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ABSTRACT

The dust, atomic gas, and molecular gas content of a sample of 26 of isolated, degree-sized infrared clouds
are compared. Half of the clouds have an infrared excess indicating the presence of H,, and 14 contain
compact CO-emitting regions. Complete, high angular resolution H 1 and CO maps of one cloud, G236+ 39,
resolve the transition between atomic and molecular H, as well as the location of CO formation. Assuming the
infrared emission traces the total column density, H, is inferred to be much more widely distributed than the
CO. The CO rotational levels are subthermally excited, and the (2-1)/(1-0) line ratios suggest a density
n(H,) ~ 200 cm ™ where CO was detected. A model of H, formation on grain surfaces balanced by self-
shielded photodissociation fits the variation of infrared brightness with H 1 column density. Assuming a tem-
perature of 80 K, typical of diffuse H, (Savage et al. 1977), the H, chemistry requires an average density
n(H + 2H,) ~ 50 cm ~3. For G236+ 39, if the distance is 100 pc, the H 1 and H, masses are estimated to be 90
and 70 M, respectively. High-resolution H 1 and infrared maps of a smaller cloud, G249.0+73.7, reveal no
evidence for molecular gas, which is likely due to the low total column density through this cloud. These
results suggest the H, and H 1 content are comparable for some interstellar cirrus clouds with column den-

sities N(H 1) > 4 x 10?° cm ™2, even where CO was not detected.
Subject headings: dust, extinction — ISM: clouds — ISM: molecules — radio lines: ISM

1. INTRODUCTION

The hydrogen in an interstellar cloud exposed to the inter-
stellar radiation field is primarily atomic down to a certain
depth, where the extinction (by dust and self-shielding) of the
radiation field is large enough that the H, formation rate
exceeds its photodissociation rate. Molecules other than H,
form deeper into a cloud, and some molecules, such as CO, are
capable of self-shielding when its lines become opaque to those
photons in the narrow energy ranges capable of dissociating
them. The purpose of the project described in this paper was to
determine the locations, within nearby interstellar clouds,
where the gas changes from predominantly atomic to molecu-
lar form. The distribution of the most abundant molecule, H,,
cannot be mapped for cold (<10* K) clouds because the H,
molecule is symmetric, eliminating dipole transitions between
low-lying rotational energy levels. We observed the transition
from atomic to molecular H indirectly, by comparing the dis-
tribution of 21 c¢cm line emission—which traces the column
density of atomic gas—and infrared surface brightness—which
traces the total column density interstellar dust (and its associ-
ated gas).

Previous studies (cf. Spitzer & Jenkins 1975; Savage et al.
1977; Federman, Glasgold, & Kwan 1979) of the transition
from atomic to molecular gas have been based on ultraviolet
absorption-line observations of H 1 (Lyman-o) and H, ([1,0]
Lyman band) for stars with a range of total column density.
These studies have the advantage that the H, (and other
molecules) as well as the H 1 are observed directly, often in
their ground states, within the same, pencil beam. Comparison
of lines of sight toward over 100 stars revealed that the fraction
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of H in molecular form, 2N(H,)/[2N(H,) + N(H 1)], increases
from less than 1% to greater than 1% when 2N(H,) +
NMH 1) = 5 x 102° cm~2 (Savage et al. 1977). The kinetic tem-
perature of the clouds containing the H, can also be deter-
mined from ultraviolet spectra, because transitions from both
the J = 0 and J = 1 rotational levels are accessible. The mean
kinetic temperature was found to be 77 + 17 K for diffuse
clouds (Savage et al. 1977).

A disadvantage of the optical studies is that they rely on the
comparisons among lines of sight to stars behind a range of
clouds. Each line of sight requires an early-type star (with suffi-
cient ultraviolet flux to allow narrow absorption lines to be
detected), and these stars locally enhance the radiation field.
Comprehensive models of the chemistry toward the best-
studied stars (van Dishoeck & Black 1986) assume radiation
fields enhanced by a factor of 2 (for { Oph) to 8 (for yx Oph).
Further, the optically selected lines of sight are essentially ran-
domly placed with respect to the interstellar clouds they are
probing. It is not possible to understand cloud structure, or the
transition from atomic to molecular gas in clouds, using only
single lines of sight through clouds. The fraction of the sky
covered by the CO-emitting regions of the clouds discussed in
this paper is so small that it would be impossible to study them
using absorption lines alone—there are not enough early-type
stars. Emission-line surveys of individual clouds allow the
various chemical species to be mapped and compared within
individual clouds.

We had previously identified a sample of isolated interstellar
clouds for detailed study (Heiles, Reach, & Koo 1988, hereafter
HRK). The selection criteria were that each cloud be an iso-
lated, centrally condensed, approximately degree-sized feature
in the 100 um all-sky survey by the Infrared Astronomical
Satellite (IRAS) (Neugebauer et al. 1984). Furthermore, the
clouds were required to be isolated from extensive H I struc-
tures evident on the 21 cm Hat Creek all-sky survey (Heiles &
Habing 1974). By comparing their 21 cm lines and 100 um
brightnesses, we found that several clouds have large infrared
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emission relative to their H 1 column density. If the infrared
emission per H atom is the same for all clouds, and the infrared
excess is due to dust associated with molecular gas, then the
molecular fraction of the clouds ranges from zero to ~ 50%.

Other observational studies of infrared-selected clouds, with
some overlap with the HRK sample, have suggested that infra-
red excess is a tracer of molecular gas. When an infrared map
of the Ursa Major region was compared to CO and H 1 maps
with similar angular resolutions, it was found that while
neither gas map cloud match the features in the infrared map, a
linear combination of the CO and H 1 maps could (de Vries,
Heithausen, & Thaddeus 1987). This approach was applied to
the entire sky to make a complete survey of molecular gas at
high latitudes, by subtracting the atomic gas—correlated infra-
red emission (traced by the H 121 cm line) from the IRAS 100
um all-sky map (Désert, Bazell, & Boulanger 1988). In a sub-
sequent radio CO survey of the infrared excess clouds, only
13% were detected (Blitz, Bazell, & Désert 1990), suggesting
that either (1) the infrared excess is tracing something other
than molecular gas or (2) the CO does not trace all of the
molecular gas. The results of an extensive, low-resolution CO
survey of molecular gas at high latitudes (Heithausen et al.
1993) have cast doubt on whether the faintest infrared excess
clouds are real, because the infrared excess was found to be a
poor guide to the CO emission. (This can be explained par-
tially by the fact that the CO survey of Heithausen et al. is
sensitive to smaller H, column densities than the infrared
excess clouds listed by Désert et al., and partially by the fact
that the faintest infrared excess clouds may be spurious—due
to scan-to-scan calibration errors in the IRAS and H 1data.) In
this work, we directly address the question of whether CO
traces molecular gas, using high angular resolution H 1 21 cm
line observations and multitransition CO line observations of
one of our clouds.

2. OBSERVATIONS

2.1. CO Survey of Selected Cirrus Clouds

In order to determine the molecular content and morphol-
ogy of cirrus clouds, molecular line maps of each cloud with
angular resolution comparable to IRAS (~ 3’) are desired. This
is not yet practical for the cirrus clouds because of their large
angular size. The amount of time required to map a square
degree of sky with sufficient sensitivity (0.1 K rms brightness
temperature) and spectral resolution (<0.5 km 's™!) varies
from 50 days to 2 hr, depending on the receiver sensitivity,
weather, and telescope diameter. The fastest mapping rate is
for small telescopes with sensitive receivers. However, if the
CO-emitting regions of cirrus clouds are smaller than the
beam, then the maps with small telescopes will be inadequate.

We observed all of our clouds for CO(1-0) emission using
the NRAO 12 m (beamwidth 1’) and CfA 1.2 m (beamwidth 9")
telescopes. At NRAO, we observed the 100 um surface bright-
ness peaks of each cloud, first using a wide bandwidth (167 km
s~ 1 total) to locate the lines (1987 July), then following up with
higher resolution (0.26 km s~ ! per channel) to resolve the lines
(1988 June). Integrations were performed only until adequate
signal-to-noise ratio was achieved; for nondetections, the rms
fluctuations in the spectra were 0.15 K or better. For most
clouds, we also observed one-dimensional cuts through the
infrared peaks, and for some clouds we made small rectangular
grids. Positions with the brightest CO lines for each cloud were
also observed for '3CO. These integrations were continued
until the line was detected; for nondetections, the rms fluctua-
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tions were less than 0.05 K. CfA 1.2 m observations (1990
December) were a combination of single pointings and rec-
tangular (9 spacing) grids.

Finder charts for our CO observations with the NRAO 12 m
are shown in Figure 1. These figures were made at the same
angular scale for direct comparison. The gray scale and con-
tours are 100 um surface brightness from the IRAS Sky Survey
Atlas (Wheelock et al. 1991, hereafter ISSA). Circles mark the
CO-observed positions, and filled circles indicate detections.
The irregular combination of pointed observations, 4’ spacing
scans, and 1'-4’ grids is a reflection of our “hunt-and-peck ”
observing strategy. It is possible that some CO emission was
missed, especially in clouds with only a few pointed observa-
tions.

The results of the survey are summarized in Table 1. For
detected clouds, a Gaussian fit to a representative CO profile
and the angular extent over which CO was detected is given.
For all clouds, the number of points that were observed with
each telescope is given. Note that nondetections with only a
few points are inconclusive, because we may have missed the
CO-emitting region. Nondetections that were confirmed with
the CfA 1.2 m telescope (whose large beam could not miss the
CO) are more conclusive, but these observations suffer from
beam dilution because the CO-emitting regions are typically
smaller than the beam.

Some of these clouds have been observed by others.
G225.6—66.4 was mapped at 9’ resolution (Keto & Myers
1986); the CO-emitting region is two unresolved clumps in
their map (despite the fact that it is listed as 17’ radius in their
table). This cloud was also observed at 44” resolution (Stark
1993), revealing a size of 6’ for one of the bright cores.
G228.0—28.6 and G230.1—284 were mapped at 44"
resolution (Stark 1993), revealing emitting regions about 5’ in
size (FWHM) for each. G90.0 + 38.8 and G94.8 + 37.6 are part
of the Draco nebula, which has extensive CO emission (Rohlfs
et al. 1989; Herbstmeier, Heithausen, & Mebold 1993).

2.2. Complete CO and H 1 Maps of G236 + 39

In order to investigate the detailed relationship between
atomic and molecular gas and dust emission, we desire sensi-
tive observations of all three components at the best common
resolution. In order to obtain sufficient resolution in the 21 cm
line, it is necessary to use the largest telescope available. Inter-
ferometry is difficult because it lacks sensitivity and field of
view. (One cloud, G86.5+ 59.6, was observed with the DRAO
Synthesis Telescope [Martin et al. 1993]; this cloud is appar-
ently purely atomic, based on its “normal” infrared emission
per unit H 1 column density [HRK] and lack of CO emission
[Table 1], so we will not discuss this cloud further here.) The
largest (single-dish) telescope available for H 1 observations is
the NAIC Arecibo 305 m, telescope, with its 3’ resolution. Only
clouds in the declination range 0°-40° can be observed with
this telescope, and we mapped both such clouds in our sample.
One of these, G249.0 + 73.7, is a very low column density cloud
that is apparently totally atomic. We obtained 132 H 1 spectra
for this cloud in 1987 November, and they are compared to the
infrared data below. The other cloud accessible at Arecibo,
G236+ 39, contains CO and has infrared excess. An infrared
map of the cloud is shown in Figure 2.

2.2.1. Arecibo 21 Centimeter Emission Observations

G236+ 39 was completely mapped in 1990 October using
drift scans sampled every 6 s in time (1!5), for a total of over
9000 spectra, using the dual circular polarization feed. Drift
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FiG. 1.—Maps of the 100 um surface brightness of isolated cirrus clouds. The gray scales are linear, with a dynamic range of 0-10 MJy sr !, and the contours are
spaced by 0.5 MJy sr™, except for panels Figs. 1fand 1m, which have contours every 1 MJy s™*. All maps are at the same scale (arcmin mm ~!) for comparison. The
locations of the NRAO CO(1-0) observations are indicated by circles, with filled circles indicating detections.
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scans were obtained as total power spectra, and these were
calibrated relative to a noise diode using OFF-frequency
spectra taken just before and after each scan. The cloud may be
divided into three main components: the southern cloud
(which contains the CO emission), the northern cloud (which
contains the brightest H 1 emission), and a faint eastern cloud.
The northern and southern clouds were listed separately in
HRK, with names G235.0+38.7 and G235.9 +38.2, respec-
tively. Sample 21 cm spectra toward the three cloud com-
ponents, as well as a position outside the cloud, are shown in
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Figure 3. Apart from a very broad spectral line (FWHM 13 km
s~ 1), which may be attributed to warm, diffuse H 1 along the
line of sight, all of the 21 cm line emission is due to G236 + 39.

The beam efficiency and stray radiation contribution were
estimated by comparing our spectra to those in the Bell Labs
all-sky survey (Stark et al. 1992). After convolving our spectra
with a crude approximation of the Bell Labs beam (2°2
Gaussian), we found a relative beam efficiency for our data of
0.8; this agrees with previous estimates for the 21 cm dual
circular feed (cf. Dickey 1977). The brightness temperature is
related to our observed antenna temperature by T ~ T,/0.8.
The Arecibo and Bell Labs profiles are similar, and there is no
evidence for “stray ” radiation (such as Galactic plane H 1lines
scattered off the platform and towers into the beam). In fact,
the Bell Labs profiles are more extended than our Arecibo
profiles, suggesting that our baselines subtracted some real
emission at ¥ < —20and V > 15 km s~ 1. The column density
in these wings is small (< 10'® cm~2), so they have no impact
on the work described in this paper.

2.2.2. Arecibo 21 Centimeter Absorption Measurements

There are several continuum sources within the region
mapped at Arecibo. These objects are almost certainly extra-
galactic, and their emission is absorbed by the H 1 along the
line of sight. None of the sources are much brighter than the 21
cm line emission itself. The brightest, 3C 230, has a flux of 3 Jy
and an observed antenna temperature of about 10 K at a
zenith angle of 19° (near the edge of the dish). We observed the
four brightest continuum sources behind G236+ 39, together
with hexagonal patterns of reference positions surrounding
each source, using in-band frequency switching. We also
observed 3C 237, a source with known strong absorption
(Dickey 1977), to test our observing procedures and methods.
The Hanning-smoothed, single-channel rms brightness fluc-
tuations in the emission spectra are ~0.3 K, about 3% of the
average 21 cm line brightness. No absorption features are
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present in the spectra of the continuum sources behind
G236+ 39; the results are described more fully in § 3.2. The
deep absorption line in 3C 237 has an apparent optical depth
of 0.3, in agreement with previous results (cf. Dickey 1977),
suggesting the observing procedure was not flawed.

2.2.3. Kitt Peak CO Observations

The CO(1-0) 115.2712 GHz emission from G236+ 39 was
mapped using the NRAO 12 m telescope in 1990 May. All
far-infrared IRAS point sources and extended 100 um surface

brightness peaks were observed. Also two long scans, one
through the southern cloud and one through the northern
cloud, were made at 4’ spacing. Finally, the southern cloud was
mapped at 2’ spacing throughout and 1’ spacing in selected
regions. The rms fluctuations in the spectra were typically 0.15
K. The CO(1-0) line integral map of the southern portion of
G236+ 39 is shown in Figure 4a. All of the CO(1-0) peaks were
also observed in the **CO(1-0) line, and a strip of *3CO(1-0)
observations was performed through the entire CO-emitting
region along declination 00°45'; the rms fluctuations in the
13CO(1-0) spectra were typically 0.07 K.
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Additional observations of the CO(2-1) and *3CO(2-1) lines
were made toward the peaks of the CO(1-0) emission and the
center of the southern cloud (1993 February). The CO line
spectra of some positions in the cloud are shown in Figure 5.
The line shape, centroid, and width vary substantially from
clump to clump. The profile for clump B has almost no overlap
with that for clump N, although they are <30’ apart. The
13CO lines are somewhat narrower than their CO counter-
parts, as is expected if the CO lines are optically thick. The
most narrow line by far is the *3CO(2-1) line, at only 0.3 km
s~ '. The peak brightness, linewidth (FWHM), and line integral
for the positions of brightest CO(1-0) and the position of
largest infrared excess (defined below) are listed in Table 2.

A CO(2-1) line integral map of the brightest CO peak is
shown in Figure 6. This map was made at 30" (full beam)
spacing, and the observed positions are indicated by crosses.
Some CO emission extends beyond the edges of this map, but
the main peak is covered. The full width at half-maximum
intensity is 2’ x 1’. Thus it is evident that there is some struc-

5.45
ra (hr)

FI1G. 1u

ture on scales comparable to the sampling interval (1'-4’) in
our 1-0 map, but the brightest clump is clearly recognizable as
a single entity at 30" resolution.

2.2.4. Minitelescope CO Observations

In order to search for diffuse CO emission and determine the
total CO content of G236+ 39, we have mapped it using the
1.2 m minitelescope at the Center for Astrophysics (CfA) in
1990 December. An area of 1 deg? was mapped with full-beam
(9’) sampling. The velocity resolution was 0.65 km s~ !, which is
barely adequate to resolve the CO(1-0) lines. A contour map of
these data is shown in Figure 4b. Of the 57 map positions, nine
had strong lines above the noise lével of ~0.1 K. The peak
antenna temperature is 0.86 + 0.09 K for position N. If the 12
m telescope observations resolved the emission, then the ratio
of brightness temperatures gives a dilution factor for the 1.2 m
telescope beam ~ 0.3. The dilution factor for the map shown in
Figure 6 is only 0.1 averaged over the 1.2 m telescope beam, so
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TABLE 1
SuMMARY OF CO(1-0) SURVEY OF ISOLATED CIRRUS CLOUDS

RA. Decl. T Vo AV Number Number
Cloud (1950) (1950) (K) (kms™') (kms™!) (NRAO) (CfA) 0co
G101.9-620.......... 00"09™43¢ —00°58'30” 14 +2.5 19 29 4
G814-778........... 00 15 08 —17 5150 0.5? +04 12 3
G120.1-672.......... 00 45 23 —04 4547 <04 2
G1354—68.7.......... 01 08 21 —06 2200 14 —4.0 0.8 4
01 03 39 —06 3750 29 —10.2 0.7 4
G1923-679.......... 02 15 37 —17 59 50 04: -38 0.8 2
G229.0—-66.1.......... 02 35 28 —30 0834 <0.2 1
G225.6—664.......... 02 37 27 ~312520 49 +0.9 0.6 10 6
G2432-66.1.......... 02 33 46 —-370510 <03 3
G240.2—-655.......... 02 37 24 —36 0640 <03 3
G228.0—-286.......... 0526 11 —24 5400 28 —038 0.7 16 5 5
G230.1—-284.......... 0529 42 —26 3150 2.8 -13 0.7 16 1 8
G2359+382.......... 09 43 16 +00 5700 3.9 +83 20 130 57 12
G2350+387.......... 09 43 22 —01 4000 <0.1 25 1
G1639+59.7.......... 10 52 04 +47 2030 <02 2 25
G139.6+476.......... 10 58 12 +654518 0.9 —140 0.7 14 4
G141.14+480.......... 10 49 00 —64 4258 09 —142 11 19 8
G1355+51.3.......... 11 35 23 +64 1700 0.5? —480 04 5
G137.3+539.......... 11 36 20 +61 2714 <0.3 2
G1353+545.......... 11 49 21 +61 3538 0.9 —452 1.0 23 4
G1499+674.......... 11 49 41 +46 41 30 <03 1
G249.0+73.7.......... 11 54 14 +17 1430 <0.1 1
G126.14+716.......... 12 46 43 +45 4220 <0.2 1
G1074+709.......... 1318 21 +45 49 12 04: -35 0.6 2
G99.3+680........... 13 40 34 +47 1010 <02 3
G86.5+596........... 14 37 59 +40 1640 <0.2 3 49
G90.0+388........... 16 48 07 +59 5910 4.8 —24.1 13 28 20
G94.8+376........... 16 48 11 +64 1532 32 —250 1.6 35 10
G81.2+392........... 16 56 53 +53 0010 <02 3
G86.0+383........... 16 52 49 +57 2230 <02 1
G25.1—677........... 2307 25 —27 3442 0.5 -172 12 11 4

* Angular size of CO-emitting region.

even toward the peak, the 1.2 m telescope is detecting both the
clump and more diffuse emission.

The CO emission is clearly more extended than the ~2’
sized peaks, as can be seen both in the 12 m and 1.2 m telescope
maps. The morphology of the 1.2 m telescope map agrees with
the undersampled 12 m telescope map, suggesting that little
emission was missed. To check this quantitatively, the 12 m
telescope map was resampled to simulate the 1.2 m telescope
observations. The two maps agree in general, but individual
pixels differ; these differences can be attributed to the fact that
the NRAO map is undersampled. The total CO fluxes detected

TABLE 2
CO LiNEs FOR G236+ 39 PEAKS
T} AV [Tdo
Position Line (K) (kms™') (Kkms™)
NCO peak ....... CO(1-0) 39 2.1 92
CO@2-1) 1.5 20 30
13CO(1-0) 0.6 1.7 0.6
13CO@2-1) 04 0.3 0.1
W CO peak ....... CO(1-0) 36 17 71
Co(2-1) 16 14 23
13CO(1-0) 04 038 0.5
B3COR-1) <02 .. .
ECOpeak ....... CO(1-0) 20 09 18
co@E-1) <007 <0.10
13CO(1-0) <0.06 <0.06
H,peak........... CO(1-0)  <O.11 <0.16
13CO(1-0)  <0.04 <0.05

by the NRAO and CfA surveys in the area mapped with both
telescopes agree to within their uncertainties. There is no evi-
dence for weak, extended CO emission beyond the edge of the
NRAO map.

3. RESULTS

3.1. Morphology of Infrared, 21 Centimeter, and CO Emission

The morphology of the clouds as revealed by CO is clearly
different from the infrared morphology, in the sense that the
CO emission is more clumped. Inspection of the maps in
Figure 1 reveals that there are places in an individual cloud
that are equally bright in the infrared, but some have CO
emission and some do not. The sensitivity of the CO observa-
tions was high enough to detect CO over much larger areas, if
the CO were distributed as the infrared emission. This pheno-
menon is shown graphically in Figure 7, where the CO line
brightness is plotted against the infrared brightness for all
observed locations in Figure 1. There is no simple relation
between CO brightness and infrared brightness. The ratio of
CO to infrared brightness varies from cloud-to-cloud as well as
within individual clouds.

Each of our clouds is associated with enhanced H 1 21 cm
emission (HRK). The angular resolution of the H 1 observa-
tions (36") was insufficient to resolve the cores of the clouds. By
comparing the infrared surface brightness averaged over an
area identical to the H 1 beam, it was evident that several of the
clouds had more infrared emission per H 1 atom than has been
derived for the diffuse interstellar medium (cf. Boulanger &
Perault 1988). It is evident from our CO survey that infrared
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FI1G. 2.—A 100 um surface brightness map of G236+ 39. This cloud is compsed of three components: a northern cloud with the brightest H 1 emission (9272, 1°7),
a southern cloud with the brightest infrared and CO emission (9872, 0°8), and a western “ear” (9%61, 123).

excess is present even in clouds with little CO. Let us assume
that the infrared emission per nucleon is the same for all clouds
to within 30%. Then the column density of H, can be inferred
from the 100 um surface brightness, I,,,, and H 1 column
density, N(H 1):

U Lo
NMHa) =3 [amo/N(H» NH ‘)]' 0

We use {I,5o/N(H)> =(1 £ 0.3) x 10*° MJy sr™! cm? as a
representative emissivity per nucleon (HRK; cf. Boulanger &
Perault 1988). The CO emission was not mapped fully, so the
peak value was diluted by the squared ratio of the angular size
of the CO-emitting region (Table 1) to the angular size of the
H 1 observations (HRK). The inferred H, column densities are
plotted against the diluted CO line integrals in Figure 8. The
trend derived by comparing H, column densities inferred from
y-ray intensity to the 0°5 CO survey of the Galactic plane

(Strong et al. 1988) is shown as a solid line, and dashed lines
indicate factor of 10 changes in the slope. It is evident that
nearly all of our clouds fall to the left of the solid line. The two
that lie to the right are part of the Draco nebula, which shows
anomalously bright CO emission relative to the inferred H,
column density. It has been suggested that the dust abundance
may be low in the Draco nebula (Reach, Heiles, & Koo 1993),
in which case the H, column density is underestimated by
equation (1). It has also been suggested that the low
N(H,)/W(CO) for the Draco nebula may be related to the
interaction of the molecular cloud with incoming high-velocity
H 1 clouds in the vicinity (Herbstmeier et al. 1993). The fact
that all of the other clouds fall to the left of the line in Figure 8
suggests that either (1) the ratio of N(H,)/W(CO) varies from
cloud to cloud by an order of magnitude or (2) the H, column
density is not traced by the CO line integral.

For G236+ 39, we can see the different morphologies of the
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FiG. 3—Sample Arecibo H 1 spectra for four positions in G236+ 39: (a) CO peak (9"43™12%, +00°57'); (b) H 1 peak (9"43™18°, +01°57'); (c) Off-cloud (9"36™00%,
+02°57'); and (d) Eastern “ear ” (9"39™36°, +01°33’). The diversity of line profiles allows us to separate the unrelated, diffuse, background gas (which alone forms
profile Fig. 3¢) from the relatively narrow lines of the cloud itself. The northern and southern clouds have similar velocities, while the eastern “ear ” is kinematically
distinct.

H 1, infrared, and CO emission. The H 1 column density, infra-
red excess, and CO line integral maps of G236+ 39 are shown
together in Figure 9. These maps were constructed using iden-
tical, 3’ grids in equatorial coordinates. H 1 column densities
were calculated from the 21 cm line integrals assuming the line
emission is optically thin. The fact that the infrared excess is

zero except within the southern cloud core demonstrates the
close correspondence between the H 1 and infrared brightness
in the outer parts of the cloud. The fact that the infrared excess
is positive in the general region where the CO emission is
detected strongly supports our interpretation of infrared excess
as an indicator of molecular gas.

dec

45 44 43
ra—9" (m)
FiG. 4b
FIG. 4—Maps of the CO(1-0) integrated line emission covering the southern portion of G236+ 39, where all the CO emission is confined, (a) made with the
NRAO 12 m telescope and (b) the CfA 1.2 m telescope. The dashed contour outlines regions not mapped. While the fully sampled map made with the 1.2 m telescope
fails to resolve the emlttmg regions, it does limit the amount of very extended emission. The map made with the 12 m telescope more closely reveals the morphology

of the CO-emmmg region, but it suffers from the fact that it is undersampled. The “northern” clump (N), western clump (A), and eastern clump (B) are the three
maxima in both of these figures; their spectra are shown in Fig. 5. A higher resolution map of the northern clump, at (9"43™13¢, 00°56') is shown in Fig. 6.

FIG. 4a
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FIG. 5.—Spectra of the CO(1-0) and (2-1) and 13CO(1-0) and (2-1) emission from clumps N, A, and B of cloud G236+ 39. These three clumps are the primary
peaks of the CO(1-0) map. Note the extremely narrow ! 3CO(2-1) line from clump N.
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F16. 6—Map of the CO(2-1) line integral covering clﬂump N of G236+ 39. um) surface brightness for all positions indicated in Fig. 1. Diamonds along the
Crosses indicate the observed locations, separated by 30”. The lowest contour bottom indicate nondetections. Note the wide scatter, such that locations with
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F1G. 8—The H, column density inferred from the excess infrared emission
(relative to the H 1 column density) is plotted against the CO line integral for
all clouds in the HRK sample. The infrared and H 1 column densities refer to
0 ~ 36’ regions, and the CO line is detected over a smaller region of size 6, sO
the CO line integrals are diluted by a factor (6/6)> The solid line indicates
the trend inferred for galactic plane clouds using y-rays, and the dashed lines
have factor of 10 larger and smaller slope. The two clouds that fall to the right
of the solid line are both in the Draco nebula.

3.2. Temperature of the H 1from 21 Centimeter Absorption

If the 21 cm line emission were smooth on angular scales
smaller than twice the Arecibo beam, then the difference
between the spectrum toward a continuum source, Ty, and
the average of spectra from beams surrounding the source,
{Torry, would be a spectrum of the continuum source with 21
cm absorption. Only continuum sources much brighter than
the fluctuations in the H 1 emission on the angular scale of the
beam are suitable for this type of experiment. With the Arecibo
gain of ~3 K Jy~! at high zenith angle, and a typical 21 cm
line antenna temperature of 10 K, a suitable continuum source
must have a flux > 3e Jy, where € is the fractional amplitude of
21 cm line fluctuations on the angular scale of the beam.
Analysis of our 21 cm line channel maps of G236+ 39 reveals
€ ~ 0.1, so that sources with flux > 0.3 Jy should be suitable.
The positions and fluxes (obtained from the 87GB catalog
[Gregory & Condon 1991] and 1400 MHz Sky Survey

[Condon & Broderick 1985], respectively) of the four bright
sources behind G236 + 39 are listed in Table 3.

For each source, we constructed two fluctuation spectra.
The first fluctuation spectrum is the effective absorption spec-
trum, 6 Ton = Ton — { Torry- The second fluctuation spectrum,
0Topr, is the channel-by-channel rms of the six “ OFF ” spectra
with respect to each other. The maxima of the fluctuation
spectra in the velocity range of G236 + 39 are shown in Table 3.
No convincing absorption features were found. Indeed, the
strongest features in the “absorption ” spectra were often posi-
tive. The variation from one reference position to another, as
measured by 6Typr, Was comparable to or larger than the
apparent absorption. Thus true fluctuations in the 21 cm line
emission on the angular scale of the beam strongly limit the
sensitivity of our experiment. The derived lower limits to the
spin temperature are listed in the last column of Table 3. We
can conclude that the H 1 emission is not from very cold gas,
and furthermore that the H 1 profiles are not self-absorbed.

3.3. Abundance Variations of CO Relative to 13CO

Because they are optically thin, lines of isotopomers of CO
are more likely to trace their column densities than the often
saturated lines of CO. We obtained !3CO(1-0) observations of
the peaks of six clouds, and we observed several positions in
G236+ 39 as well. Some results are shown in Table 4. The
limits on the CO/*3*CO line ratios are very extreme in some
cases. If the excitation of the rotational levels were identical for
the isotopomers, and the isotopomers occupied the same
volume of space, then the line ratio would be determined by the
optical depth. In the limit where both CO and *3CO are opti-
cally thin, and with the additional assumption that there are no
isotope-selective chemical reactions, the line ratio is equal to
the abundance ratio of C/!3C.

Our observed values of CO/*3CO > 90 for two clouds are
greater than the solar isotope ratio C/!3C = 89, and they are
much larger than the interstellar isotope ratio C/!3C ~ 61 + 7
(Hawkins, Craig, & Meyer 1993; Langer & Penzias 1993).
Values of CO/**CO > 60 were also found by Stark (1993) in
his radio CO observations of infrared-selected clouds. A high
ratio CO/*3CO = 80 was also determined from radic CO
observations toward { Oph (Lnager et al. 1987). And an
extremely high ratio CO/3*CO = 150 + 27 was detected by

1 1 1 1 1 1

50 48 46 44 42 40 38

50 48 46 44 42 40 38 50 48 46 44 42 40 38
ra=9" (m) ra=9" (m) ra=9" (m)
FI1G. 9a FiG. 9b FI1G. 9¢

F1G. 9—Maps of G236+ 39 in (a) H 1 column density (contours at 3,4, 5,6 x 102° cm ~2), (b) infrared excess (1,2,3 MJy st~ 1), and (c) CO line integral (1, 2, 5, 8 K
km s™*). These maps were made projected onto identical, regular grids with a spacing of 3’ between pixels. The dashed lines in (c) outline the region observed for CO.
The bright point source in (b) at 9°39™29%, +0°34’ is the galaxy UGC 5180. Note that highest infrared excess occurs in the same general region as the brightest CO

line emission, but the infrared excess is more extended.
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TABLE 3
21 CENTIMETER ABSORPTION-LINE RESULTS

RA. Decl. F(4850)  F(1400) -

Source (1950) (1950) dy) ay) STo/T*  6Tpee/T®  (K)
PKS 0940+ 00 ........ 09740468 +00°09'50" 0.53 12 02 0.7 >30
PKS 0945+ 003 ....... 09 45 50.9  +00 1834 0.24 1.0 038 038 >12
3C230 e 0949 24.6  +00 1246 0.67 34 0.1 03 >90
PKS 0940+02 ........ 09 40 380  +02 5736 0.49 1.1 02 03 >30

* Peak fractional variation between spectrum toward the continuum source and the average spectrum of surrounding

positions.
® Peak rms variation among reference spectra.

recent Hubble Space Telescope ultraviolet observations toward
{ Oph (Sheffer et al. 1992).

Large values of CO/13CO are difficult to explain by gas-
phase chemistry. Isotope-selective reactions within clouds
would increase the abundance of *3CO relative to CO at low
temperatures (van Dishoeck & Black 1988), as is seen to be the
case for the resolved CO cores of some clouds (see below). It is
possible that for lines of sight with high CO/!3CO ratio, the
13CO-emitting regions are smaller than the CO-emitting
regions. This is expected for two reasons. First, in the cloud
envelope, the CO may be self-shielded but !3CO is not; theo-
retically, this region is not expected to be large because once
CO absorption bands become optically thick, they also begin
to absorb the nearby **CO absorption bands (van Dishoeck &
Black 1988). A second explanation could be that the !3CO
excitation is substantially different from the CO excitation;
this could occur if the cloud envelope has low volume density
but is optically thick in the CO line. It is evident from our
observations, the observations by Stark (1993), and from com-
parison between our clouds and dark clouds, that lines of sight
with higher CO column densities have a much lower CO/*3CO
ratio—lower even than the abundance ratio C/!3C. We con-
clude that regions with high CO/3CO are cloud peripheries,
where the 13CO is either underabundant or not excited.

3.4. Molecular Excitation

The CO(1-0), CO(2-1), 13CO(1-0), and '3*CO(2-1) spectra
for some positions in G236+ 39 are shown in Figure 5. It is
evident that the CO(1-0) line profile is similar to CO(2-1),
somewhat wider than !3CO(1-0), and much wider than
13CO(2-1). The 2-1 spectra are spatially weighted averages of
maps, with a Gaussian weighting beam equal to that of the 1-0
lines. If the abundance ratio CO/*3CO = 61, then the observed
line ratio suggests that the CO lines have optical depths of

TABLE

~5-10, and the CO lines may be broadened by saturation.
The lines could be optically thin, if the abundance ratio CO/
13CO ~ 8. If the emission is spatially resolved, as appears true
from the map, then the excitation temperature of the 1-0 tran-
sitionis 8 + 1 K.

The excitation of the CO rotational levels is subthermal, as
is evident from the low 2—1/1-0 ratio (~0.4). There is no LTE
solution for the low line ratio and column density. Using a
large velocity gradient (LVG) model for the excitation and
radiative transfer of the CO lines (Goldreich & Kwan 1974;
Goldsmith, Young, & Langer 1983), it is possible to match the
observed lines only in the low-density limit. For kinetic tem-
peratures greater than 10 K, the density limit is n(H,) < 800
cm 3. If we constrain the CO abundance to be less than the
cosmic abundance of C, and we further constrain the line-of-
sight thickness to be less than twice the observed angular
diameter of the emitting region (for a distance of 100 pc), and
the kinetic temperature to be less than 100 K, then the density
n(H,) > 100 cm 3,

The kinetic temperature of the gas is not well constrained by
our observations. The '*CO(2-1) linewidth corresponds to a
kinetic temperature of 50 K ; this is an upper limit to the actual
kinetic temperature because part of the linewidth is non-
thermal. The linewidths of the other lines are much greater
than that of 3CO(2-1), so these lines may trace different
regions. The kinetic temperature of molecular gas in diffuse
clouds as determined from ultraviolet absorption lines is
77 + 17 K (Savage et al. 1977). Using this temperature, the
excitguion of the CO lines suggests a density n(H,) ~ 200
cm ™3,

3.5. Abundance V ariations of CO Relative to H,

Let us assume for now that the infrared emission traces the
total column density of interstellar material, so that the 100 um

4

IsotorPic OBSERVATIONS OF CO LINES

RA. Decl. T%(*3CO) AV(*3CO) Line Ratio

Cloud (1950) (1950) (K) (kms-')  (CO/**CO)
G1354—-68.7.......... 01%03™38%9 —06°37'52" 0.14 + 0.03 03 18
G228.0—-286.......... 0526 11.0 —24 5400 <0.03 ... >90
G230.1-284.......... 05 29 42.0 —26 3150 <0.03 e >90
G2359+38.2*......... 09 43 16.0 +00 5700 0.61 + 0.07 1.7 6.4
G2359+382°%......... 09 44 52.0 +00 4500 >33
G1353+545.......... 11 47 08.0 +60 27 36 <0.04 >13
G90.0+388 ........... 16 41 17.0 +60 2308 0.55 + 0.07 0.5 8.4
G94.8+376 ........... 16 45 54.0 +64 1021 <0.03 >18

* Northern CO peak.
b Eastern CO peak.
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brightness, 1(100), is proportional to the total column density,
N(H). The proportionality constant between I(100) and N(H) is
determined from the outer parts of the cloud to be 1.1 MJy
st~ 1/102° cm ~ 2. The molecular column density is simply deter-
mined by the infrared excess: 2Np(H,) = N(H) — N(H 1),
where the subscript IR indicates a column density inferred
from the infrared emission. Note that it is assumed that the H,
column density is negligible in the outer parts of the cloud. If
there is substantial H, in the outer parts of the cloud (as is
likely based on the ultraviolet studies [Savage et al. 1977] as
well as our discussion in § 4.2), then Ng(H,) is an underestimate
of the true H, column density. Now let us compare the inferred
H, column density to the CO observations.

The spatial correlation between CO and H, may be exam-
ined by comparing the CO map (Fig. 9¢) to the infrared excess
map (Fig. 9b). A slice through G236+ 39 at declination 00°45’
is shown in Figure 10. The CO peaks are local maxima in the
infrared excess map, but the CO emission covers a small frac-
tion of the area with substantial infrared excess. Note that the
peak CO brightness is about 20 times the rms noise, while the
dynamic range of the inferred H, column density is only about
a factor of 3. Our observations are sufficiently sensitive to have
detected CO over the entire region with inferred H, column
density larger than 1 x 102° cm 2. The most extreme case is in
the middle of the cloud, where the infrared excess is highest but
CO was not even detected.

For comparison with previous work, the infrared map was
fitted using a linear combination of the H 1 column density and
CO(1-0) line integral :

Iioo=a[NH )+ 2XW(CO)] + c.
A best fit for the CO-observed portion of the cloud is
a=(1.50 + 0.06) x 1072° MJy sr~! cm?
X=(0164+003) x 10*°cm 2K 'km™!s.

The uncertainties listed above are strictly statistical uncer-
tainties from the fitting procedure. This “ best ” fit is not a very
good approximation of the data. The rms of the residual 100
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Fi1G. 10—Slices through G236+ 39 at 6 = 00°45’ in H 1 column density
(units: 10%° cm~2), 100 um surface brightness (units: MJy sr™!), and CO line
integral (units: K km s™'). The infrared emission is more centrally condensed
than the H 1 column density. Molecular gas associated with CO can explain
some of the excess infrared emission, but the infrared excess is present in
locations where there is no CO, such as between the two CO peaks in this slice.
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um brightness is 0.8 MJy sr™!, and the residuals are spatially
correlated—indicating the presence of a component not traced
by H 1 or CO. The “ X-factor” for conversion of the CO(1-0)
line integral to H, is a factor of 16 lower than that found for
Galactic plane clouds by comparing the scattered y-rays to CO
maps (Strong et al. 1988) but is similar to the value found for
other cirrus clouds (cf. de Vries et al. 1987; Meyerdierks,
Brouiller, & Mebold 1990). We conclude that the CO(1-0) line
integral does not accurately trace the H, column density of
high latitude clouds.

In order to investigate whether the low N(H,)/W(CO) ratio
and its strong variations are due to variations in the CO(1-0)
line radiative transfer, we observed the 3CO line for several
positions in G236 + 39. Column densities of 13CO were derived
for densities and temperatures consistent with the excitation
analysis above. These column densities were then compared to
the H, column density inferred from the infrared excess. It is
evident that the abundance of '3CO relative to H, (infrared
excess) changes by an order of magnitude for any combination
of density and temperature consistent with the excitation.
(Indeed this same conclusion is obtained in the high-density
[LTE] limit.) The most extreme case is in the middle of the
cloud. For a kinetic temperature of 80 K and a density of 200
cm ™3, the abundance N(*3CO)/N(H,) ~ 4 x 10~° in the CO
clumps, while at the cloud center, N(*3CO)/N(H,) < 4 x 10~7.
Therefore the '*CO line is also a poor tracer of H, in high-
latitude clouds.

4. DISCUSSION

4.1. Infrared Excess as a Tracer of Molecular Gas

The infrared map of G236 + 39 is morphologically identical
to the H 1 map in peripheries of the cloud, and the locations of
the CO peaks agree with the strongest local maxima in the
infrared map. However, a detailed comparison revealed that
the infrared emission is not completely accounted for by a
linear combination of the H 1 and CO maps. Let us define the
infrared excess as the difference between the 100 um map and a
scaled H 1 map. The scaling factor is determined from the outer
parts of the cloud, where the H, column density is presumed to
be small. The infrared excess is confined primarily to the
southern cloud core, in a region somewhat larger than the CO
emission. While it is likely that the infrared excess is due to
dust associated with molecular gas, we consider in the follow-
ing two subsections alternative explanations.

4.1.1. Infrared Excess from Enhanced Heating

To determine whether the excess 100 um surface brightness
is due to enhanced heating of the grains, we compared the
infrared excess to the 60/100 um brightness ratio for the
southern cloud core of G236+ 39. The 60 um emission from
the cloud is quite faint compared to the uncertainty in the
background level due to zodiacal emission. We subtracted the
brightness of the faintest pixel in a 1° box centered on the
southern cloud, and the ratio of the background-subtracted 60
um and 100 um maps is shown as a function of the infrared
excess in Figure 11. If anything, the color temperature may
decrease at the locations of highest infrared excess. The 60 um
emission is probably produced by a combination of the large
grains that produce the 100 um emission as well as a popu-
lation of small grains (cf. Désert, Boulanger, & Puget 1990), so
the 60/100 um ratio does not directly trace the temperature of
the larger grains. However, we can conclude that it is unlikely
that the temperature of the larger grains is enhanced in the
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F1G. 11.—The ratio of 60 um to 100 um surface brightness is plotted against
the infrared excess surface brightness (i.e., the 100 um surface brightness minus
a constant times the H 1 column density) for each 3’ pixel in a map of the
southern component of G236+ 39. The 60/100 um ratio does not increase at
locations with high infrared excess, as might be expected if the infrared excess
is due to enhancement of the grain temperature. Rather, the 60/100 um ratio
may decrease, suggesting either preferential depletion of the smaller grains
responsible for the 60 um emission or a decrease in the grain temperature.

regions of infrared excess, because such a temperature
enhancement would almost certainly affect both large and
small grains. A decrease in the grain temperature is expected
due to shielding of the ultraviolet portion of the radiation field.
At the column density corresponding to the onset of lower
60/100 um ratios, the cloud is opaque to photons shortward of
~3000 A, which could cause a decrease in the grain tem-
peratures.

There are no bright visible stars near the cloud, nor are there
any 12 um point sources in the cloud. The far-infrared (60—100
um) point sources within the cloud are apparently unresolved
or marginally resolved peaks in the H1 and H, column
density, as well as a few external galaxies. For comparison, a
survey of far-infrared sources at high latitudes found 70% of
them to be concentrations of interstellar matter, with the
remainder mostly external galaxies (Reach et al. 1993).

4.1.2. Infrared Excess from Enhanced Dust Abundance

If the dust abundance (relative to H nuclei) or mean cross
section were enhanced in the central regions of the cloud, the
infrared excess would trace the dust-to-gas ratio. Enhancement
of the dust abundance is unlikely because there are no evident
dust production sites—for example, stellar envelopes, which
would be bright 12 um sources—within the cloud. Volume
densities in the cloud are much too small for dust formation. In
dense clouds, molecules freeze onto the surfaces of grains, and
perhaps very small grains will stick to the surfaces. The net
result would be a decrease in the gas phase abundance of mol-
ecules that form the grain mantles, and perhaps a decrease in
the relative abundance of very small grains. Grain surface
chemistry has been found to be important for denser cores of
high-latitude molecular clouds, in order to explain the obser-
vation that H,CO abundances decrease toward their centers
(Turner 1993). If the molecules and small grains stick to larger
grains on each collision, the timescale for them to become
depleted onto mantles is of order

m 1/2 n -1 T -1/2
~ 105( Za
Taept <mﬂ> (200 cm—3> (80 K) yr
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where m,/my, is the mass of the molecule or small grain in units
of the H atom mass, and n and T are the gas density and
temperature (Draine 1985). For a CO molecule, the depletion
time ~6 x 10 yr, and for a very small grain composed of 60 C
atoms, the depletion time ~3 x 107 yr. These timescales are
comparable to interval between successive supernova shocks
for a typical location in the interstellar medium. The fact that
CO exists in the gas phase at high abundance suggests that
accretion is unlikely to be important for the larger molecules,
such as polycyclic aromatic hydrocarbons, or for the very
small grains. Thus mantle formation is not likely to increase
the dust surface area per H atom, not is it likely to cause
depletion of the 60 um emitters, for the diffuse cirrus clouds we
are studying.

The ratio of dust mass to gas mass is unlikely to be substan-
tially enhanced except in regions of dust formation. Even in the
diffuse interstellar medium, the fraction of the total C abun-
dance locked in grains has been estimated to be ~60%
(Tielens & Allamandola 1987). Using the '3CO abundance
derived above and CO/*3CO abundance ratio of 60, we find
that ~30% of the cosmic C abundance is in CO molecules. All
of the Si is presumed locked in silicate grains, based on the
observed strength of 10 um absorption lines. Therefore the
most abundant and chemically likely building blocks of the
grains are used, and enhancements in the dust abundance by
factors of several—required to explain the observed variation
in infrared brightness relative to gas column density—are
highly unlikely.

4.2. The H,/H 1 Transition

Molecular hydrogen is formed on grains, destroyed by
photodissociation, and protected by self-shielding in its
absorption bands (Hollenbach, Werner, & Salpeter 1971). By
calculating the optical depth in each H, absorption band and
integrating over the radiation field, the total photodissociation
rate is found to depend on the H, column density as R oc
N(H,)~ /2 in the optically thick limit (Jura 1975). Balancing
this rate with the formation rate on grain surfaces,

WT)n(H Dn = Ro BN(H,)™?n(H,) , @

where n(H 1), n(H,), and n are the H 1, H,, and proton (H 1 +
2 H,) volume densities, and N(H,) is the H, column density;
R, is the unshielded photodissociation rate, BN(H,) ™ '/? is the
fractional reduction in the photodissociation rate due to self-
shielding, and y(T) is the production coefficient for H, on grain
surfaces. If the cloud has uniform density (n) and temperature,
then we may integrate equation (2) to find

Y
2R, B

N(H,) = ( >2n2N(H 2.

The unshielded photodissociation rate R, ~ 4.2 x 107 1ys™1,
using a previous calculation (de Jong, Dalgarno, & Boland
1980) with the ultraviolet radiation field scaled upward to a
more recent estimate (Mezger, Mathis, & Panagia 1982, here-
after MMP); the factor y can be used to scale the radiation
field relative to MMP. The H, production coefficient
y~3 x 10718712 cm3 s~ 1 (van dishoeck & Black 1986). The

self-shielding parameter f ~ 5 x 10° cm (de Jong et al. 1980).
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Combining these values, we obtain
T
N H ~ 4 19,,—-2 n
(Hy) =4 x 107 (100 cm—3> <80 K)

NH 2
X I:F)?‘;(_c—r;ll)‘—z:l em™ 2. (3)

The equations above apply only if the cloud is old enough to
have reached its equilibrium H, abundance; lower H, abun-
dances are expected for immature clouds. The formation time
for H, molecules on grain surfaces is of order

1 T\ n \!
r—a2x108(——) (=—— .
frorm 2 7 2 % 10 (80 K) (50 cm-3> .

This timescale is comparable to the mean time between suc-
cessive supernovae shocks passing through a cloud. Thus low-
density clouds rarely have time to develop the equilibrium H,
abundance predicted by equation (3). Comparisons between
the total H, and H 1 column densities along random lines of
sight (as traced, e.g., by ultraviolet absorption lines) cannot be
expected to yield consistent results unless the H 1and H, reside
in regions of comparable density. Along any line of sight, there
is warm, low-density H 1 (“ warm neutral medium,” cf. Kulk-
arni & Heiles 1988) that is not predicted to have any H,; an
advantage of studying individual clouds is that the unrelated
H 1 can be distinguished. Variations in the H, chemistry from
cloud to cloud are expected due to the frequency of super-
novae. Thus some clouds predicted to have large H, abun-
dance may in fact be recently shocked.
The width of the transition from atomic to molecular H is

n —-2.4
L.~ 034yt ——
tr x (100 cm‘3) pe

(Federman et al. 1979). The sharpness of the atomic-to-molecu-
lar hydrogen transition has prevented its direct detection,
because it is difficult to achieve high angular resolution in the
21 cm H 1 line. If the high-latitude clouds are at distances of
~ 102 pc, based on the thickness of the H 1 layer of the Galaxy
(Lockman et al. 1986), and the density and temperature are
typical of cold H 1 clouds (Kulkarni & Heiles 1988), then the
atomic-to-molecular transition occurs on a scale of ~10'. The
transition is resolved by the Arecibo beam as long as the
density is less than ~2 x 10® cm ™3, which is true throughout
G236+ 39. The transition would be resolved by the Hat Creek
85 foot (35.9 m) telescope beam (36') only if the density were
less than ~ 5 cm ™3, which it almost certainly is not. (In order
to be in pressure equilibrium, such low-density gas would have
a temperature of ~1 x 10® K, which is inconsistent with the
observed, narrow H 1lines.)

Using the Arecibo and IRAS maps of G236 + 39, we are able
to resolve the H,/H 1 transition. There is an apparent thresh-
old above which the infrared excess is larger than its scatter;
we infer that substantial H, exists at points in the cloud where
the total H column density exceeds ~4 x 102° cm 2. From
the scatter plot of the 100 um brightness versus H 1 column
density, there is a significant positive deviation from a linear
correlation, at higher column densities. The proton column
density, N(H), can be expressed as a quadratic function of the
H 1 column density, N(H 1):

Iigo=aNHD[1 + NH1/N]J+c, “
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F1G. 12.—The infrared surface brightness for all 21 cm observed positions is
plotted against the corresponding H 1 column density for 4400 independent
positions toward the cloud G236+ 39. Note the nonlinearity of the trend. A
linear fit to the lower levels would yield a positive excess at higher levels, which
is the infrared excess (presumably due to dust mixed with H,). A quadratic fit,
as predicted for H, chemistry, is plotted as a solid curve.

where the second term in the brackets is for H,. The fit of this
equation to our data is shown in Figure 12; we find N, = (3.4
+ 0.5) x 10%° cm 2. Using equation (3), with a temperature of
80 K and y = 1, the volume density required to form H, at the
observed rate is n ~ 50 cm ™ 3. The corresponding thermal pres-
sure is p/k ~4 x 10> cm~3? K, which is within the range
expected for a cloud in pressure equilibrium with the pervasive,
warm neutral gas (cf. Kulkarni & Heiles 1988).

The column density and physical conditions we find for the
H 1-H, transition are similar to those found by comparing
lines of sight through other diffuse clouds (Federman et al.
1979; Savage et al. 1977). For large molecular clouds (> 103
M), the H 1-H, transition occurs in an extended halo, with an
extent of ~10 pc and density of ~50 cm™3 (Andersson &
Wannier 1993). The column density through these halos is
=102 cm ™2, larger than the column density where substantial
H, forms in diffuse clouds (cf. Federman et al. 1979). The halos
may owe their existence to the fact that H, formation is ineffi-
cient on icy grains, such as found at high extinction (Andersson
& Wannier 1993).

The model for H, formation and the model for CO excita-
tion given different results for the volume density of G236 + 39.
The CO excitation analysis refers to a much smaller portion of
the cloud, so there could be a mild, large-scale density gradient
(n oc %) or a sudden density enhancement in the core. For a
cloud confined by external pressure, p.,,, the pressure at cloud
center, p,, is enhanced due to self-gravity:

Po_ . Pex/k ! N(H) 2
Dext 10*cm ™3 K 31 x 102 cm™2 ]’

where N(H) is the total (H 1+ 2H,, front-to-back) column
density of the cloud (cf. van Dishoeck & Black 1986). For
G236+ 39, the central pressure is <30% larger than the exter-
nal pressure. The total pressure is a sum of thermal (gas) pres-
sure and the nonthermal pressure due to turbulent motions
and Alfvén waves (cf. Myers & Goodman 1988). In the CO
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cores, the nonthermal pressure inferred from the ratio of *3CO
linewidth to the H 1 linewidth is ~4 times smaller in the core
than the outer parts of the cloud. Thus the thermal pressure
must increase by a factor ~ 5 in the cores in order for the cloud
and cores to be in hydrostatic equilibrium. The ratio of the
volume density inferred for CO excitation (in the cores) and H,
formation (in the cloud) is a factor of 8. Thus if the core tem-
perature is ~ 50 K, which is consistent with the CO excitation,
the cloud could be in hydrostatic equilibrium.

4.4. Completely Atomic Clouds

Some of the clouds in our sample are predominantly atomic,
and the lack of H, can be used to set an upper limit to the
density using equation (3). For a purely atomic cloud, the infra-
red brightness will be linearly proportional to the H 1 column
density. In Figure 13, we compare the 100 um surface bright-
ness to the H 1 column density for G249+ 73.7, which we
mapped (132 spectra) at Arecibo. The 21 cm line was integrated
only over the low-velocity component of the spectral line,
which is associated with the cloud. Another small cloud,
G9 + 51, was partially mapped at Arecibo with similar results:
the infrared surface brightness is linearly proportional to the
cloud column density between 0.5 and 2.0 x 10?° cm™2
(Herter, Shupe, & Chernoff 1990). A quadratic fit of equation
4) for G249.0+73.7 yields a negative coefficient for the
second-order term, so we use the uncertainty in the coefficient
to derive an upper limit to the H, column density at any
position. Using equation (3), the upper limit (95% confidence)
on the density for G249 +73.7 is

T -1/2
n< 70X(§)_K> cm™ 3.

This upper limit is not strict; it allows a density comparable to
that of G236+39. Thus the principal difference between
G249.0+73.7 and G236+ 39 may be simply size; a smaller
cloud does not have as much H, because the column density is
insufficient for substantial self-shielding.

I(100um) [MJy sr™']

—‘1—.lnnuln Lo 1 FET R

1.0 15 20 25 30
N(HD) [10%°cm™?]

F1G. 13.—The infrared surface brightness is plotted against the correspond-
ing H 1 column density for 132 independent lines of sight toward the cloud
G249 +73.7. The best linear fit is shown as a solid line. The best quadratic fit is
indistinguishable, so only an upper limit to the H, column density can be
established.
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4.4. Regions of Enhanced CO Abundance

In G236+ 39, we are able to locate another transition: the
location where the CO abundance increases by more than an
order of magnitude. Theoretical calculations of the CO photo-
dissociation and chemistry resulted in abundances CO/H, ~
10~* for clouds with 4, > 1 and CO/H, ~ 10~° for 4, < 0.3
(van Dishoeck & Black 1988). At positions with detected CO,
our inferred CO abundance is similar to that of an opaque
cloud, while at positions of nondetections, the abundances are
even less than for a diffuse cloud. The column density above
which CO is detected corresponds to 4, ~ 0.5, in good agree-
ment with models of CO formation in translucent clouds
(van Dishoeck & Black 1988). The strong variations in the
CO abundance, however, cannot be easily explained by
photodissociation. The variations may be due to time-
dependent chemistry differences. The dynamical timescale
2R/AV ~ 6 x 10° yr for the clouds is comparable to the chemi-
cal timescale for forming CO, so it is likely that the CO abun-
dance never reaches its equilibrium value. The CO-rich regions
may be regions in which the chemistry has achieved somewhat
greater maturity than in neighboring regions.

5. CONCLUSIONS

A survey of isolated interstellar cirrus clouds for CO emis-
sion revealed CO emitting regions that are typically 2'-10" in
size, while the infrared and 21 cm emission extend throughout
the clouds. The infrared emission per H atom is enhanced in
clouds with detected CO, suggesting that the excess emission is
from dust associated with molecular gas. Assuming the infra-
red excess is from dust associated with H,, and the emission
per H-nucleon is the same in atomic and molecular gas, we
infer an average H, column density for each cloud that is not
well correlated with the integrated CO emission.

High angular resolution Arecibo H 1 and NRAO CO maps
of one cloud, G236+ 39, allowed us to spatially resolve the
variations of infrared brightness, H 1 column density, and CO
line integral. The infrared excess is unlikely to be produced by
enhanced heating in the cloud, since no heating sources are
evident; furthermore, the 60/100 um color temperature
decreases in the regions of infrared excess. Thus we interpret
the infrared excess as an indicator of the presence of H,. The
infrared excess and CO line integral are highest in the same
general portion of the cloud, but they are poorly correlated in
detail. The same conclusion is reached for the 3CO column
density. The regions of infrared excess are larger than the
regions with detectable radio CO lines, despite the fact that our
CO observations had enough sensitivity to detect lines
throughout most of the infrared excess region. The abundance
of 13CO relative to H, must increase by at least an order of
magnitude in the regions of detectable CO lines. Thus the CO
lines are a poor tracer of H, column density in diffuse clouds.

By comparing the H 1 and infrared maps of G236+ 39, the
transition from atomic to molecular gas was resolved. The
variation of total column density with atomic column density
can be explained by a model of H, formation on grain surfaces
balanced by self-shielded photodissociation. The critical
column density for H, formation inferred by fitting the model
to the observations is consistent with plausible physical condi-
tions in the cloud (n ~ 50 cm ™3 for T = 80 K). The results
suggest that ~40% of H nuclei are in H, molecules. Thus even
the cloud periphery contains molecular hydrogen. This is in
agreement with previous studies of the H,/H 1 transition based
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on ultraviolet observations of absorption lines due to H 1 and
H, (Savage et al. 1977; Federman et al. 1979). Thus even for
cirrus clouds, comparisons of the infrared brightness to the H 1
21 cm line integral must take diffuse H, into account. Given an
estimate for the density and temperature of a cloud, equation
(3) can be used to calculate the H, column density as a function
of the H 1 column density. The ratio of H, mass to H 1 mass is

MH,) _ . n_ V(_T_ \<NHD>
My~ 023 <10 20(50 cm-3) (80 K) (NH °

where angle brackets indicate averaging over the cloud. If the
H 1 observations do not resolve the H, region, this is a lower
limit. Using the low-resolution H 1 survey of HRK, and
assuming a density for all clouds comparable to that of
G236+ 39, the H, mass ranges from >7% to >50% of the
cloud mass. Using the Arecibo map of G236+ 39, and an
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assumed distance of 100 pc, the mass of H 1is 90 M, and the
mass of H, is 70 M. Thus the mass of cirrus clouds can be
substantially greater than the mass of atomic gas.
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