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ABSTRACT

We report the first high-resolution spectra of the [O1] 63 wm fine-structure line toward DR 21. The
observations were made from NASA’s Kuiper Airborne Observatory using the MPE/UCB imaging spectrometer
FIFI. The spectra show a pronounced dip, which may be due to absorption by a foreground molecular cloud, seen
against the broad [O 1] emission from DR 21. In this case we derive a column density of cold, atomic oxygen of
Z5 X 10" cm ™2, corresponding to a relative abundance of atomic oxygen of [O]/[H] 6 X 10~*. Therefore, most
of the gas-phase oxygen in this cloud would be in atomic form. This result is in contrast to predictions by common
chemistry models for a steady state cloud and may support models which predict a high abundance of atomic

oxygen in dark cores of molecular clouds.

Subject headings: infrared: ISM: lines and bands — ISM: abundances

1. INTRODUCTION

The nature of the repository of oxygen in the dark, quiescent
component of the interstellar medium is one of the outstand-
ing open questions in interstellar chemistry. Oxygen is the
third-most abundant element in the universe, and its depletion
onto dust grains is believed to be small (6 < 25%; van
Dishoeck et al. 1993; Greenberg 1991). Most of the interstellar
oxygen, therefore, should reside in the gas phase of the ISM
where the principal species are CO, O,, O, H,0, and OH. Out
of these only, CO has been observed in appreciable amounts,
but can account only for ~10% of the total oxygen abundance,
and the abundance of gas-phase H,O is significantly lower yet
(Plambeck & Wright 1987; Jacq et al. 1988, 1990; Knacke &
Larson 1991; Cernicharo et al. 1994; Tauber et al. 1996;
Zmuidzinas et al. 1995). Chemical models predict that, at least
in steady state, the majority of the oxygen should be found in
the form of O, and other molecules (Herbst & Leung 1989;
Millar et al. 1991) unless cosmic-ray—-induced photodissocia-
tion plays a major role (Gredel et al. 1989; Sternberg &
Dalgarno 1995). Searches for *O™0 in a number of dark
clouds have been unsuccessful so far and pose upper limits on
the O,/CO abundance ratio that are of the order 20%
(Goldsmith et al. 1985; Liszt & Vanden Bout 1985; Fuente et
al. 1993). A recent, direct search for O, in a redshifted, single
molecular cloud has even found an upper limit of ~1% for this
ratio (Combes & Wiklind 1995).

Therefore, we began a search for atomic oxygen in molec-
ular clouds using the [O 1] 63 um fine-structure line. With a
228 K upper level for the 63 um ground-state transition, only
an absorption experiment seemed promising for a quantitative
measurement in cold gas, and DR 21 a well-suited source for
this. DR 21 shows strong [O 1] 63 um emission associated with
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the H 1 region/outflow (Lane et al. 1990); for instrumental
reasons this fairly broad emission line makes a better back-
ground source than continuum emission for the observation of
absorption by foreground material.

The molecular gas toward DR 21 contains two components,
one at v;qx & —3 km s~ which is associated with the H 11
region/cloud core, and one at v,z & 8 km s~ which seems to
be an extension of the W75 N molecular ridge. While the —3
km s™' component contains fairly warm gas and is closely
related to the DR 21 star-forming region (Jaffe et al. 1989),
there is no such indication for the +8 km s~ component,
which is seen only in low-J CO line emission (Dickel, Dickel,
& Wilson 1978; Fischer et al. 1985; Garden et al. 1991) and in
H,CO absorption against the 6 cm continuum from the H 11
region (Bieging, Wilson, & Downes 1982; Dickel et al. 1983).
It is also seen as a self-absorption feature in the CO(2 — 1)
spectra but not in the CO(7 — 6) spectra (Jaffe et al. 1989). It
is therefore assumed that this component represents detached,
cold foreground gas, which makes it a good candidate for an
absorption experiment to detect cold atomic oxygen in a
molecular cloud.

2. OBSERVATIONS

The observations of the *P, —*P, [O1] 63.1837 um line
were carried out with the MPE/UCB Far-infrared Imaging
Fabry-Pérot Interferometer (Poglitsch et al. 1991; Stacey et al.
1992) during three flights with NASA’s Kuiper Airborne
Observatory (KAO) from Hickam Airforce Base, HI, on 1992
August 19 and 23 and 1994 May 24. The oscillating secondary
mirror of the telescope was chopped at 21 Hz with a throw of
~5" in SE-NW direction in 1992 and ~75 in N-S direction in
1994. Beams were switched in ~1 minute intervals by nodding
the telescope. The geometrical pixel size of our 5 X 5 pixel
detector array was 20" X 20”; the beam size was ~22" FWHM
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with a corresponding beam solid angle of 1.3 X 107% sr. The
image rotator was set to a position angle of 45° for maximum
coverage in E-W direction.

Data were taken at three different spectral resolutions:
30 km s™', 20 km s, and 7 km s™'. For the 30 km s™!
resolution spectra taken in 1992 the scan width was 300 km s ™7,
centered at v,z & 0 km s™', and the total integration time was
42 minutes. The center position was R.A. = 20"37"15:3,
decl. = 42°08'45” (1950). For the 20 km s~ resolution spectra
taken in 1992, the scan width was 140 km s™', centered at
visr & 0km s, and the total integration time was 20 minutes.
The center position was R.A. = 20"37™18:0, decl. = 42°09'05"
(1950). Observations at 7 km s™* resolution were carried out in
1992 and 1994; in both cases the scan width was 55 km s, but the
scan center was at v;5x ~ 0 km s~ for the data taken in 1992,
whereas in 1994 the scan center was shifted to v; gz ~ 10 km s 7.
The integration time in 1992 was 37 minutes; in 1994 we obtained
only 13 minutes of useful observing time because of telescope
problems. The center positions were R.A.=20"37"15:3,
decl. = 42°0905” (1950) and R.A.=20"37"16:9, decl. =
2°08’50" (1950), respectively.

The Doppler shift along the line of sight toward DR 21 was
—17.6 km s™* for the 1992 observations and —32.7 km s " for
the 1994 observations. This difference of 15 km s~ was useful
for discerning astronomical lines from telluric features. Wave-
length was calibrated with two ammonia lines (A = 63.2054
pm and A = 63.1255 pm) in a gas absortion cell. For the
observations made at 7 km s~ resolution, the error in the
velocity scale is estimated to be £2 km s™'. Flat fielding was
done with internal calibration sources. For absolute intensity
calibration we used the continuum emission from Sgr B2,
assuming a flux of 10* Jy at 63 um (Gatley et al. 1978), and the
continuum emission from Jupiter, which was assumed to emit
like a 130 K blackbody (Hildebrand et al. 1985). The errors in
absolute intensity for line detection depend on the resolution;
we estimate them to be =30% at 30 km s~ and 20 km s™!, and
=50% at 7 km s™".

3. RESULTS

The spectra obtained on individual pixels are shown in
Figure 1 for the three spectral resolutions observed in 1992
(Herrmann 1993). East is in the upper left corner of the
detector array, west in the lower right. Please note that the
pointing was different for each observation. The prominent
peak in continuum emission associated with the H 11 region
(Lane et al. 1990) appears on different pixels in the three
observations and may be used for orientation. The apparent
line-to-continuum ratio also varies with spectral resolution;
this is an instrumental effect in that the resolution bandwidth
relevant for line detection and the detection bandwidth for
continuum radiation differ by a factor that increases with
spectral resolution. This “leakage” factor is fi, &2 at
30 km s, fiac ® 3 at 20 km s, and fi, ~ 8.5 at 7 km s~
resolution for continuum detection over line detection; for an
“ideal” instrument it would be unity.

Lane et al. (1990) found the peak in integrated [O 1] line
intensity offset by ~1’ to the east (left and up on the detector
array) from the continuum peak. Our lower resolution spectra
(Figs. 1a—1b) show that this is partly an effect of line width that
is greater toward their [O 1] peak position than toward the
continuum peak/H 11 region. This indicates a close relationship
of the [O 1] peak with the eastern lobe of the outflow while at
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FiG. 1.—[O1] 63 pum spectra toward DR 21 at three different spectral
resolutions (1992 data set; Herrmann 1993). () 30 km s™%; () 20 km s™7; (c)
7 km s™1. Note that the pointing is different in each case; the radio continuum
centroid position is indicated by the crosses. Intensity values start at zero for all
pixels.
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the same time the excitation mechanism for the FIR fine
structure line emission is dominated by UV heating (Lane et
al. 1990).

The high-resolution spectra (Fig. 1c) reveal a new feature: a
dip in the spectrum at v gz ~9 km s~', which seems to be
present on all pixels that show significant [O 1] emission, but
most prominent toward the position of the [O 1] peak in the
map of Lane et al. (1990), which is in the upper left corner of
the array. We therefore selected this position for a quantitative
analysis. Furthermore, the continuum level is fairly low there
as seen from the spectra at all resolutions. A low continuum
level is advantageous since the limited scan width at the
highest resolution does not allow a very accurate determina-
tion of the baseline, and a correct prediction of the continuum
level from the low-resolution observations is hampered by the
very large “leakage” factor, i.e., enhancement of continuum
detection over line detection by contributions from adjacent,
unsuppressed Fabry-Pérot orders, at high spectral resolutions.
Separation into line emission and continuum emission, how-
ever, is essential in a quantitative detection of a potential
absorption line with our instrument because the apparent
optical depth is also reduced by the leakage factor when
observed against a continuum source versus a narrowband
source. A low continuum level makes this procedure less
critical.

The co-averaged spectra of the two or three pixels closest to
the [O 1] peak position are shown in Figure 2a for the three
different spectral resolutions. The dip at vigz ~9 km s7! is
very prominent in the 7 km s™' resolution spectrum; there is
also an indication of it in the 20 km s~ spectrum and still some
asymmetry in the 30 km s™' spectrum. Figure 2b shows a less
binned version of the high-resolution spectrum together with
the spectrum taken in 1994, which is also the average of 2
pixels toward the [O1] peak position. Due to the short
integration time, the signal-to-noise ratio is lower for the
second data set, but the agreement is still good, and the
extension of the scan to greater positive velocities makes the
dip even more significant.

If we assume for now that the observed spectrum represents
broad emission from the outflow with a narrow absorption line
from colder foreground gas then we may model the source
spectrum by a Gaussian emission line plus continuum radia-
tion. The line and continuum are then both attenuated accord-
ing to a Gaussian distribution of optical depth in the
foreground gas, but not in identical ways due to the continuum
“leakage” as mentioned above:

I(w) = I, exp [—(” ;v,) ] exp [-T()]

1—exp[—7(@)]
I — (1)
f leak
where I, denotes the peak line intensity, C, is the total
detected continuum, f.,, accounts for “leakage” from unsup-

pressed adjacent Fabry-Pérot orders, and the optical depth
as a function of velocity is given by

() = 7 exp [—(%)2] ©)

This spectrum is then convolved with the instrument function
F(v), which can be approximated by a Lorentzian profile. The
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F1G. 2—[O 1] 63 pum spectra toward the DR 21 [O 1] emission peak at three
different spectral resolutions. (a) Thin line, 30 km s~1; solid line, 20 km s™';
heavy line, 7km s™! (1992). Also shown are the fits at 30 km s~ and 20 km s™*
as thin lines; calculated with 7y = 5.9. (b) Spectra at 7 km s™* resolution. Heavy
line, 1992 data; solid line, 1994 data. The thin, continuous line represents the
fitted spectrum with 7o = 5.9; the thin, dashed line and the thin, dotted line
represent fits with 7o = 2.5 and 7y = 1.5, respectively.

20 and 30 km s resolution spectra from Figure 2a were used
together with the combined 7 km s~ resolution spectra from
Figure 2b for a simultaneous least-square fit procedure where
the lower resolution spectra mainly entered into the parame-
ters of the emission, and the absorption line was mainly
derived from the high-resolution spectra. The best-fit spectra,
with 7, = 5.9 and o, = 7.8 km s, are shown as the thin lines
in Figure 2a and as the thin continuous line in Figure 2b.
However, since the derived peak optical depth of the absorp-
tion line is fairly high (7o = 5.9) one must be careful about the
significance of this number, particularly because small errors
in the baseline due to imbalance of the beams cannot be
precluded. For comparison, the thin dashed line in Figure 2b
represents a fit where the peak optical depth was kept fixed at
7o = 2.5, with only a marginal decrease in the quality of the fit.
We then kept all other parameters fixed and reduced the
optical depth to 7, = 1.5. In this case (thin dotted line in Fig.
2b) the deviation from the observed spectrum is significant,
and we conclude that the peak optical depth must be ) = 2.

From the optical depth of the absorption line one can derive
the column density of atomic oxygen. If the absorbing gas is
cold foreground material then we may assume that all oxygen
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atoms are in the ground state, and the column density of
oxygen is given by (Spitzer 1978)

gu AS14141

With A4, = 8.46 X 107° s~! (Baluja & Zeippen 1988), 7, = 2
and o, = 7.8 km s™', an oxygen column density of =5 X 10
cm 2 is found. The column density of molecular hydrogen in
the 8 km s foreground cloud as derived from *CO observa-
tions is 4 X 10* cm™ (Dickel et al. 1978); from the “CO
observations by Garden et al. (1991) we derive a column
density of ~3.5 X 10* c¢m~2, using the conversion factor of
Strong et al. (1988). Thus, the abundance of atomic oxygen is
[O)/[H]= 6 X 107*. If we assume a solar abundance of
[O]/[H] = 8.5 X 10 (Anders & Grevesse 1989) and a 25%
depletion for the oxygen in the gas phase (van Dishoeck et al.
1993), then this means that most of the gas-phase oxygen must
be in atomic form.

Ny = 9 8T J () db. 3)

4. DISCUSSION

In our analysis of the spectra we have made the assumption
that they represent a broad emission line and a narrow
absorption line. Of course, one could create the same spec-
trum from two emission components at roughly —12 km s
and roughly +24 km s~’, respectively, and there is no unam-
biguous way to distinguish between these cases. Indeed, the
red and blue wings of the outflow extend out to 20 km s™'.
However, no other observation has shown comparably pro-
nounced features in emission or absorption at these velocities.
Therefore, the interpretation we have adopted seems plausi-
ble, even though not conclusive.

If we assume that our interpretation is justified, then the
abundance of atomic oxygen is clearly much higher than
predicted by most models for a steady state cloud (Herbst &
Leung 1989; Langer & Graedel 1989; Gredel et al. 1989;
Millar et al. 1991). On the other hand, models that take into
account cosmic-ray-induced photodissociation predict that a
major fraction (Gredel et al. 1989) or most of the gas phase
oxygen is in atomic form (Sternberg & Dalgarno 1995). Our
measurements could support the latter case, unless the cloud
is in an early phase according to the time-dependent models or
there is another process that keeps the oxygen in atomic form,
e.g., UV penetration into the cloud. Given the relatively low
H, column density (4 X 10* cm™?% Dickel et al. 1978) this
could be a realistic possibility. There is, however, no indication
of warm gas associated with the +8 km s™* cloud or of a nearby
source of UV radiation.

The question remains how unique or how general this result
may be. For example, the density of the +8 km s™* cloud (~10*
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cm?; Dickel et al. 1983) is not very high, and it may not be a
“typical” molecular cloud. Also, it is curious that we do not see
a comparable absorption feature from the —3 km s™' cloud
associated with DR 21 itself, although it has a higher H,
column density (~10* cm™* toward the [O 1] peak position;
Dickel et al. 1978; Garden et al. 1991) than the +8 km s™*
foreground cloud. There could be two reasons for this: first,
most of the oxygen might be tied up in molecules due to
different physical cloud parameters, and our measurements
would set an upper limit of [O]/[H] ~ 5 X 107° to the atomic
oxygen abundance; second, it could be a morphology effect.
Absorption at the systemic velocity of DR 21 has been
observed only against the radio continuum from the fairly
compact H 11 region or, in self-absorption, toward regions very
nearby. For example, the CO(7 — 6) spectra (Jaffe et al. 1989)
show no self-absorption at —3 km s~ toward the [O 1] peak
position where we observed the absorption by the +8 km s
foreground cloud. It is quite conceivable that at this position
most of the cold, molecular gas of the DR 21 cloud is behind
the source of [O 1] emission. In this case, of course, nothing
can be said about the atomic oxygen abundance in that cloud.
Clearly, similar observations of other clouds are needed for a
final answer, but unfortunately they cannot be done until the
advent of SOFIA.

5. CONCLUSIONS

1. We have presented the first observation of potential [O 1]
63 pm absorption. The absorption, seen against the [O1]
emission from the DR 21 outflow, would be due to a fore-
ground molecular cloud at v,z ~ 8 km s7".

2. The derived column density of cold, atomic oxygen is
=5 X 10™® c¢cm™, corresponding to a relative abundance of
atomic oxygen of [O]/[H] 2 6 X 10~*. Therefore, most of the
gas phase oxygen in this cloud would be in atomic form.

3. This result could answer the question of why all searches
for molecular oxygen in the ISM have failed so far. Our finding
could support chemistry models that predict a high fraction of
the oxygen in molecular clouds to be in atomic form. However,
this single observation may not be generalized because it
cannot be precluded that this particular cloud is in an early
phase of chemical evolution.
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