] r ]
X 1= ] 1= 7
] ] r ]
= ]
— 0 ]
-1 1 1 | 1 1 1 1 [ Il 1 i L I 1 1 1 1 ] -1 C 1 1 1 1 I L1 1 1 l 1 1 1 1 I 1 1 L 1 ]
-5 0 5 10 15 -5 0 5 10 15
T T T T I T T T T I T T T I T T — FT T T T I T T T T I T T T T I T T T T :
3 HD 62542 — 3 MBM 40B
C €O 3-2 E €O 3-2 ]
. Py . 2f =
S a ] C ]
T F :
op . of- 4
-1 : 11 ' L1 ' | N | ] 111 : -1 : 14 1 I 111 I 1111 I J S | :
-15 -10 -5 0 5 -10 -5 0 5 10
-1 -1
Visg (km s) Visg (km s)

Fi1G. 1.—Top half: CO J = 2 — 1 spectra obtained with the high-resolution AOS in 1989 October toward HD 169454, HD 210121A, HD 29647, and HD 21483.
These spectra were taken under poor weather conditions, with total on-source integration times of 7.1, 5.8, 3.3, and 1.9 minutes, respectively. Bottom half: CO
J =3 — 2 spectra obtained with the high-resolution AOS in 1990 March toward HD 169454, HD 154368, HD 62542 and MBM 40B under good weather conditions.
Total on-source integration times are 10.5,10.5, 10.5, and 7.9 minutes, respectively.
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IV. ANALYSIS

a) 2CO0J=1-0/3->2andJ =2-1/3-2
Intensity Ratios

In Table 7, the integrated intensities corrected for cold spill-
over and coupling efficiencies are presented, together with the
corresponding intensity ratios. For cases where the line is
resolved, the ratios of peak radiation temperatures can be
determined as well. Because the 1 — 0 lines are usually broader
than the 3 — 2 lines, the ratios of peak temperatures are some-
what lower than the ratios of integrated temperatures,
although the differences are generally within the uncertainties
due to calibration.

CO excitation calculations have been performed for a range
of densities, temperatures, and CO column densities. These
calculations include the processes of spontaneous emission,
stimulated emission and absorption in the 2.7 K cosmic back-
ground radiation field, and collisional excitation and deexcita-
tion among the lowest 10 levels of the molecule. The radiative
transfer is treated initially in terms of mean escape probabil-
ities for an assumed uniform spherical cloud (see also § VI).
The results are presented as T, the Rayleigh-Jeans approx-

VAN DISHOECK ET AL.

Vol. 366

imation to the radiation temperature. For collisions of CO
with H,, the deexcitation cross sections of Schinke et al. (1985)
at T = 20 K were adopted for low J and were augmented for
higher J by those computed by Flower and Launay (1985). The
uncertainties in the absolute cross sections are estimated to be
about 20% and are probably less for the relative values. CO is
also excited efficiently by collisions with H. If the cross sections
computed by Chu and Dalgarno (1975) are adopted, the
CO-H collisions increase the CO line strengths by 5%-30%
for H,/H ranging from 10 to 2. Because the actual fraction of H
in the clouds is not well determined, we have not included
CO-H collisions explicitly in our calculations but only implic-
itly by using an effective density of collision partners, n = n(H)
+ n(H,), which is the sum of atomic and molecular densities.
The clouds studied in this work are translucent to ultraviolet
radiation, which can excite molecules as well as destroy them.
The ultraviolet excitation can be shown to be negligible
for CO. The CO absorption rate through the ultraviolet
A 'MI-X '=*, B 'T*-X ¥ and C 'T*-X 'T* systems is
about 8 x 1071° 57! in the unattenuated radiation field of
Draine (1978); absorption into higher excited states leads to
dissociation of the molecule. At the depth where the CO abun-

TABLE 7
CO INTEGRATED ANTENNA TEMPERATURE RATIOS

| Tedv®

N(CO),*  N(CO)ypyet

POSITION 1-0 2-1 32 3CO 10 1032 2-1/32 32/*CO10  (cm?) cm™?)
HD 21389 ................ 60 46 14 0.5 44 35 2.7 1(16) S(15)-3(16)
HD 21483 .....c.oo....... 213 136 8.9 35 24 1.5 2.5 5(16) 1(16)-1(17)
HD 26571 ... 68 38 20 0.7 34 i9 29 2(16) 8(15)-4(16)
HD 29647 ................ 138 71 47 50 19 1.5 1.0 3(16) 8(15)-5(16)
QOT 4 oo >60 72 6.6 >0.2 >09 11 <42 2(16) 6(15)-3(16)
HD 62542 ... 15.6 7.0 12 22 58 2(16) 1(16)-1(17)
HD 73882 ... 13.5 35 1.8 38 19 3(16) 1(16)-1(17)
HD 80077 ..o 76 61 1.5 12 5.1 40 1.3 1(16) 6(15)-3(16)
HD 147084 .............. 87 13 32 03 2.7 23 10.6 2(16) 1(16)-1(17)
HD 147889 .............. 270 182 136 2 20 1.3 6.8 5(16) 3(16)-4(17)
LOPh oo, 7 08 <02 0.01: >100 >48 . 215) 1(15)-3(15)
HD 154368 .............. 65 49 1.8 09 37 28 19 1(16) 6(15)-3(16)
BD ~14°5037 .......... %) 038 0.5 49 16 6(15) 4(15)-2(16)
HD 169454 .............. 65 44 19 1.0 34 23 19 2(16) 5(15)-4(16)
HD 210072 .............. 23 1.0 0.1 23 10.0 4(15) 2A151-6(15)
MBM 26A ............... 35 32 <09 >39 >35 5(15) 3(15)-1(16)
MBM 32A .. ) 7.1 24 30 2(16) 8(15)-5(16)
MBM 328 .. .. 69 48 1.5 46 32 2(16) 6(15)-5(16)
MBM32D ............... 51 13 26 2.0 28 2(16) 8(15)-5(16)
MBM40A ............... 53 42 1.8 3.0 2.4 2(16) 6(15)-5(16)
MBM40B ............... 63 13 2.8 1.3 22 26 2.1 3(16) 9(15)-9(16)
MBM40C ............... 63 34 1.8 09 3.6 19 19 2(16) 6(15)-5(16)
MBM 40D ............... 45 1.5 30 2(16) 6(15)-5(16)
MBM 53A ....ccene..... 42 23 0.7 03: 6.0 33 23 8(15) 4(15)-2(16)
MBM 54A ............... 37 31 1.5 0.7 25 2.1 2.1 5(15) 4(15)-2(16)
MBM 55A ............... 103 23 12 45 1.9 3(16) 1(16)-5(16)
MBMS5SB ............... 109 42 20 2.6 2.1 %(16) 8(15)-5(16)
MBMSSD ............... 208 59 2.6 3.5 23 3(16) 2A16)-1(17)
HD 210121 .............. 41 19 1.1 02 37 17 55 7(15) 2A15)-1(16)
A e, 65 51 29 1.3 22 18 22 8(15) 6(15)-3(16)
B=B8 ...cco....... 43 42 24 <03 18 1.8 >8 5(15) 415)-2(16)
27 19 <06 <03 >45 >32 3(15) 2A15)-7(15)
33 30 <11 <03 >30 >27 . 4(15) 3(15)-8(15)
69 49 20 0.5 35 25 40 7(15) 6(15)-4(16)
67 62 30 0.5 22 2.1 6.0 7(15) 6(15)-4(16)
22 20 038: <03 28 2.5 >27 3(15) 2A15)-6(15)

* Integrated antenna temperature ratios in K km s, corrected for spillover and coupling efficiencies.

® Preferred column density based on best estimate of density.

¢ Range of column densities for T = 20-50 K and n = 200-5000 cm 3.
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dance is significant (i.e., detectable by its millimeter emission),
the rate has decreased by a factor of at least 5. The pumping
rate leading to population of the higher rotational levels is
likely to be some fraction (about 4-2) of this rate. Thus the CO
ultraviolet pumping rate will be at most 107 1° s~! in the
general background starlight. For comparison, collisional exci-
tation rate coefficients are typically 1 x 107 1% ¢m3 s~! at
T = 20K, so that for any density n,; > 10 cm 3, the collisions
easily dominate. Moreover, the rate of stimulated absorption
in the 2.7 K background radiation field is 3.2 x 108 s~ for
the 1-0 transition, considerably larger than the pumping rate.
Pumping through infrared vibration-rotation transitions is
even less important in these regions. The absorption rate in
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v=1«0is 1.0 x 10°** s™*! in the background interstellar
radiation field of Mathis, Mezger, and Panagia (1983).

In Figure 2 the computed J=1-0/J=3->2 and
J =2-1/J =3 -2 line ratios are presented for T = 15, 30,
and 50 K, and densities n = n(H) + n(H,) ranging from 200 to
5000 cm ~ 3. When CO column densities exceed 10!5 cm ™2, the
millimeter lines start to saturate, so that the line ratios vary
with total column density. At very high densities and column
densities, the excitation temperatures approach the thermal
values. Because the excitation energy of the J =3 level is
33.2 K, significant differences appear between the T = 15 and
30 K results. Table 7 includes the best estimates of the 12CO
column densities for the various lines of sight, obtained by
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FIG. 2.—Theoretical CO antenna temperature ratios as functions of CO column density for T = 15 K (top), 30 K (middle), and 50 K (bottom) and densities n
ranging from 200 to 5000 cm~3. The observed ratios are indicated by the various symbols. Top panels: open symbols: open circle: HD 21483; open triangle: HD
29647; open square: HD 73882, filled symbols: filled circle: HD 169454; filled triangle: BD — 14°5037; filled square: HD 210121. Middle panels: open symbols: open
circle: HD 21389; open triangle: HD 26571; open square: HD 210072; filled symbols: filled circle: HD 80077; filled triangle: { Oph; filled square: HD 154368. Bottom
panels: filled symbols: filled circle: HD 62542; filled triangle: HD 147084; filled square: HD 147889,
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comparing the measured J = 1 — 0 intensity with the models
mentioned above. The large error bars reflect the full range of
models, although in many cases they could be reduced con-
siderably if restricted to the most likely range of densities based
on the observed line ratios.

The observed J = 1 - 0/3 - 2 and 2 — 1/3 - 2 ratios for the
translucent clouds are included in Figure 2, whereas those for
the high-latitude clouds are shown in Figure 3 for T'= 20 K.
The horizontal error bars indicate the full range permitted by
the models, whereas the vertical error bars reflect the estimated
uncertainties in calibration. In general, the observations for
both sets of clouds are well bracketed by the range of densities
n = 200-5000 cm ~ 3. No significant difference is found between
the translucent and high-latitude clouds. For lower tem-
peratures, the higher densities are favored, whereas for higher
temperatures, the lower part of the density range is indicated.
The J = 2 - 1/3 — 2 ratios indicate densities similar to those
implied by the J = 1 —» 0/3 — 2 ratios. This agreement suggests
that the results are not very sensitive to the different beam sizes
employed in the observations of the various lines.

i) Translucent Clouds

Better constraints on the densities can be obtained for indi-
vidual translucent clouds in cases where information on the
temperature is available from observations of the C, excita-
tion. Consider as an example the line of sight toward HD
154368. The C, excitation in this cloud is well determined (van
Dishoeck and de Zeeuw 1984) and indicates T = 25 + 10K in
the center of the cloud. CO is expected to be concentrated
toward the center as well, although some models predict it to
be more widely distributed throughout the cloud than C, (see
§ V). Since it is likely that such clouds have temperature gra-
dients, the CO column-averaged temperature (see § V, eq. [2])
may be somewhat different from that of C,, but probably not
by more than 10 K. Accordingly, we have used T = 20-30 K in

20
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the analysis of the CO data for the HD 154368 cloud. For
T =20-30 K, both the observed J=1-0/3-2 and
J=2-1/3—>2 antenna temperature ratios can be repro-
duced with n &~ 500-2000 cm ™3, with a best value n ~ 1000
cm 3. For comparison, the populations of the higher J levels
of C, are compatible with noo/Iz = 5 x 107 cm ™. If the C,
collisional cross section is taken to be 6, & 2 x 107 !¢ cm? and
the scaling factor for the radiation field in the red Iy ~ 1, the
resulting density is n &~ 250 cm ~ 3, somewhat below the density
inferred from the CO observations, but close to the lower limit
of the permitted range.

In Table 8 the temperatures and densities derived from the
C, observations of translucent clouds are summarized and
compared with the densities inferred from the CO observa-
tions. The results are not affected if the ratios of peak Ty rather
than [ Ty dV are considered. In all cases, the temperature in the
CO analysis was allowed to be at most 10 K different from that
indicated by the C, excitation. In the C, analysis, g5 = 2
x 10716 cm? and I, = 1 were adopted throughout. In general,
the CO J = 1 — 0/3 — 2 ratios suggest densities that are higher
than those derived from the C, excitation. For clouds like
those toward HD 154368 and HD 80077, the discrepancy is
only a factor of a few, which is not too serious in view of the
uncertainties associated with both analyses. For the HD 62542,
HD 73882, and HD 147889 clouds, the C, excitation provides
only a lower limit to the density. Especially for HD 62542 and
HD 147889, densities of at least 1000 cm ™2 are implied by the
C, high J populations. Both clouds appear to be warm,
T = 35-55 K, which permits lower densities to be inferred
from the CO antenna temperature ratios than would be the
case at T =~ 20 K. For these clouds, the densities n ~ 2000
3000 cm ™3 derived from CO are therefore not inconsistent
with the C, analysis. In addition, Cardelli et al. (1990) have
recently reported CN absorption line measurements toward
HD 62542 that indicate a A = 2.6 mm excitation temperature

10

T TTTTI T TTTTI I 1||H1|| T TTTIm
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FIG. 3—Asin Fig. 2, but with the observed antenna temperature ratios for the high-latitude clouds. Open symbols: open circle: MBM 26; open square: MBM 32;

filled symbols: filled circle: MBM 40; filled square: MBM 53-55.
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TABLE 8
COMPARISON OF DENSITIES INFERRED FROM C, AND CO OBSERVATIONS
CO EXCITATION
C, ExciTATION 1-0/3-2 2-1/3-2 3-2/'3CO 10
PosITION T (K) n (cm~3) Reference ny,* Prange” n, Piange ny, Prange
HD 21389 ................ .. 800 400-2000 500 200-2000 500 200-1000
HD21483 ................ . 3000 1000-5000 5000 2000-7000 800 300-1500
HD 26571 ................ e . . 1000 500-2000 1500 700-5000 800 500-1500
HD 29647 ................ 1540 350359 1 4000 2000-7000 5000 2000-7000 500 200-1000
HD 62542 ................ 55+ 10 >300 2 1500 500-3000 1000 500-1500
HD 73882 ................ 20+ 10 >300 2 2000 1000-4000 1000 400-1500
HD 80077 ................ 25+ 10 250 + 100 3 700 400-1500 300 150-1000 200 100-300
HD 147084 .............. 4012 200 + 100 3 1000 500-2000 500 200-1500 1000 700-3000
HD 147889 .............. 55+ 15 >500 4 1500 500-3000 3000 1000-7000 1000 500-2000
{Oph ...l 25+ 10 150+ 190 5 <200° <200°
HD 154368 .............. 25+ 10 250139 4 1000 500-2000 700 300-1500 300 200-500
BD —14°5037 .......... 20+ 10 250 + 100 6 2000 1500-3000 600 200-1000
HD 169454 .............. 15*1° 3007139 3,6 2000 15004000 3000 1500-5000 600 200-1000
HD 210072 .............. 2000 1000-3000 1500 1000-3000
HD 210121 .............. 15510 2001299 7 3000 1500-5000 6000 5000-8000 2000 1000-3000
MBM26A ............... <2000 <1000
MBM32A ............... 700 300-1500
MBM32B ............... 1000 500-2000 700 400-1500
MBM 32D ............... 3000 2000-5000 700 400-1500
MBM40A ............... 2000 10004000 1500 700-3000
MBM40B ............... 2000 1000-5000 700 300-2000 500 200-700
MBM40C ............... 1500 1000-3000 3000 1500-7000 300 200-500
MBM40D ............... 800 400-1500
MBMS3A ............... 700 400-1500 700 300-1500 800 300-1000
MBMS4A ............... 3000 1500-5000 4000 1500-6000 700 200-1000
MBM SSA ............... 1000 500-2000 700 200-1000
MBMSSB ............... 3000 1000-4000 700 200-1000
MBM 55D ............... 2000 1000-3000 800 300-1000

* Preferred density in cm 3.
® Range of densities permitted by errors in observations.
¢ See text for more detailed discussion.

REFERENCES.—(1) Hobbs, Black, and van Dishoeck 1983; (2) Gredel, van Dishoeck, and Black 1990; (3) van Dishoeck and Black 1989; (4) van Dishoeck
and de Zeeuw 1984; (5) Danks and Lambert 1983; (6) Gredel and Miinch 1986; (7) Gredel et al. 1990.

of T, = 3.3 + 0.2 K, which exceeds the brightness temperature
of the cosmic background radiation. The excitation of CN
requires an electron density n(e) ~ 0.3 cm ™ and thus implies
densities n(H,)~ 10 to 4 x 10° for electron fractions
n(e)/n(H,) ~ 10~* to 10”7, consistent with the CO and C,
analyses (see Black and van Dishoeck 1990 for more details).
The largest discrepancies occur for the HD 29647, HD 169454,
and BD —14°5037 clouds, and for the high-latitude cloud HD
210121. These clouds are all thought to be cold, based on the
C, data, so that T =~ 15 K has been adopted in the CO
analysis. If the CO were located in a warmer part of the cloud
(T ~ 30 K), the discrepancies would be reduced considerably.
However, as argued in § V, this would require a rather special
geometry and distribution. The discrepancy for HD 210121 is
the largest and most puzzling. Admittedly, the C, absorption
lines toward HD 210121 are only barely detected (Gredel et al.
1990), but the J = 0/J = 2 C, population ratio clearly indi-
cates a low temperature, and the fact that the Q(8) line is mea-
surable suggests that the density is not much higher than 500
cm >, The differences could be explained if the cloud were
highly clumped on scales of 20" or less. Although the peak
value of Ty is the same within 10% for measurements of CO
J =1-0 made with antenna beam sizes between 40" and
100", a map of high signal-to-noise ratio obtained with SEST
shows significant variations in line parameters on scales less
than 60”. Note that the discrepancy is worse for the density

derived from the 2 — 1/3 — 2 ratio, even though the 2 — 1 data
refer to a beam of only 32”.

Small-scale clumping definitely affects the analysis of the
data for the o Ori No. 4 cloud, so that only lower limits on the
1-0/3—2 and 2—1/3 -2 intensity ratios are possible in
this case. These ratios suggest that the densities are no higher
than 10* cm ~3, but do not constrain them further.

ii) Diffuse Clouds: { Ophiuchi

A sensitive search was made for the CO J = 3 — 2 emission
from the well-studied diffuse cloud toward { Oph. The CO
1 — 0 line profile in this direction is known to be complex, and
can be decomposed into at least two narrow components at
Visg —0.8 and +0.4 km s~ with Ty ~ 1.7 and 0.7 K, and
AV = 0.6 and 0.9 km s~ !, respectively (Langer, Glassgold, and
Wilson 1987; Le Bourlot, Gérin, and Pérault 1989). Similarly,
the CO 2 — 1 profile consists of two narrow lines with T, 2 0.8
and 0.3 K, respectively (Crutcher and Federman 1987; Le
Bourlot, Gérin, and Pérault 1989). However, the CO J = 3 — 2
spectrum, presented in Figure 4, shows no apparent emission
at these velocities. The formal 2 ¢ upper limit for each of the
components is T% ~ 0.08 K. Care has to be taken in the choice
of the offset position for these measurements, since CO emis-
sion is very extended throughout the Ophiuchus cloud. We
therefore obtained high signal-to-noise ratio spectra with both
the offset position specified by Le Bourlot et al., and by switch-

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


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1991ApJ...366..141V&amp;db_key=AST

J. - 0366, _IAV

R

JO1A

154 VAN DISHOECK ET AL.

2 T T T T T T T T T T T T I T T T T
- ¢ Oph CO 3-2 -
1= —

Nl ‘

T, (K)

-2 | I I N | | L1 1 | | T |

-10 -5 0 o 5 10
Visg (km s)

F1G. 4—CO J = 3 - 2 spectrum toward { Oph obtained with the high-
resolution AOS in 1990 March. The total on-source integration time is 52

minutes. The arrows indicate the velocities of the observed CO J = 1 -0 and
2 — 1 lines.

ing in azimuth by —60'. Neither spectrum shows any feature at
the level T% =~ 0.1 K, so that failure to detect the 3 — 2 emis-
sion is unlikely to be due to accidental cancellation in the offset
position. The spectrum presented in Figure 4 is the average of
the spectra obtained with the two offset positions.

The low upper limit on the CO 3 — 2 emission can be used
to place stringent limits on the density in the { Oph cloud,
which has been subject to considerable discussion over the last
15 years. The original two-component model of Black and
Dalgarno (1977) had a fairly high density, ny = n(H)
+ 2n(H,) = 2500 cm ™2 in the center of the cloud, but sub-
sequent analyses (Crutcher and Watson 1981; van Dishoeck
and Black 1986a) suggested much lower densities, ny ~
200-800 cm ~3, In particular, the C, rotational excitation indi-
cates a low central density, ny &~ 250 cm ™3, and a low central
temperature, T = 25 K (van Dishoeck and Black 1986b). On
the other hand, Viala, Roueff, and Abgrall (1988) have devel-
oped models of the { Oph cloud which retain a high central
density, ny ~ 1000-5000 cm 3. The CO J = 3 — 2 observa-
tions can discriminate between these models: In the preferred
model G of van Dishoeck and Black (1986a) the 3 — 2 line
strength is predicted to be T = 0.05 K, whereas in model 6 of
Viala, Roueff, and Abgrall (1988) it is Tz = 0.57 K (see van
Dishoeck and Black 1988a, Table 4). These estimates include
explicitly the excitation of CO by atomic hydrogen, which is
significant in this cloud. The measured 2 o upper limit, T <
0.11 K, excludes the high-density models of Viala et al. and is
only barely consistent with model G of van Dishoeck and
Black. If the CO column-averaged temperature (see eq. [2],
§ V) is as low as 25 K and if n(H) ~ 0.5n(H,) on average, the
CO 3 — 2 limit implies n(H,) < 200 ¢cm ™3, corresponding to
ny < 500 cm ™3 for the strongest component. For the weaker
component at ¥ gz = 0.4 km s, the limits are less stringent:
n(H,) < 700 cm >, corresponding to ny < 1750 cm 3. Since
CO is thought to be formed in diffuse clouds mostly from the
reaction of C* with OH and since OH is predominantly
formed in the warmer, outer part of the cloud, the CO column-
averaged temperature may be somewhat higher than the
central temperature, T(CO) ~ 40 K. At T =40 K, the CO
3 — 2 limit implies n(H,) < 150 cm 3, corresponding to ny <
425 cm ™3 for the main component, and n(H,) < 500 cm ™3,
corresponding to ny; < 1250 cm 3 for the weaker component.
Because the optical depth in the *2CO J = 1 — 0 line is low,
T & 1-2, these results are not affected if a more complicated
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radiative transfer method is employed (see also § VI). As will be
discussed in more detail by Black and van Dishoeck (1990), the
observed CN excitation by Crane et al. (1989) toward { Oph
also indicates a low density, n,; < 700 cm ™3, for the main com-
ponent.

In summary, the failure to detect the CO J = 3 — 2 line at
the level T = 0.11 K for the main component of the { Oph
cloud is consistent with the analysis of the C, excitation, which
suggests ny ~ 250 cm 3 in the region where these molecules
exist. It also indicates that the two methods give densities
which differ at most a factor of 2, at least for this low-density,
low column density cloud.

iii) High-Latitude Clouds

No comparisons with densities derived from the C, excita-
tion are possible for the observed positions in the high-latitude
clouds of Magnani, Blitz, and Wouterloot (1988). The densities
derived from the CO line ratios in these clouds are not signifi-
cantly different from those found for the translucent clouds.
Cloud MBM 40 may be the densest at some locations,
although this may result partly from small-scale clumping,
which leads to an underestimate of the 1 - 0 antenna tem-
perature in the larger beam. The data for all the clouds appear
to follow reasonably well the theoretical curves for n = 1000—
2000 cm 3 at T = 20 K. Turner, Rickard and Lan-ping (1989)
have derived upper limits on the densities of 10° cm™3 in
clouds MBM 26, 32, and 40 from measured H,CO line ratios.
These upper limits are consistent with the densities derived
from CO, although their average densities of a few x 10* cm ™3
at other high-latitude positions are much higher than the den-
sities of about 1000 cm ~ 3 suggested by the CO line ratios. In
particular, at position MBM 55D, Turner et al. derive n =
(3-8) x 10* cm ™~ 3 compared with n ~ 1000 cm ~ 3 found in this
work. However, Turner et al. did not take the possibility of
collisions with electrons into account. Inclusion of electron
impact in the treatment of H,CO excitation will make the
inferred abundances and densities very sensitive to the electron
fraction, x(e) = n(e)/n(H,), and will modify the conclusions of
Turner et al. if the high-latitude clouds support values of x(e) as
large as 10~ 5. According to model calculations (van Dishoeck
and Black 1989), the electron fractions are expected to be of
order 107° in these clouds. A recent reinvestigation of the
excitation of H,CO incorporates neutral impact, electron
impact, ortho/para interchange, and processes of formation
and destruction (Black and van Dishoeck 1991). Results of
these calculations suggest that the 6 cm and 2 cm absorption
line data summarized by Turner et al. are consistent with den-
sities n(H,) < 10* cm ™ for most of the MBM clouds when
x(€) ~ 5 x 107® to 107 % The derived column densities of
H,CO lie in the range 10'3-10'* ¢cm ™2 for these clouds. This
indicates that the abundances of H,CO may not be low com-
pared with those in low-latitude dark clouds as claimed by
Turner et al. Drdla, Knapp, and van Dishoeck (1989) have
previously shown that electron impact excitation is effective in
making CS lines detectable in diffuse and translucent clouds of
modest density.

b) 12COJ =3 - 2/13CO J = 1 - 0 Intensity Ratio

Another method to derive densities from the CO observa-
tions is to consider the strength of the '2CO J = 3 — 2 line
relative to that of the 13CO J = 1 - 0 line. When the '2CO
J = 1 - 0 line is saturated, the comparison with the 13CO line,
which has about the same strength as the 12CO J = 3 — 2 line,
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may be more revealing. Unfortunately, the analysis requires
knowledge of the '>*CO/**CO column density ratio. Although
this ratio is close to the overall ['>C]/[*3C] ratio in dense
clouds, it can be affected in translucent clouds by isotope-
selective photodissociation and low-temperature carbon
isotope exchange reactions. Detailed cloud models (van Dis-
hoeck and Black 1988b) indicate that the two effects tend to
cancel each other, except at low temperatures T < 20 K, where
the '2CO/*3CO ratio may be lowered relative to [*2C)r3cy
by a factor of 2-3. The [*2C]/[!3C] ratio in the local inter-
stellar medium is currently subject to discussion: the recent
literature yields values ranging from 45 to 75 (Hawkins and
Jura 1987; Stahl et al. 1989). Accordingly, we have performed
model calculations for >CO/!3CO varying between 20 and 50.
Our observed '*CO line strengths indicate 2CO/'3*CO
ranging from 15 to 60 in the various clouds, although the
measured ratios are very uncertain, owing to uncertainties in
the *2CO column densities.

Table 7 presents the observed '2CO J =3 - 2/'3CO
J =1-0 integrated antenna temperature ratios. In general,
the *>CO line is even narrower than the '2CO J = 3 — 2 line,
so that the ratios are lowered if peak temperatures rather than
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integrated temperatures are considered. 13CO excitation calcu-
lations were performed in the manner described for 12CQ, but
with the appropriate line frequencies and transition probabil-
ities. The resulting intensity ratios for T = 20-30 K and for
various '*CO abundances are presented in Figure 5 as func-
tions of density. Since both lines have small optical depths over
the range of observed line strengths, the ratios do not vary
significantly with column density. Optical depth effects tend to
lower the model results only at the highest densities. Higher
temperatures and higher '2CO/*3CO abundance ratios tend to
lower the inferred densities.

Figure 5 displays the observed line strength ratios for a
number of clouds. For most cases, the observed ratios are
about 1-2, suggesting rather low densities n = 5001000 cm — 3,
even for '2CO/*3*CO as low as 20. Only for the clouds HD
62542, HD 147084, HD 147889, HD 210121, and possibly HD
210072 are the ratios significantly larger. For HD 62542, HD
147084, and HD 147889, the higher temperature and the con-
sequently larger '2CO/*3CO ratio lead to densities n ~ 1000
cm 3 that are only slightly larger than those found for other
clouds.

The densities consistent with the 12CO 3 - 2/13CO 1 -0
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ratios are listed in Table 8. It is seen that these densities are
generally lower than those inferred from the 12CO 1 — 0/3 - 2
or 2 - 1/3 — 2 ratios, although the trend is the same. On the
other hand, they agree within a factor of 2 with the densities
inferred from the C, excitation, even for cold clouds such as
HD 169454. The one exception is again the HD 210121 cloud:
the 12CO 3 - 2/'3CO 1 -0 ratio indicates n ~ 1000-3000
cm ™3, significantly larger than n &~ 200 cm ™3 derived from the
C, data. For the high-latitude positions, the 3 » 2/3CO 1 -0
ratio also indicates relatively low densities, even for MBM 40
and MBM 54A.

¢) Discussion

It thus appears that the '2CO line intensity ratios imply
densities that are up to an order of magnitude higher than
those found from the observed C, excitation, whereas the
12CO 3-2/*3CO 1 -0 intensity ratio gives densities that
differ by at most a factor of 2. Part of the discrepancy could
arise from uncertainties in the parameters entering the C,
analysis. The ratio o,/Ig was calibrated for the { Per diffuse
cloud through comparison with other diagnostics (van Dis-
hoeck and Black 1982). If the C, collisional cross section o,
were smaller by a factor of 2-3, the C, densities could be
increased. Note, however, that this would also imply higher
densities for the { Per cloud, in conflict with other diagnostics.
Alternatively, the strength of the radiation field at A ~ 1 ym
could be higher than the value 8 x 10° photonss~'cm™2 A~!
adopted in this work for I = 1. According to Mathis, Mezger,
and Panagia (1983), the standard interstellar radiation field at
A~ 1pumis6 x 10° photons s~ ' cm 2 A~ If I > 1 for most
of the observed clouds but not for the { Per cloud, the densities
derived from the C, data could be increased as well. However,
even bright reflection nebulae have surface brightnesses only 5
times higher than that of the interstellar radiation field at 4 =~ 1
pm (cf. Sellgren, Werner, and Dinerstein 1983), so that isolated
translucent clouds are unlikely to suffer greatly enhanced rates
of C, pumping. In addition, the upper limit on the density in
the { Oph cloud derived from the CO J = 3 — 2 limit differs by
at most a factor of 2 from that inferred from the C, excitation,
suggesting that the parameters entering the C, analysis cannot
be in error by more than a factor of 2.

An alternative explanation could lie in the small-scale struc-
ture of the clouds in several ways. The 44"-60” antenna beams
used in the J = 1 — 0 measurements might couple to the emit-
ting gas differently than the 20” beam of the J = 3 — 2 obser-
vations. This would cause Tx(1 — 0) to be underestimated from
the measured T%(1 — 0), with the result that the adopted value
of Tg(1 = 0)/Tx(3 — 2) would imply an overly high density. On
the other hand, the J = 2 —» 1 data were obtained with a 32"
beam and the Tx(2 — 1)/Tx(3 — 2) ratios suggest even larger
densities in some cases. Internal structure can complicate the
analysis in another way. If the clouds typically have gradients
of density and temperature along the line of sight, then effects
of radiative transfer through an inhomogeneous emitting
region would allow different mean densities to be derived from
those indicated for uniform clouds. We investigate this
problem with respect to line profile shapes in § VI. Part of the
discrepancy may also be due to the difference in angular scale
of the emission and absorption line observations. The CO
emission line data provide information on the physical proper-
ties averaged over a 20"—60"” beam, whereas the C, absorption
samples a region with a size corresponding to the angular
diameter of the background star, which is usually less than
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07001. If the clouds are clumped on very small scales, it is
possible that there exist regions of very high density that domi-
nate the CO emission but which do not happen to lie along the
line of sight to the star. In that case, the difference in densities
derived from the CO and C, should provide constraints on the
angular scale and the amplitude of the density fluctuations.

Another possibility, to be discussed further in § V, is that the
CO and C, molecules are distributed differently throughout
the cloud. As mentioned before, the largest discrepancies occur
for clouds with the lowest temperatures derived from the C,
excitation. If CO were located principally in a warmer region,
the discrepancy would be reduced considerably.

Although these arguments may solve some of the discrep-
ancy between the 12CO and C, analyses, they cannot explain
the difference between the 12CO and 3CO results. Part of this
difference may arise from the fact that the !2CO lines are
slightly optically thick, T & 1-4 in most cases, whereas the
13CO lines are optically thin, so that different parts of the
cloud are sampled. The difference, then, would reflect the
inadequacy of simple models of radiative transfer. This possi-
bility will be further discussed in §§ V and VI. Alternatively, the
12CQ/'3CO ratio may be different from the range 20-50 con-
sidered here.

d) Variation in Intensity Ratios across the HD 210121 Cloud

Although for most clouds only a single position was
observed in CO J = 3 — 2, a small portion of the HD 210121
cloud was mapped. The strip in declination around position B
at (Aa, Ad) =(—32!5, 0') offset from the star was chosen
because it shows significant variation in the J = 1 — 0 emis-
sion on small scales (Gredel et al. 1990). The positions B1-B10
cover nearly 6’ (~0.26 pc at the estimated distance of the cloud
of 150 pc) in steps of 40” (0.029 pc). The observed J =2 — 1
antenna temperature variation is presented in Figure 6,
together with the measured line temperature ratios. It appears
that there is a suggestion of variation in both the J =1 -0/
3> 2and 2 - 1/3 — 2 ratios from the edge to the center of the
cloud: the densities at the edge of the cloud would then be
lower than those found at the center. The *2CO 3 — 2/!3CO
1 - 0 ratios show a similar trend: the ratio is relatively low,
about 3, at the edge and increases to more than 8 in the center.

If all physical parameters except density remained the same
across the cloud, the observed variations in line intensity ratios
would indicate a gradient in density from 1000-2000 cm ™3 at
the edge to 5000 cm ~3 in the center. Since the temperature is
likely to be higher at the edge due to increased heating by the
photoelectric effect, the densities at the edge may be even
lower, about 500-1000 cm~3. Note that the minima in the
intensity ratios, which presumably correspond to the maxima
in density, do not appear to coincide with the maximum in the
absolute intensity or column density. Indeed, the edge of the
cloud to the south of position B appears to have a particularly
steep decrease in both column density and density.

The J = 2 — 1 intensity and the line ratios to the north of
position B shown in Figure 6 can be fit well by a model that
has a density distribution with radial distance R in pc of
n = 6000(1 — R/0.167)''! cm ™3, when the radiative transfer is
treated in the Sobolev approximation. The mean density in this
model is 2900 cm ™3 and the inferred column density of CO
through the peak position is N(CO) = 6 x 10'° cm~2, The
inferred temperature is T = 18 K. The model requires 2CO/
13CO = 16 to reproduce the '*CO J = 1 — 0 line intensity at
the peak position. Consideration of gradients in the CO abun-
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8 T T | T T T T T TABLE 9
COLUMN-AVERAGED DENSITIES AND TEMPERATURES
L 4 co c,
CH CN
MopeL* T <Hp)* <KT) <H,) <H,) <(H
6 |— — {OphG ..... 49 120 47 125 120 125
o T3 ... 25 240 31 225 215 230
= T4 ........... 25 325 40 275 280 300
é S1 ...l 17 2660 17 2420 2210 2680
[ = b S2 .l 16 2765 20 1915 1855 2345
% S3 ... 16 2790 25 1165 1370 1645
5] 1-0 S4 ... 16 2645 28 840 950 1170
g 3-2 S5 . 36 1225 18 2205 1940 2415
a, 4= ] S6 ........... 37 1040 19 2110 1960 2385
E S7 . 36 1285 23 1370 1565 1885
: S8 ... 35 1460 28 825 985 1140
zZ - — _
g &1 * See text for description of the models.
= 3-2 ® In K ; see eq. (2) for definition.
4 ¢ Incm ™ 3; see eq. (1) for definition.
2 _|
the density contrast in the latter models is not very large, we
B | also constructed a new set of models, denoted as S1-S8, in
which the density ny varies in discrete steps from 200 to 6000
cm ™3 from edge to center, and the temperature from 80 to 15
o ) | ) | | | | | ! K. About 55% of the size of these clouds is taken to be at
~100 0 100 200 300 400 ny =200 cm > and T = 80 K, about 30% at n; = 600 cm ™3

OFFSET FROM B (ARC SEC)

FIG. 6.—Variation of the '*CO 1 —0/3 -2 and 2 — 1/3 — 2 antenna tem-
perature ratios across a strip in declination around position HD 210121B. The
dashed line indicates the variation in CO J = 2 — 1 integrated radiation tem-
perature, | Tp dV,in units of K km s~ 1.

dance and in temperature would permit the inferred density to
be lower.

V. “CLUMPY” CLOUD MODELS

If the densities derived from the CO observations are indeed
significantly larger than those inferred from the C, excitation,
the question arises whether the CO and C, molecules are dis-
tributed differently throughout the cloud, or whether the
emission-line observations sample material with different
physical characteristics than the absorption-line observations,
or both.

The distribution of CO and C, has been investigated in a
number of homogeneous and inhomogeneous models, in which
the concentrations are computed as functions of depth into the
cloud. These distributions can be characterized conveniently
by the weighted, column-averaged densities and temperatures,
where

C(Hpdx = f n(X)n(H,)dz / J n(X)dz , )

(THx = Jn(X)T dz/f n(X)dz , 2)

and n(X) is the concentration of species X at depth z into the
cloud. Table 9 lists the column-averaged properties for various
molecules in the { Oph diffuse cloud model G (van Dishoeck
and Black 1986a), and the translucent cloud models T3 and T4
(van Dishoeck and Black 1988b, 1989), which have tem-
peratures varying from 80-100 K at the edge to 1520 K in the
center, and densities ny = n(H) + 2n(H,) ranging between
200-300 cm ~* at the edge to 500-700 cm ~ 2 in the center. Since

and T = 50 K, about 10% at ny; = 2000 cm 3 and T = 25 K,
and about 4% at ny = 6000 cm ™3 and T = 15 K. Thus, the
various layers have approximately equal masses. Models
S1-84 with A}* = 1-3 mag are symmetric around the center
and have the standard radiation field (cf. Draine 1978) incident
on both sides of the cloud, whereas models S5-S8 have the
radiation incident on one side only, but with otherwise the
same physical parameters as S1-S4.

It appears from Table 9 that in diffuse clouds such as the 4
Oph cloud, CO is more widely distributed than C,, leading to
slightly higher column-averaged temperatures and slightly
lower column-averaged densities. This results mostly from the
fact that the concentration of OH, the principal precursor of
CO, does not peak near the center of the cloud, but at interme-
diate depths where the higher temperature favors its formation
(cf. Fig. 3 of van Dishoeck and Black 1986a).

However, in the translucent cloud models T3 and T4, and in
the two-sided models S1-S4, CO is clearly more concentrated
toward the colder and denser parts of the cloud than C,. This
difference in column-averaged temperature and density
increases with larger total column density of the cloud. The
lower density for C, results from the fact that in the densest
parts of the cloud where ny,; = 6000 cm ~3, the C* abundance is
significantly reduced due to the enhanced carbon recombi-
nation rate. Since C, is mostly formed through reactions of C*
with CH and CH,, the C, abundance drops accordingly. For
models of larger total column density, the reduced photoion-
ization rate of C reduces the C* and C, abundances in the
center even further. The CO abundance continues to increase
toward the center of the cloud until all gas-phase carbon has
been converted into CO. For model $4 with A% = 3 mag, this
limiting abundance of CO is reached already at a depth where
the density n; = 2000 cm ™3 rather than 6000 cm ™3, so that the
CO column-averaged density is somewhat lower in this model
compared with model S3.

If the models have the radiation incident from one side only,
the situation is reversed: the C, column-averaged densities are
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much larger, and the temperatures lower. This is easily
explained by the fact that once the CO column density is large
enough for the ultraviolet lines to become self-shielding, the
CO photodissociation rate drops considerably and stays low
throughout the rest of the cloud. Thus, the CO abundance
stays large in the regions of low density on the far side of the
cloud which is not exposed to radiation, resulting in lower
column-averaged densities. The C, abundance is more concen-
trated toward the center, because the C* abundance is smaller
on the far side of the cloud where the photoionization rate is
reduced. The removal of C, itself is no longer dominated by
photodissociation, but by reactions with O at those depths.
The difference between CO- and C,-averaged densities
decreases for clouds of larger total column densities, because
the C photoionization rate has been reduced in the densest
parts of models S7-S8 to the level at which it can no longer
maintain large C* densities. Figure 7 illustrates the variations
in the abundances of CO, C,, and C* with depth into model
S2, S4, S6, and S8. The column averaged densities for CH and
CN follow the same trend as those for C,, with CN probing
somewhat denser regions of the cloud. The column-averaged
densities for '3CO are similar to, or slightly larger than those
for 12CO.

It is thus concluded that the column-averaged densities of

n; (Cm_a)

n; (cm™)

z (pc)
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CO can be up to a factor of 2-3 larger than those for C,, if the
densest part of the cloud is farthest removed from the radiation
field. For these same models, the CO-averaged temperatures
are lower. On the other hand, if a less dense part of the cloud is
shielded from radiation, the CO averaged densities may be
lower by a factor of 2, and the CO averaged temperatures
higher by up to 15 K.

V1. CO LINE PROFILES

Inspection of the high-resolution spectra (Fig. 1) shows that
the profiles for many translucent and high-latitude positions
appear to differ significantly from a single Gaussian profile.
They often show a double-peaked, asymmetrical structure,
which is usually interpreted to indicate the presence of several
closely spaced velocity components (see, e.g., Magnani, Blitz,
and Wouterloot 1988). However, in many cases the '3CO
profile is single and peaks at a velocity in between those of the
12CO maxima (e.g, HD 169454, HD 154368, HD 210121B2),
so that alternative interpretations in terms of central reversals
in an inhomogeneous medium appear more likely. Self-
absorbed profiles are commonly seen toward warm GMCs,
especially in higher frequency transitions (see, e.g., Snell and
Loren 1977, Phillips et al. 1981; White et al. 1986), where they
are thought to be produced by a cold region lying in front of a

z (pc)

FIG. 7—Variation of the H,, CO, C,, and C* abundances with depth in various cloud models described in the text. Models S2 and S4 with Ay* = 1.5 and 3 mag,
respectively, have the radiation incident from both sides of the cloud and are thus symmetric with respect to the center. Models S6 and S8 have the radiation incident
from one side only (at z = 0), but have otherwise the same physical parameters as models S2 and S4, respectively.
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hot core. For the case of the externally illuminated translucent
and high-latitude clouds, the situation is expected to be
reversed, since the temperature is likely to decrease from the
edge to the center. However, central reversals can arise in inho-
mogeneous atmospheres for a variety of reasons (Leung and
Liszt 1976). We use theoretical models to illustrate how
double-peaked profiles can readily occur, if the density and
molecular abundance also vary with depth through a trans-
lucent cloud.

We consider as an example two of the models constructed by
van Dishoeck and Black (1988b, 1989), i.e. models T3 and T4,
whose gradients of temperature and density were constrained
to satisfy a polytropic structure. The temperature varies from
about 80 K at the edge to about 15-20 K in the center, whereas
the density n = n(H) + n(H,) varies from about 200 cm~? at
the edge to about 300400 cm ™3 in the center. The CO abun-
dance is, of course, nearly zero at the edge and increases to a
few times 107> to 10~ in the centers of the clouds. Model T4
is thicker than T3 and thus has a greater central abundance of
CO. These models specify all the variables, n(H,), T, n(*2CO),
and n(*3*CO), which govern the excitation and line formation of
CO except for the velocity field. In the following, the original
abundances of 2CO and '3CO in model T4 have been multi-
plied by a factor 0.75 at all depths. In order to solve the
coupled equations of statistical equilibrium and radiative
transfer and to compute line profiles, it is necessary to make
critical assumptions about the velocity field. We have com-
puted the excitation and line formation of CO in models T3
and T4 by three quite different methods. First, the radiative
transfer was solved in terms of mean escape probabilities for
the “equivalent” uniform cloud that has the same average
density, average temperature, and column densities as the
model. In this case, a single value of the linewidth, AV, is
specified and all emergent profiles are, by definition of the

x)

Tr

-2 -1 0 1 2
Velocity (km s™')

x)

Tr
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escape probability, Gaussian functions such that | TpdV =
1.0645T; AV. This is the same method of mean escape prob-
abilities used to calculate the excitation as described in § IVa.
The second conventional approach is to assume a systematic,
large velocity gradient, dV/dR, and to solve the radiative trans-
fer in the Sobolev approximation. The third technique pre-
sumes a microturbulent cloud characterized by a mean
turbulent velocity, V.. The computed profiles for '2CO
J=1-0and "*CO J =1-0 are shown in Figure 8. The
velocity parameters have been selected so that the three differ-
ent methods give the same integrated intensities in the 12CO
J =1-0 line. Values of AV = 0.7 km s~ !, dV/dR = 2.0 km
s”!pcT!,and ¥, = 0.7 km s~ ! yield | Tg(1 - 0)dV = 3.5 K km
s~ ! for model T3, while AV = 1.57 km s~ !, dV/dR = 1.35 km
s”!pcT!, and ¥, =0.7 km s™! yield | Tp(1 > 0)dV = 13.0 K
km s™! for model T4. In the thicker model, T4, centrally
reversed line profiles emerge naturally from either the Sobolev
approximation or a microturbulent computation. These line
profiles for idealized, symmetrical models are qualitatively
similar in shape to observed profiles and have peak tem-
peratures, T(1 = 0) = 6-9 K, Tx(3 - 2) ~ 1.5-2.5, and widths,
AV ~ 1-2 km s, like those observed. The interpretations of
the profiles are discussed separately for the different methods
in the following paragraphs.

a) Sobolev Approximation

In the Sobolev (1960) method, the nonlocal radiative transfer
is replaced by a piecewise local treatment, subject to the con-
straint that the velocity gradient dV'/dR is large enough so that
the thermalization length of photons

28\ 2 T\ 2 dV\ !
l, z0.22<7> (3—8) <d_R> pc (3)

Sl I I B I B

-2 -1 0 1 2
Velocity (km s™)

F16. 8.—Theoretical profiles of '>CO J = 3 —» 2 and '*CO J = 1 — 0 lines in translucent cloud models T3 and T4. In each case the solid curve is the Gaussian
profile for the uniform equivalent model computed with mean escape probabilities. The dotted curve is the profile for the inhomogeneous model in the Sobolev
approximation. The dashed curve is for the inhomogeneous model in the microturbulent approximation. The lower curve of each type is the *CO profile that
corresponds to the stronger >CO J = 3 — 2 line. The integrated intensities of the 12CO 3 — 2 lines are{ TxdV = 0.47,0.29, and 0.30 K km s~ ! in the mean escape,

Sobolev, and microturbulent descriptions, respectively, for model T3; and 2.59, 2.78, and 3.79 K km s~

for model T4. The corresponding integrated intensities for

the '3CO J = 1 - 0 lines are 0.29, 0.18, and 0.18 in model T3, and 1.01, 0.76, and 0.82 K km s~ ! in model T4.
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is smaller than the radius of the cloud R,, where u is the
molecular mass in atomic mass units, Ty, is the local Doppler
temperature, and dV/dR is in km s~ pc~ 1. The thermalization
length is essentially the local mean free path.

Consider a spherical cloud of radius Ry, divided into con-
centric shells of thickness J,. Each shell has a well-defined mean
velocity ¥V and a local velocity width 6. In the Sobolev
approximation, photons created within a velocity interval 6V
about ¥ (or equivalently, within the corresponding shell) are
the only contributions to that part of the emergent line profile
within 6V about V. Their escape is governed only by the
optical depth and 6V along that part of the viewer’s line of
sight through the particular shell of interest. The local width is
usually taken to be the thermal Doppler width.

In the case of a completely uniform cloud, in which both the
density, temperature, and CO abundance are constant with
radius, each shell has the same thickness and contributes
equally to the emergent profile. The extent of the profile is
limited only by the total extent R, of the cloud and its corre-
sponding extent in velocity. The resulting profile is rectangular.
When the density or abundance of the emitting molecules
varies with R, the profile can develop rounded shoulders. The
different shells no longer have equal optical depths and excita-
tion temperatures and thus no longer contribute the same
intensity at each velocity. The degree to which the profile is
peaked or flat-topped depends on how rapidly the optical
depth and excitation fall off with R relative to the values for the
innermost shells or shell. If the innermost shells are all opti-
cally thick at about the same excitation temperature, the
profile will be flat-topped.

When both the density (or abundance) and temperature vary
with R, centrally reversed profiles can arise. If the density
decreases measured outward from the center of the cloud, and
the temperature increases, then in the outer shells, a partial
increase in excitation temperature 7T, can compensate for the
decrease in optical depth and yield a net profile with a central
reversal. Since the variations in abundance, temperature, and
density need not be the same on the two sides of a real cloud,
the true profile may appear asymmetric.

The temperature, density, and CO abundance variations
from models T3 and T4 have been incorporated into a Sobolev
code provided by P. R. Maloney (1987). In each shell, the CO
excitation and optical depth were computed using exactly the
same molecular data as described in § IVa. Double-peaked CO
profiles, which resemble the observed profiles both in width
and in strength, are readily produced in thick models such as
model T4 for dV/dR ~ 1-3 km s~ ! pc™!. On the other hand,
models of smaller total column density such as T3 usually
produce single-peaked profiles. In order for double-peaked
profiles to arise, the CO abundance must remain relatively
constant in the center of the cloud before starting to drop to
the outside, whereas the temperature must increase steadily
with distance from the center.

The computed ratios of integrated line intensity are 1-0/
3-2 =12, 2-1/3-2 = 5.0, and 3-2/'3CO 1-0 = 1.6 for model
T3 and 4.6, 2.8, and 3.7, respectively, for T4. The latter model
produces line ratios similar to some of those observed (Table
7).

In a thick model such as T4, all carbon has been converted
into CO in the center of the cloud, so that its abundance is
relatively constant in the inner few shells. In model T3,
however, the CO abundance has not yet reached its limiting
value and continues to increase toward the center. If this
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picture is valid, it would provide additional support for the
presence of temperature and density gradients in the clouds. It
suggests that in cases where double-peaked profiles are
observed, the CO abundance has probably reached its limiting
value in the center of the cloud.

Clearly, this explanation does not apply to all cases where
double-peaked or complicated line profiles are observed. For
example, for the { Oph cloud, no reasonable single-component
model can be constructed that reproduces the observed pro-
files, and it is plausible that two to four separate components
are present in this case (Langer, Glassgold, and Wilson 1987;
Le Bourlot, Gérin, and Pérault 1989). On the other hand, it
may explain profiles such as observed for HD 169454 and HD
26571. An alternative interpretation has been put forward by
Keto and Lattanzio (1989), in which double profiles are
thought to arise from two colliding clouds or clumps. It would
be interesting to investigate the influence of the temperature
structure in the clouds on such models.

b) Microturbulent Approximation

The Sobolev approximation entailed specific presumptions
about the velocity field that might be unrealistic. To test
whether the profile shapes discussed above might be artifacts
of that approximation, we have computed CO line profiles for
radiative transfer in a microturbulent medium. For this
purpose, we have used a code based on the work of Bernes
(1978, 1979) that solves the coupled equations of statistical
equilibrium and radiative transfer by a Monte Carlo method.
In this case, the radiative transfer is explicitly nonlocal so that
gradients in excitation might be expected to manifest them-
selves differently in the emergent line profiles than in the
Sobolev approximation. For model T3, the microturbulent
profiles are flat-topped, while for model T4, the profiles are
centrally reversed and qualitatively similar to those computed
in the Sobolev approximation. Again, we attribute the central
reversal to excitation gradients that result from competing
effects of outwardly increasing temperature and decreasing
density and abundance. Photons near line center “see” prefer-
entially the molecules of lower excitation.

The computed ratios of integrated line intensity, 1-0/3-2,
2-1/3-2, and 3-2/'3CO 1-0 are, respectively, 12, 5.1, and 1.7
for model T3, and 3.5, 1.4, and 4.6 for model T4. In comparison
with the escape probability and Sobolev approximations, the
microturbulent calculation yields a significantly smaller
1-0/3-2 ratio in model T4, one that is more typical of the
observed values in Table 7. That is, the lines of higher excita-
tion (e.g., J = 3 — 2) are systematically stronger in the micro-
turbulent treatment of model T4. This suggests a possible
resolution of the discrepant densities inferred from the
observed C, and CO lines, at least for clouds of higher total
CO column density. If the CO excitation had been analyzed for
inhomogeneous, microturbulent clouds, J = 3 — 2 lines of the
same strength would have been found to arise in regions of
lower density than was inferred for homogeneous regions with
line formation treated by mean escape probabilities.

These model studies suggest that full interpretation of milli-
meter and submillimeter line emission from translucent clouds
may require detailed modeling of individual regions. It is a
daunting possibility that conclusions about densities and
isotope abundances from CO data can sometimes be distorted
by the assumptions that are made about the structure and
internal kinematics of these clouds. On the other hand, it is
comforting to note that for clouds of lower total column
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density, N(CO) < 2 x 10'® cm ™2, the different radiative trans-
fer models give nearly identical results.

VI. CONCLUDING REMARKS

Significant improvements in recent years in telescopes and
receivers at submillimeter wavelengths have made possible the
detection of weak CO J = 3 — 2 emission from translucent
and high-latitude clouds. Comparison of the strength of these
3 > 2 lines with 1 -0 and 2 > 1 emission can provide esti-
mates of the densities in the clouds. These densities are typi-
cally found to be n(H,)=~ 1000 cm™3 Unfortunately,
uncertainties in the calibrations and differences in beam sizes
for the various lines prevent more accurate determinations at
present.

The densities derived from the measured '2CO 1 - 0/3 > 2
and 3 - 2/'CO 1 - 0 ratios have been compared with den-
sities inferred from the C, absorption-line observations for
translucent clouds. In general, the '?*CO 1—-0/3 -2 and
2 - 1/3 — 2 data result in densities that are higher by up to an
order of magnitude than those found from the C, analysis.
Several possible explanations for this discrepancy have been
suggested, such as small-scale clumping, different distributions
of CO and C, throughout the cloud, an overestimate of the C,
collisional cross section, and an underestimate of the radiation
field at A~ 1 um. However, it remains difficult to explain
simultaneously the relatively good agreement that is found
between the densities obtained from the C, analysis and the
'2CO 3 - 2/*3CO 1 - 0 intensity ratios, in particular since the
interpretation of the latter ratios is sensitive to the adopted
12CO/*3CO abundance ratio and the relative distribution of
the two species throughout the cloud. There is an indication
that the densities inferred from CO lines sometimes depend on
the assumptions about radiative transfer that are embedded in
the excitation calculations, at least for the thicker translucent
clouds. For these reasons, it would be better to limit the sample
to clouds with N(CO) < 10'¢ cm ™2 This is also the regime in
which the largest sensitivity to density occurs. With slight
improvements in receiver sensitivity and longer integration
times, it should be possible to study these thinner clouds in
more detail in the near future.

An important conclusion of this study is that the physical
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properties of the high-latitude clouds studied by Magnani,
Blitz, and Wouterloot (1988) do not differ significantly from
those inferred for the translucent clouds. A similar conclusion
for some chemical properties was reached by de Vries and van
Dishoeck (1988a) and is discussed in more detail by Gredel et
al. (1990). Another interesting result is the very sensitive limit
on the CO J = 3 — 2 emission from the classical diffuse cloud
toward { Oph, which excludes the higher density models of this
region.

In the near future, it should be possible to improve signifi-
cantly upon the analysis presented in this paper through ultra-
violet observations of CO toward the stars with the Goddard
High-Resolution Spectrograph on Hubble Space Telescope.
Such measurements would provide direct information on the
populations in the lower J levels from a single spectrum and
would allow a more accurate determination of the CO column
density toward the star. Since the same volume of the cloud is
sampled, direct comparison with the densities derived from C,
should be possible. At the same time, comparison of the CO
excitation derived from the absorption-line observations com-
pared with that found from the CO millimeter emission-line
observations should give information on the small-scale struc-
ture of the clouds. The combination of CO absorption- and
emission-line observations with C, absorption-line data
should provide a powerful new tool to investigate the physical
structure of diffuse and translucent clouds.
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