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ABSTRACT
We have obtained high-resolution (D35 km s~1) spectra toward the molecular cloud Sgr B2 at 63 km,
the wavelength of the ground-state Ðne-structure line of atomic oxygen (O I), using the ISO-LWS instrument. Four separate velocity components are seen in the deconvolved spectrum, in absorption against
the dust continuum emission of Sgr B2. Three of these components, corresponding to foreground clouds,
are used to study the O I content of the cool molecular gas along the line of sight. In principle, the
atomic oxygen that produces a particular velocity component could exist in any, or all, of three physically distinct regions : inside a dense molecular cloud, in the UV illuminated surface layer (PDR) of a
cloud, and in an atomic (H I) gas. For each of the three foreground clouds, we estimate, and subtract
from the observed O I column density, the oxygen content of the H I gas, by scaling from a published
high-resolution 21 cm spectrum. We Ðnd that the remaining O I column density is correlated with the
observed 13CO column density. From the slope of this correlation, an average [O I]/[13CO] ratio of
270 ^ 120 (3 p) is derived, which corresponds to [O I]/[CO] B 9 for a CO to 13CO abundance ratio of
30. Assuming a 13CO abundance of 1 ] 10~6 with respect to H nuclei, we derive an atomic oxygen
abundance of 2.7 ] 10~4 in the dense gas phase, corresponding to a 15% oxygen depletion compared to
the di†use ISM in our Galactic neighborhood. The presence of multiple, spectrally resolved velocity
components in the Sgr B2 absorption spectrum allows, for the Ðrst time, a direct determination of the
PDR contribution to the O I column density. The PDR regions should contain O I but not 13CO, and
would thus be expected to produce an o†set in the O IÈ13CO correlation. Our data do not show such an
o†set, suggesting that within our beam O I is spatially coexistent with the molecular gas, as traced by
13CO. This may be a result of the inhomogeneous nature of the clouds.
Subject headings : infrared : ISM È ISM : abundances È ISM : lines and bands
1.

INTRODUCTION

reaches 3.5 ] 10~4 (Melnick et al. 2000). For O , only
2 Bout
upper limits of less than 10~5 of H (Liszt & Vanden
2
1985 ; Fuente et al. 1993), (0.33 ^ 1.6) ] 10~7 (Goldsmith et
al. 2000) are found. This may be compared with measurements of the H O` ion abundance (Phillips, van Dishoeck,
& Keene 1992)3in the range of 10~9 to 10~10 of H , which
lead to predictions of H O abundances in the range210~6 to
2 10~5 to 10~6. The observational
10~7 and O in the range
2
status is consistent in that, after CO, the anticipated major
oxygen molecular species, H O and O , are deÐcient by at
2 van Dishoeck
2
least an order of magnitude (see
et al. 1993 for
a review).
It is known that some oxygen is tied up in H O mantles
2 is someon grains in the dense molecular clouds, and this
times put forward to suggest a [C]/[O] ratio in the gas
larger than standard. Whittet (1992) estimates from 3 km
features that N(H O)/N(H) ^ 8.6 ] 10~5 on grains in the
2 and Knacke & Larson (1991) Ðnd a
Taurus dark cloud,
factor of 10 less H O in the gas phase on the line-of-sight
toward Orion BN. 2There is then a possibility that a quarter
of the oxygen budget is lost to grain mantles in high column
density clouds. However, the clouds investigated here are
on average A D 1È10 (see Table 1), which is somewhere
v
between the values
for the di†use clouds in which the C and
O abundances are directly measured, and the very high
values at which H O mantles are seen. Thus it seems likely
that the traditional2 assumption of [C]/[O] D 0.5 in the gas
phase is suitable here, with the uncertainties limited to
about 25%, at least as is known from the e†ect of H O grain
2
mantles.
In 1994 we proposed to use the ISO-LWS instrument to
test whether the missing oxygen component was present in
atomic form by means of absorption-line spectroscopy of

A long-standing problem for our understanding of the
quiescent dense interstellar medium (ISM), often described
as molecular clouds, has been the difficulty of accounting
for the gas-phase abundance of carbon and oxygen. Since
the Ðrst calculations of ion-molecule schemes (Herbst &
Klemperer 1973 ; Dalgarno & Black 1976) there have been
theoretical predictions indicating that the fundamental
reservoirs of these elements are the molecular species CO,
O , and H O. It is usually assumed that the local gas-phase
2
2
oxygen
abundance
is about twice that of carbon. This
comes from the observed stellar values, modiÐed by
the depletion seen in local ISM di†use clouds such as
those toward f Ophiuchi and HD 154368 (Snow & Witt
1996 ; Snow et al. 1996 ; Cardelli, Ebbets, & Savage 1993),
i.e., the carbon abundance [C] \ 1.66 ] 10~4 and
1.32 ] 10~4, respectively, and the oxygen abundance
[O] \ 2.88 ] 10~4, giving an average [C]/[O] \ 0.51. So
nearly all carbon should be in CO, with plenty of oxygen
left over for O and H O. Millimeter-wave astronomy mea2 indeed2 shown the strong presence of CO at
surements have
about 10~4 of H (e.g., Lada et al. 1994). However, the H O
2 about 10~5 to 10~7 of H (Jacq et 2al.
abundance is only
1988 ; Zmuidzinas et al. 1995 ; Cernicharo et 2al. 1997), or
even lower, 10~7 to 10~10, as measured by SWAS (Snell et
al. 2000a, 2000b), except for strongly shocked gas, where it
1 California Institute of Technology, Downs Laboratory of Physics
320-47, Pasadena, CA 91125 ; dcl=submm.caltech.edu.
2 Jet Propulsion Laboratory 264-767, Pasadena, CA 91109.
3 Max-Planck-Institut fur Radioastronomie, Auf dem Hugel 69,
D-53121 Bonn, Germany.
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TABLE 1
COLUMN DENSITIES OF H I, O I, AND 13CO IN THE THREE O I VELOCITY RANGES
Velocity

N(H I)

v \ [78 . . . . . . . . . . . . . . .
[78 \ v \ [25 . . . . . .
[25 \ v \ 30 . . . . . . . .

7.7 ] 1020
2.6 ] 1021
1.2 ] 1022

N(O I)

obs
2.5 ] 1018
6.4 ] 1018
9.6 ] 1018

N(O I)

mol
2.3 ] 1018
5.6 ] 1018
5.6 ] 1018

N(13CO)

O I/13CO

9.5 ] 1015
2.2 ] 1016
2.0 ] 1016

240
260
280

n

comp
9
11
17

A
v
5
12
11

NOTE.ÈEntries in the table are : velocity range (km s~1), H I column density (cm~2), O I column density (cm~2),
O I column density in the molecular gas (cm~2), 13CO column density (cm~2), [O I]/[13CO] abundance ratio in the
molecular gas, the number of 13CO components, and the total visual extinction per O I velocity range computed
assuming a 13CO abundance of 1 ] 10~6 with respect to H nuclei. H I column densities have been computed using
the formulae and spin temperatures of Cohen (1977) and 13CO column densities are based on LVG modeling of the
13CO (1È0) absorption spectrum (Fig. 3, lower panel).

O I at 63 km. Indeed, atomic oxygen is predicted by chemical
models to be present in the dense ISM (see e.g., van
Dishoeck et al. 1993 ; as well as Bergin et al. 2000 and references therein for a discussion of recent chemical models).
Thus purely on the basis of ion-molecule models of ISM
chemistry, there is a strong argument for searching for
O I absorption in cool, shielded clouds, as a fundamental
constituent.
However, the situation is complex. Molecules near the
edges of clouds are known to be photodissociated by interstellar UV photons (e.g., Langer 1976 ; Hollenbach, Takahashi, & Tielens 1991). These photon-dominated regions
(PDRs) may show strong O I emission (Melnick, Gull, &
Harwit 1979), C II emission (Russell et al. 1980), and C I
emission (Phillips & Huggins 1981). In the case of C I, where
relatively high spectral and spatial resolution is available, it
has proved quite hard to separate the individual contributions of the PDR and the quiescent dense cloud (Keene et
al. 1985, 1997). One difficulty, then, is to distinguish between
the PDR and quiescent dense medium contributions to the
atomic oxygen column density. The distribution of atomic
oxygen probably extends deeper into the cloud than that of

atomic carbon, because the dissociation threshold for O
2
(about 5.1 eV) is considerably less than for CO (11.1 eV ;
Cox 2000). This is not usually displayed in PDR models,
but in Figure 1a we show the atomic and molecular abundances of oxygen for a recent model (Le Bourlot et al. 1993).
This model shows the abundances of species in the outer
PDR region, as well as abundances in the deep, shielded
molecular cloud region, where ion-molecule chemistry
dominates. In contrast to C II, O I is predicted to be present
in both PDR and shielded molecular cloud regions. O I
(63 km) emission would not be observable from deep in
the cloud because this region is predicted to be too cold
to populate the upper level, but O I may be detectable
in absorption if there is a suitable background source. In
fact, Poglitsch et al. (1996) reported an absorption feature in
the O I spectrum of DR 21, taken using the NASA
Kuiper Airborne Observatory. This feature may be due to a
molecular cloud and was taken to indicate a high relative
abundance of atomic oxygen in a cold cloud.
The method we have proposed is to examine a range of
objects with ISO-LWS (Fabry-Perot mode with resolution
of D35 km s~1 ; Swinyard et al. 1996). Each of the clouds

FIG. 1a
FIG. 1b
FIG. 1.È(a) PDR abundances relative to H as a function of depth into the cloud, after Le Bourlot et al. (1993). The model cloud has a volume density n(H
I ] 2H ) \ 104 cm~3 (toward the high end of the values derived by Greaves & Williams 1994, Greaves & Nyman 1996, and Lucas & Liszt 1997), and the UV
2
Ðeld intensity
G \ 1 (standard interstellar radiation Ðeld). The total oxygen and carbon abundances are 3 ] 10~4 and 1.5 ] 10~4, respectively. Note that O
o
2
and H O are minor
species in the model and oxygen is primarily in atomic form and in CO in the molecular region. The CO abundance in the cloud interior
2
decreases with decreasing gas density (owing to the decreasing CO formation rate) and increasing UV Ðeld intensity (owing to the increasing CO
photodissociation rate). (b) Overall geometry of H I, H , and CO regions in a PDR (from Hollenbach & Tielens 1999 ; the region designations A, B, and C are
2
added here).
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has a strong background continuum source on the line of
sight and a di†erent column density of quiescent gas, as seen
from molecular line data. The Ðnal intention is to separate
the PDR and quiescent cloud e†ects by the variation of O I
absorption strength with quiescent cloud column density.
An initial report of our ISO measurements was given by
Keene et al. (1998). The spectrum of Sgr B2 has been found
to show very strong O I (63 km) absorption due to several
separate absorption clouds, distinguishable by their di†erent velocities, which can be analyzed independently to
provide the variation in column density. That forms the
subject of this study. An initial report of the Sgr B2 absorption has been made by Baluteau et al. (1997) from a low
spectral resolution survey scan using the grating mode of
ISO-LWS with resolution of D1400 km s~1, where the
components are not resolved. Baluteau et al. also obtained
very useful north-south and east-west raster scans showing
that, o† the position of the strong continuum source Sgr
B2(M), O I is seen in emission. This emission at D60 km s~1
(Fig. 2) is from Sgr B2 itself, rather than from foreground
clouds.
The molecular absorption-line clouds in front of Sgr B2
have been studied by a number of authors. Densities are
typically found to be in the range 102È103 cm~3, with some
clouds as dense as 2 ] 104 cm~3 (Greaves & Williams
1994). Temperatures are found to be generally [15È20 K,

FIG. 2.ÈO I (63 km) Fabry-Perot spectra toward Sgr B2(M) (upper
panel), 180A north, and 180A south (lower panel, upper and lower curves,
respectively). Black and gray lines correspond to the raw and MEMdeconvolved spectra, respectively. The lower panel vertical axes on the left
and right correspond to the 180A north and 180A south spectra, respectively. The intensity scale is in the LWS Fabry-Perot units as given by the
LWS analysis package (ISAP).

825

except for the [95 to [105 km s~1 component, which is
somewhat warmer (D35 K ; Tieftrunk et al. 1994). These
temperatures and densities are much too low to produce
signiÐcant O I emission. These clouds are rich in molecular
species, such as HCO`, HCN, HNC, CN, CCH, C H , CS,
3 2
SiO, N H`, NH , CH OH, SO, and H S (Tieftrunk et al.
2
3
3
2
1994 ; Greaves & Nyman 1996) with abundances similar to
those observed in dark clouds. Similarly, rich absorption
spectra have also been found in di†use and translucent
absorption-line clouds in front of extragalactic sources (e.g.,
Lucas & Liszt 1997 and references therein). Standard
chemical models of di†use and translucent clouds are
unable to reproduce such a rich chemistry, and several
alternatives have been proposed, such as turbulent chemistry (Hogerheijde et al. 1995 ; Joulain et al. 1998) or di†erences in the elemental depletions and/or the gas-phase
[C]/[O] ratio compared to dark clouds (Turner 2000).
Other possibilities include turbulent mixing of di†erent
cloud layers (Chièze, Pineau des Foreüts, & Herbst 1991 ;
Xie, Allen, & Langer 1995), which could enrich the translucent layer by molecules produced in shielded clumps, and
also be responsible for the nonappearance of the pure H
2
PDR layer (see ° 3).
2.

OBSERVATIONS

O I (63 km) observations of Sgr B2 were carried out with
both grating and Fabry-Perot modes of ISO-LWS. Figure 2
shows the Fabry-Perot scans for positions Sgr B2(M), and
180A north and 180A south. At the central position absorption is seen for the Sgr B2 envelope at 60 km s~1, as well as
the foreground molecular clouds on the line of sight to the
Sun at D0 km s~1 and two negative velocities. The
observed Fabry-Perot spectra have been deconvolved with
a 35 km s~1 width Lorentzian representing the LWS
resolution function (Swinyard et al. 1996) using a Maximum
Entropy Method (MEM) deconvolution algorithm, which
results in a factor of 2È3 improvement in the spectral
resolution. Improving the resolution of astronomical
images using the MEM is a well-established technique in
astronomy (see e.g., Narayan & Nityananada 1986 and references therein), provided the instrumental response function is known. Although usually used for enhancing spatial
resolution in images, the technique is perfectly suitable for
enhancing spectral resolution as well. It works by Ðnding a
model that, when convolved with the instrumental response
function, best reproduces the observed spectrum. This is
done by modifying the model to minimize s2. Depending on
the constraints of the image or spectrum, the answer can be
ambiguous. In these cases, maximizing the entropy ensures
that the model with the least information not required by
the data is chosen. This additional constraint is important
in cases where little information is present (e.g., with sparse
uv-coverage in imaging), but becomes less critical for wellsampled data. The achievable resolution is difficult to quantify, since it depends on the signal-to-noise ratio. Using
these techniques, we developed a simple algorithm to
produce a model that, when convolved with the instrumental proÐle, Ðts the observed spectrum well. Since our data
have high signal-to-noise ratio, and they are highly oversampled, we found that the model was unique. To estimate
the e†ect of the MEM deconvolution on the uncertainty of
the O I intensities, we added to the observed spectrum
random noise with the same rms as the observed spectrum
and subsequently applied the MEM algorithm to the
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FIG. 3.ÈT op : Observed O I (63 km) Fabry-Perot spectrum (D35 km
s~1 resolution ; gray line) and MEM-deconvolved spectrum (D10È15 km
s~1 resolution ; solid black line). Bottom : H I and 13CO (1È0) absorption
spectra toward Sgr B2(M) (gray and black lines, respectively). The 13CO
spectrum toward the central position has been corrected for the cloud
emission averaged over a 40A square frame.

resulting spectrum. The resulting 1 p statistical uncertainties for the intensities of the three O I components are
estimated to be D3%È5%.
The Sgr B2 envelope is seen in O I emission (Fig. 2).
However, no emission is seen at the velocities of the foreground clouds. Molecular absorption can indeed be seen at
each of the velocities of the O I absorption. Figure 3 compares the 13CO (1È0) absorption spectrum for the Sgr
B2(M) line of sight (observed with the IRAM 30-meter
telescope) with the LWS O I spectrum. However, the H I
spectrum must also be compared. For Sgr B2(M) there
exists such a spectrum (Garwood & Dickey 1989) and, as
can be seen in Figure 3, H I absorption is also present for
each velocity at which O I absorption is seen.
3.

DISCUSSION

There are two major complications, which must be dealt
with before any O I absorption line can be used to assign
atomic oxygen abundance to a molecular cloud. The Ðrst is
the fact that atomic oxygen will exist in line-of-sight H I
clouds. The clouds, which show H I absorption at the same
velocity as 13CO, are very likely close to, or attached to the
molecular clouds, probably as halos (Wannier, Lichten, &
Morris 1983 ; region A in Fig. 1b). This problem can be
approached if good quality H I absorption spectra are avail-
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able. The second is the above-mentioned problem of the
PDRs on the line of sight. According to the models, some
signiÐcant region of the PDR near the surface (D1 A ) will
v
contain H (region B in Fig. 1b), but no CO or other trace
2
molecules whose presence deÐnes the molecular cloud
(region C). Region B, like the H I region, will contain O I,
and should also contribute to the absorption.4 The assignment of O I to the molecular cloud is therefore a tricky
operation. Although various PDR models show di†erences
in the depth into the cloud of the H I/H interface, they all
have an H region bereft of CO (region2 B) of roughly the
2
same extent.
We may wonder if O I in the PDR (region B) will be
detectable. From the model there is D1 A of such material
v
on the line of sight through a molecular cloud.
This would
correspond to a detectable O I absorption with an equivalent width of 3.5 km s~1, assuming an O/H ratio of
3.2 ] 10~4. However, aside from the problem of not being
able to identify the purely C I region (Keene et al. 1985),
there is another measurement that raises doubt about the
existence of a pure H region. The modeling by Andersson
2
& Wannier (1993) of observations
of dark clouds in the lines
of H I, OH, and CO leads to their interpretation that H I
halos lie much closer to the molecular clouds as deÐned by
CO observations than predicted by standard chemical and
photodissociation models as of that date. They conclude
that the formation rate of H used in the models is probably
too large, leading to a region2 of pure H much larger than is
2
observed.
Thus, the method here, to compare O I absorptions after
subtracting the contribution from the H I halo in clouds of
varying CO column density, should allow the identiÐcation
of any surface region, by means of the O I intercept. If there
is a proportionality found between O I and CO, this will
provide the relative abundance of atomic oxygen in CO
regions.
Referring to the MEM-deconvolved O I spectrum of Sgr
B2 (Fig. 2), we see that the spectrum naturally separates into
three velocity ranges corresponding to absorption by foreground clouds at velocities less than [78 km s~1, [78 to
[25 km s~1, and [25 to 30 km s~1, plus the absorption
feature at D60 km s~1 corresponding to the envelope of Sgr
B2 itself. In this paper we are not concerned with the Sgr B2
envelope feature at 60 km s~1, because it is warm and likely
to be contaminated by O I emission, but will analyze the
cold foreground clouds. For these three velocity ranges we
have O I, H I, and 13CO spectra, which allow us to determine the atomic oxygen, atomic hydrogen, and 13CO
column densities for the three O I velocity components
(Table 1). From the high spectral resolution 13CO and H I
spectra it is plausible that the three O I absorption features
further break into multiple components (see Fig. 3).
Since we have the H I column density for each velocity
range, using the measured [O]/[H] ratio in di†use clouds
(3.2 ] 10~4 ; Meyer, Jura, & Cardelli 1998) we can determine the O I column density associated with the H I region
and subtract this from the observed O I column density,
N(O I) , to get the O I column density associated with the
obs
4 It is important to note that the density of these PDRs is likely to be
quite low (a few 102 to a few 103 cm~3), so that O I atoms are all in the
ground state and the O I column density is accurately determined by an
absorption measurement.
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uncertainties) for the foreground clouds on the line of sight
toward Sgr B2(M). Assuming a 13CO abundance of
2 ] 10~6 relative to H (Dickman 1978)5 leads to an atomic
2
oxygen abundance of (2.7 ^ 1.2) ] 10~4 relative to H in the
foreground molecular clouds, comparable to the value
found in di†use clouds. The deduced [O I]/[CO] value for
the molecular gas is D9 ^ 4 (3 p) for a [CO]/[13CO] abundance ratio of 30 (Langer & Penzias 1990). Also from the
plot it appears that there is no statistically signiÐcant intercept, ([1.1 ^ 4.6) ] 1016 cm~2, (a 1 p statistical uncertainty, corresponding to A \ [0.08, assuming the di†use
v
cloud O I abundance) so, within the uncertainties, there is
5 The 13CO abundance derived by Dickman (1978) corresponds to local
dark clouds. One might expect the 13CO abundance to increase with
decreasing galactocentric distance following the observed variation in the
CO/13CO abundance ratio (Langer & Penzias 1990). However, Lis &
Goldsmith (1989) derived a 13CO abundance of 1 ] 10~6 relative to H in
2
the envelope of the Sgr B2 molecular cloud, a factor of 2 lower than the
local value. We thus use the local value of 2 ] 10~6 as an average for the
clouds on the line of sight toward Sgr B2. This value is uncertain by about
a factor of 2.
FIG. 4.ÈO I column density as a function of 13CO column density per
13CO velocity component for the three velocity ranges that are distinguishable in the MEM-deconvolved O I spectrum. Error bars correspond to 1 p
statistical uncertainties for O I and 13CO column densities. A least-squares
Ðt to the data gives a slope of 270 ^ 35 (1 p statistical uncertainty). The
intercept is ([1.1 ^ 4.6) ] 1016 cm~2 (1 p). This indicates that the O I and
13CO emission come from the same region and there is little or no excess
O I emission from the PDR interface where hydrogen is already molecular,
but 13CO is photodissociated (region B in Fig. 1b).

molecular H gas, N(O I) . That is, whatever is left must
mol H region (region B in Fig. 1b)
be associated2 with the PDR
plus the 13CO region (region C2 in Fig. 1b). However, in any
individual case it is not possible to separate the two contributions to N(O I)
and therefore not possible to claim a
knowledge of themolatomic oxygen content of molecular
clouds as deÐned by 13CO. In principle we need to know
the number of PDRs on the line of sight for a given velocity
range in order to compare the total 13CO column density
with O I for that range, or alternatively by comparing mean
column density per 13CO component with mean O I
column density over that range. The O I and 13CO column
densities are given in Table 1, together with the number of
13CO components in each range.
As a simplest approximation we assume that the PDRs
are all the same and that there is a universal [O I]/[13CO]
coefficient, X. Then, for each velocity range
] XN(13CO)/n
. (1)
N(O I) /n
\ N(O I)
comp
mol comp
H2@PDR
Since we have three ranges, N(O I)
and X can be
2@PDR
determined from the least-squares lineHÐt.
The plot of N(O
I) /n
versus N(13CO)/n
is shown in Figure 4. From
mol plot
comp it is inferred thatcomp
this
there is indeed a reasonably
constant relation between O I and 13CO column densities
and that [O I]/[13CO] is 270 ^ 35 (1 p uncertainty for the
slope based on the statistical uncertainties in 13CO and O I
column densities). After adding in quadrature 15% calibration uncertainties for 13CO and O I to the 3 p statistical uncertainty for the slope, we obtain [O I]/
[13CO] \ 270 ^ 120 (3 p ; not including modeling

FIG. 5.ÈObserved and model O I (63 m) absorption spectra (black and
gray curves, respectively), assuming the O I abundance of 3.2 ] 10~4 in the
H I region and 2.6 ] 10~4 in the molecular gas (15% depletion) at raw
LWS resolution (D35 km s~1 ; upper panel) and the deconvolved
resolution (D10È15 km s~1 ; lower panel). The part of the spectrum at
VLSR Z 30 km s~1 is contaminated by the emission from the Sgr B2
envelope and is not considered here. The discrepancies between the
observed and model spectra at the deconvolved resolution (lower panel)
may indicate variations in the O I to CO abundance ratio between di†erent
components. In addition, given the broad wings of the instrumental proÐle,
the O I optical depth and column density for the 0 km s~1 component may
be underestimated owing to the contamination by O I emission from the
Sgr B2 envelope.
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no manifestation of a PDR H region devoid of 13CO.
2
Incidentally, the fact that this region is not seen makes the
validity of the assumption of similar PDRs moot. Figure 5
shows a comparison of the observed O I absorption spectrum with the model spectrum computed assuming the O I
abundance in the molecular gas derived above.
The formula given in equation (1) corresponds to a physical model with a number of 13CO clumps distributed along
the line of sight, each one exposed to the external UV Ðeld
and therefore surrounded by its own PDR. The other
extreme is a collection of clumps packed closely together
with only external surfaces exposed to the UV Ðeld (one
common PDR for all clumps ; n
\ 1). In this case, a
comp
least-squares Ðt gives an [O I]/[13CO]
ratio of 290 ^ 24
(1 p), statistically consistent with that derived above, and
again no statistically signiÐcant intercept. Our results are
thus insensitive to the exact number of 13CO components.
4.

CONCLUSION

We have presented a high signal-to-noise ratio ISO-LWS
Fabry-Perot spectrum of the O I (63 km) absorption toward
Sgr B2, which is of sufficient quality to permit deconvolution of the instrument spectral function, thus revealing four
separate velocity ranges of absorption. This spectrum correlates well with both the H I absorption spectrum and the
13CO absorption spectrum. In order to determine the
atomic oxygen abundance associated with the molecular
clouds, as deÐned by 13CO, we Ðrst subtract the O I absorption components, deduced from the H I spectrum, for the
three velocity ranges corresponding to foreground clouds
on the line of sight toward Sgr B2. We then compute the
oxygen column density remaining and correlate that with
the 13CO column density per cloud component as found
from the number of distinct 13CO velocity absorption features in each of the three O I absorption ranges. The plot
shows a good Ðt to a constant [O I]/[13CO] ratio of
270 ^ 120 (3 p) with no apparent intercept. This implies
that there is indeed a large atomic oxygen content in molecular clouds (Fig 1b, region C), but there is no evidence for
atomic oxygen in the H region devoid of CO predicted by
2
PDR models. The probable
reason for the absence of the
model predicted region B is the inhomogeneous nature of
the cloud surface, which e†ectively mixes the various
surface regions.
The result then depends on how we describe a molecular
cloud. If we deÐne the clouds as Ðlling the size scale of the
pencil beam to the source, the O I is correlated with 13CO
and it is reasonable to say that atomic oxygen is present in
the CO containing clouds. If we deÐne a cloud as one of the
small clumps presumed to be part of the inhomogeneous
structure of the big cloud, it has not been proved that
atomic oxygen spatially coexists with the CO, as it may be
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FIG. 6.ÈO I to 13CO column density ratio from the cloud surface as a
function of visual extinction for PDR models with varying gas densities
and UV Ðeld intensities. The shaded area outlines the ratio derived for the
clouds along the line of sight toward Sgr B2.

in a surface H region. The result may be best stated that,
2 there is an apparent correlation of [O I]/
observationally,
[CO] ^ 9 in the ISM molecular clouds on the line of sight
toward Sgr B2. We Ðnd a much lower [O I]/[CO] ratio in
the molecular gas than recently reported in L1689N (D50 ;
Caux et al. 1999). Our result is also a little lower than that
found for the cold clouds on the line of sight toward W49N
(D15 ; Vastel et al. 2000).
The observed [O I]/[13CO] column density ratio of
270 ^ 120 can be easily explained in the framework of PDR
models of low-density clouds (Fig. 6, solid line ; n \ 100
H by a
cm~3, G \ 1), or high-density clouds illuminated
0
strong UV Ðeld (Fig. 6, dashed line ; n \ 104 cm~3, G \
0
100). The PDR model predicts a lowerH [O I]/[13CO] ratio
for high-density clouds illuminated by a weak UV Ðeld (Fig.
6, dotted line ; n \ 104 cm~3, G \ 1), except for di†use
0
regions (A \ 1).H However, the model
does not take into
v
account CO depletion onto dust grains in high-density,
low-temperature regions that is likely to be important for
high-column density clouds, such as those studied by Caux
et al. (1999) and Vastel et al. (2000) (see e.g., Kramer et al.
1999 ; Caselli et al. 1999).
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supported by NASA through Jet Propulsion Laboratory,
award NAS7-1407, under an ISO block grant to the California Institute of Technology and by a NSF grant AST9980846 to the Caltech Submillimeter Observatory. We
thank J. Le Bourlot, G. Pineau des Foreüts, and E. Roue† for
the permission to use their PDR model, and C. Vastel for
helpful discussions.
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