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Abstract. We present ISO-LWS observations at high spectral resolution (R ~ 10*) towards a cold molecular cloud
in the line of sight of W49. The HD ground state transition at 112 pum is detected, showing the first observation
of this line in absorption outside the solar system. The 112 ym absorption depth gives a straightforward measure
of the lower limit of the cloud’s HD column density, N(HD) > 8 x 10'® cm™2. We also mapped the same line of
sight in the '2CO (2-1) and (3-2), and **CO (2-1) transitions at the CSO, and in the C**O and C'7O (1-0) and
(2-1) transitions at the IRAM 30-m. From these observations we derive an upper limit to the CO column density,
N(CO) < 7 x 10" em™2. Assuming a standard CO abundance (1 x 10™*) would imply a [D]/[H] abundance two
orders of magnitude larger than the average [D]/[H] value observed in the solar neighborhood. The alternative
explanation that we defend here is that CO is highly depleted (by a factor 100) in this cloud. This is the first
measurement of such a depletion factor in a relatively massive cold molecular cloud (~10% Mg).
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1. Introduction

As widely known, deuterium is thought to be produced in
the early Universe and its abundance is thought to be a
sensitive measure of the baryonic mass of the Universe. An
observational effort has been made, aimed at measuring
the [D]/[H] ratio in a variety of astrophysical conditions
(for a recent review see e.g. Vidal-Madjar et al. 1998).
Despite the many efforts, the D abundance remains poorly
known except in the immediate vicinity of the solar system
(~2 x 107°), where it is probably known within an uncer-
tainty of 20% (Linsky et al. 1995; Linsky & Wood 1996;
Sonneborn et al. 2000). The two recent space missions,
ISO (Kessler et al. 1996) and FUSE (Moos et al. 2000),
have been expected to provide measures of the [D]/[H] ra-
tio farther out, by measuring the HD/Hj ratio in distant
molecular clouds by means of the HD lines in the FIR
and UV respectively (e.g. Ferlet et al. 2000). So far ISO
has detected HD in emission towards Orion, at ~450pc
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from the Sun (Wright et al. 1999; Bertoldi et al. 1999).
The derived [D]/[H] ratio is smaller than the value mea-
sured in the solar neighborhood (0.8—1 x 1075), but some
uncertainty in this estimate lies in the method used which
relies on some modeling of the observed line fluxes. In
principle a clean determination of the [D]/[H] ratio can
be obtained when the HD ground rotational transition at
112 ym is seen in absorption in molecular clouds, where
both hydrogen and deuterium are in the molecular form.
The 112 pm absorption depth would give a straightforward
measure of the amount of HD in the line of sight, whereas
several methods could give a reliable measure of the Hs
column density, although not straightforward if neither Hy
nor CO are seen in absorption in the same line of sight.

In this paper we report the first ever detection of the
HD 112 pm line in absorption in a molecular cloud. This
observation was performed along a line of sight aiming at
the W49 star forming region center. The HD observations
are accompanied by CO millimeter observations, to mea-
sure the Hy column density along the same line of sight.
Surprising enough, the comparison between the derived
HD and CO column densities indicates the presence of a
cloud in the line of sight, which is dramatically deprived
of CO, as discussed in Sect. 4.
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2. Observations and results

The W49 region is one of the largest star forming regions
in our Galaxy (Scoville & Solomon 1973). It is very bright
in the FIR and lies at 11.4kpc from the Sun behind the
Galactic Center (Gwinn et al. 1992). The line of sight
towards W49 crosses twice the Sagittarius arm, where
several atomic and molecular clouds lie (Nyman 1983).
All this makes the W49 direction a good target to study
lines from these molecular clouds in absorption against its
strong continuum.

We therefore used ISO-LWS to carry out observations
of the HD ground state rotational transition (v = 0 — 0,
J =1« 0R(0)). The rest wavelength of this transition is
112.072506 + 0.000007 pm (Evenson et al. 1988). No ob-
servations were done with SWS on this line of sight, pre-
venting a direct determination of the Hy column density.
In order to derive the Hy column density and therefore
the D/H ratio, we mapped the emission from the tran-
sitions below 350 GHz of CO isotopes, covering the ISO-
LWS beam. The two following sub-sections describe the
HD and CO observations separately.

2.1. ISO-LWS observations of HD

High spectral resolution observations of the HD ground
state transition at 112 pm were performed using the Long
Wavelength Spectrometer instrument (hereafter LWS:
Clegg et al. 1996) on the ISO satellite (Kessler et al. 1996).
These observations were obtained during revolution 316
in a Fabry-Pérot mode (LWO04). They consisted of three
independent sets of fourteen LWS-FP scans centered on
the rest frequency of the HD line (tiny = 16.8s for each
sampled point). The ISO-LWS beam was centred on the
coordinates: asgpo = 19210™175, dagoo = 9°05'59.5”. The
data were sampled at 1/4 of the FP resolution element
and seven spectral elements on either side of the line were
acquired. The FWHM beam of the detector used (LW2) is
~T78". The resolving power at this wavelength measured
on the ground was 9650, or ~31kms~!. The wavelength
calibration accuracy of the LWS-FP is £11kms~! (Gry
et al. 2001). A full range 43-197 um grating spectrum
was also obtained for the same line of sight during rev-
olution 316, allowing to calibrate the data (fringes and
continuum level). This observation is made of three scans
sampled at 1/4 of the grating resolution element with an
integration time on each sampled point of 1.2s.

The initial data processing was carried out using the
ISO-LWS Off-Line Processing software (v10), up to the
Auto Analysis Result stage. Further data reduction was
performed using the LWS Interactive Analysis software
(LTA v10). During this step, the continuum level of the FP
data was re-calibrated against the grating observations.
This is needed because a grating positioning problem in
LWO04 mode introduces a spurious slope on the spectrum
and because the dark current measurement does not take
into account the stray-light and the error due to FP order
sorting that affect LW04 measurements. A final analysis
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Fig. 1. ISO-LWS high resolution spectrum of the HD transi-
tion at 112 pm (black dots) and the fitted absorption line.

was made, using the ISAP package, to remove bad data
points and to perform sigma-clipping and co-adding. ISO
LWO01 spectra are flux calibrated using Uranus, and the
final absolute accuracy obtained is estimated to be better
than 30% (Swinyard et al. 1998). The line is directly visi-
ble in 2 of the 3 data sets, and is clearly detected (Fig. 1)
after co-adding of the 3 x 14 FP scans and smoothing to
5 x 1073 ym to improve the signal to noise ratio.

A clear absorption (~4%) of the strong continuum
is observed around Viggr = (71 & 11)kms™!, very far
away from the Visg of W49 itself (8kms~1!), but close
to that of a molecular cloud on the line of sight (Visg =
63.5kms™1, see Sect. 2.2). The line-width of this absorp-
tion is (30 £ 3) kms ™1, very similar to the measured spec-
tral resolution of LWS at this wavelength (Gry et al. 2001).
The line is therefore not resolved with the LWS spectrom-
eter. The equivalent line width corresponding to this ab-
sorption is Wy = (4.3 4+ 1.7) x 104 pm. This value leads
to a very high HD column density in this molecular cloud
(relative to CO, see Sect. 3). We therefore checked very
carefully the different steps of the data processing with
the LIA and did not find any effect that would change the
observed value of the absorption by more than 30%.

We are confident that the observed feature is real and
is not the result of instrumental effects for the following
reasons. First, even if the grating spectral responsivity cal-
ibration file (RSRF) has a spurious feature at 112 pum,
this is due to the presence of HD absorption in the spec-
trum of the calibration source (Uranus) which cannot af-
fect our FP spectrum, whose width is 0.15um, i.e. four
times smaller than that of the grating spectral element
at this wavelength. Second, spurious features can be ex-
pected on strong sources from leakage into the FP of adja-
cent spectral orders. The FP free spectral range at 112 um
is 1.12 um and the only strong lines expected in the ob-
served LWS range are the high-J transitions from 2CO
and CO that could arise from W49 itself, but they would
only be seen in emission. Third, we processed similar ob-
servations towards two other bright sources, Orion BN /KL
and SgrB2 (Polehampton et al. 2002), both brighter than
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W49 at 112 pm, with the result that both sources do not
present any absorption at this wavelength.

2.2. CO observations

We first obtained 2CO and CO line maps at the CSO
10-m telescope (Caltech Submillimeter Observatory —
Hawaii, USA) of the entire LWS beam. We then com-
plemented these observations at higher spatial resolution
observations around the brightest regions at the IRAM
30-m telescope (Pico Veleta, Spain). The two sets of obser-
vations are described separately in the following sections.

2.2.1. CSO 10-m observations

The CSO observations were performed in May 2001.
We mapped the 78” ISO-LWS beam in the 2CO (2-1)
and 13CO (2-1) lines (13 points spaced by 30”) and in
the 2CO (3-2) line (44 points spaced by 20”). We used
two SIS receivers at 230 and 345 GHz, connected to
two Acousto-Optical Spectrometers (AOS) that provide
a spectral sampling of 48kHz and 0.47 MHz respectively.
Since we are only interested in the molecular clouds with
velocities larger than 40kms™!, we centered the narrow
(50 MHz) high resolution AOS on Visg = 70kms~! cover-
ing the range 40-100km s~ at 230 GHz and 50-90kms~!
at 345 GHz. System temperatures during the observations
were in the ranges 300-390 and 710-1190K in the two
bands respectively. The beam size is 34” at 230 GHz and
20" at 345 GHz. Pointing and focus were regularly moni-
tored on Mars, and pointing corrections were always found
smaller than 3”. We corrected for the forward scattering
and spill-over efficiency (nrs = 0.85 for both frequen-
cies) to set the results in the T} scale. The obtained
Ty 13CO (2-1) map (Fig. 2), shows the presence of a cloud
at ~63.5kms™! in the north part of the LWS beam. This

e b e b e e b by

- WW -
N

i %WMWMWWWWWMM

-0.5

L1
T T T

0.5

1
T

L1
T T T

T

L1
T T T

1
T

A It nity

L1
T T T

LINNL N B B I N B I B B B I B B B B BN B

1 0.5 0 -0.5 -1

Fig.2. '*CO (2-1) line map. LSR velocity range is [55,
75kms™!], and temperature (73) range is [-0.5, 1.4K]. RA
and Dec. offsets are in arcmin.
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is certainly the component with the largest CO column
density, as indicated by Fig. 3, which reports the profiles
of the three observed lines, smoothed to the LWS beam.
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Fig.3. 2CO (2-1) and (3-2) and *CO (2-1) line spectra
smoothed to the LWS beam. Velocity sampling is 0.25kms™*
for the 1.3 mm lines and 0.16 kms™* for the 0.8 mm line.

2.2.2. IRAM 30-m observations

We hence mapped this cloud with the higher angular res-
olution of the IRAM telescope in August 2001 (Director
Discretionary Time). The observations consisted of maps
in the C'®0 and C'70O, (1-0) and (2-1) transitions. The
scope was first to measure as best as possible the column
density of the cloud, which is best probed by the (1-0)
transition; second to check the clumpiness of the CO emis-
sion; third to have a reliable measure of the line opacity,
looking for C!7O emission; finally, to have an estimate of
the temperature of the cloud, we also observed the (2-1)
transition for both isotopomers.

We used four SIS receivers simultaneously, at 109.8,
112.4, 219.6 and 224.7 GHz. The autocorrelator was split
in 4 parts, with 40kHz sampling at 2.7mm and 80kHz
sampling at 1.3mm. System temperatures were typically
150K at 2.7mm and 200-230K at 1.3 mm. Pointing and
focus were checked regularly on K3-50A. The beam size
is 22" at 110 GHz and 11" at 220 GHz. The main beam
efficiency is 0.8 at 110 GHz and 0.52 at 220 GHz. Though
Ttss 1S ot known, one can estimate it to be 0.87 at 110 GHz
and 0.71 at 220 GHz. The resulting C*®*O maps in the T}
scale are shown in Fig. 4. Comparison between the CSO
and TRAM data shows that the IRAM spectrum is 90%
brighter and 60% narrower. This is consistent with the
AOS dilution of the signal together with the fact that the
IRAM map does not extend far enough to cover entirely
the CSO beam down to the 10%.

Finally, the C'®0 1-0 line is found 10 times stronger
than the left-side component (F: 5/2 — 5/2, 0.333 relative
intensity) of the C7O (1-0) line triplet, and the total area
ratio is 3.9. The first relevant result of this mapping is
hence that the C'80 (1-0) line is optically thin and we
can use it to derive the CO column density in the cloud.
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Fig. 4. C*®0 (1-0) (histogram) and (2-1) (normal) line spectra
maps. Velocity range is [60, 65kms™'] and T} range is [-0.5,
1.8 K]. RA and Dec offsets are in arcsec.

Second, the cloud appears to be rather smooth on most
of the IRAM beams (Fig. 4), ruling out the presence of a
single very dense clump in the ISO beam.

3. Column densities
3.1. HD

The absorption depth of the 112 um HD ground state tran-
sition gives a very clean measure of the HD column density
along the line of sight. Assuming (very likely) that all the
molecules are in the ground state and that the absorption
is not thick, it yields (e.g. Spitzer 1978):

N(HD) = 3.12 x 1022 W cm 2 (1)

where W) is the line Equivalent Width (in pm) and us-
ing the Einstein coefficient for the spontaneous emission
equal to 5.12 x 1078s~! (Abgrall et al. 1982). Applying
Eq. (1) gives a conservative lower limit to the HD col-
umn density, which may be larger if the absorption is
thick (this can be the case as the line-width of the C180
line is only 0.8kms~!, to be compared with the ISO-
LWS 30 km s~ resolution) and/or if an important fraction
of the HD molecules are not in the ground state. Since
Wy = (4.3 £ 1.7) x 10~* ym, the minimum HD column
density is 8 x 108 cm ™2,

3.2. CO and H,

The most common Hy tracers are the dust continuum and
the CO emission. In our case, we cannot use the dust

continuum observations, as they lack the kinematic infor-
mation and therefore cannot be attributed to the cloud at
63.5kms~! that absorbs the 112 um photons. We there-
fore have to rely entirely on the CO observations to mea-
sure the Hy column density of this cloud.

In order to compute the CO column density we need an
estimate of the gas temperature. Actually, as the column
density is derived from the C'®0 (1-0) observations, it is
particularly sensitive to temperature values below ~7K.
Changing the temperature from 7K to 15K would de-
crease the estimate of the CO column density by 25%.
Using a LVG model, we found that solutions with tem-
peratures below 7K imply optically thick C'¥O lines and
therefore are ruled out by the observations. Assuming a
gas temperature of 7K (in order to have the upper limit
of the CO column density) gives an average C'¥O col-
umn density in the LWS beam of 5.5 x 10 cm ™2 for the
cloud mapped with IRAM. Because continuum emission is
rather strong towards W49, the flux of the CO lines may
be (slightly) underestimated by our method of baseline
removal. In order to account for this, we eye-estimated
the continuum flux at 3 and 1.3mm from the maps by
Sievers et al. (1991). At 3mm the flux ranges from 0.9 to
2.1 Jy/beam, which corresponds to a correction on the CO
column density not larger than 20%.

In conclusion, when applying this factor, we ob-
tain N(C¥0) < 7 x 10*em=2 and N(CO) < 3.5 x
10" ecm ™2, using the standard value for the abundance
ratio, CO/C'®0 = 500. Finally, note that the highest col-
umn density in the mapped region is observed in a posi-
tion, (0”,40"), at the border of the ISO-LWS beam, where
a value N(CO) =7 x 107 cm~2 is derived.

3.3. Location of the HD absorption

Figures 2 and 4 show that the position observed with
ISO-LWS is not centered on the peak of the 3CO and
C'™0 emission at 63.5kms~!. We used the highest spa-
tial resolution map available in the FIR at 53 um (Harvey
et al. 1977) obtained with the KAO (FWHM = 25").
We checked that the high resolution TRAS map (Ward-
Thompson et al. 1992) at 60 ym is similar to the 53 ym
one. Unfortunately, the W49 100 um IRAS data are sat-
urated, preventing the construction of a high resolution
map at this wavelength. Nevertheless, high resolution
mapping of W49 in the submillimeter range (450 ym), per-
formed at JCMT by Buckley & Ward-Thompson (1996),
supports the idea that the continuum emission around
112 pm has a similar spatial distribution to that observed
at b3 um. By superposing the 53 pm contours and the
C'80 (1-0) contours in the LWS beam, we estimate that
about 50% of the FIR continuum flux comes through the
molecular cloud and hence can be absorbed by it. This
shows that the estimate of the HD column density derived
in Sect. 3.1 is a lower limit while the estimate of the CO
column density derived in Sect. 3.2 is an upper limit. We
can therefore definitely argue that the values discussed in
the next section are very conservative.
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4., Discussion and conclusions

First, one can note that this result cannot be explained by
a collection of translucent clouds along the line of sight,
since HD and CO have similar variations with depth into
the cloud (i.e., because of the lack of HD self-shielding,
the D — HD transition occurs at about the same depth
as the C* — CO conversion). Therefore, we assume that
HD absorption and CO emission originate from the same
cloud. There are at least 8 x 10'® cm™2 HD molecules in
the cloud which absorb the 112 ym photons at 63.5kms~!
and not more than 7 x 10" ecm~2 of CO molecules in the
same cloud. The minimum [HD]/[CO] ratio is therefore
equal to 12. Assuming a standard CO abundance of 1 x
10~* with respect to Hy (van Dishoeck & Blake 1998)
would give [HD]/[Hz] > 1 x 1072 and therefore D/H >
1 x 1073, i.e. about two orders of magnitude larger than
the average [D]/[H] in the solar neighborhood! (2 x 1075,
Linsky et al. 1995; Linsky & Wood 1996; Sonneborn et al.
2000). The alternative to this extremely large [D]/[H] ratio
is to have an extremely small [CO]/[Hz] (~1 x 10~°) ratio.
Either way, it is clear that the cloud absorbing the 112 pm
photons is extreme and deserves further attention.

Since the primordial deuterium can only be destroyed
(in the interiors of the stars), it is extremely unlikely that
[D]/[H] > 3.4 x 1075, the largest ever [D]/[H] observed
value (O’Meara et al. 2001). Although extreme, it is much
more likely that the solution to this puzzle is a very low
CO abundance in this cloud, among the lowest CO abun-
dance ever measured in our Galaxy. It is possible that this
cloud is very dense and cold and that depletion is particu-
larly efficient there, maybe for the lack of an efficient mech-
anism to release back the molecules frozen onto the grain
mantles. Previous cases of relatively low CO abundances
in molecular clouds have been reported, which show that
in some clouds the CO abundance (with respect to Hy) can
be as low as 1 x 107° (Lis & Goldsmith 1989; Caux et al.
1999; Kramer et al. 1999; Vastel et al. 2000). In pre-stellar
cores, “local” depletion of CO up to a factor 100 has been
measured as well (e.g. Caselli et al. 1998), and also in some
protostars large (~10) CO depletions have been observed
(e.g. van Dishoeck et al. 1995; Lefloch et al. 1998).

Recent modeling of the L1544 pre-stellar core shows
that indeed the CO abundance in the inner 2000 AU region
can be lower than 1 x 1076 (Caselli et al. 2002), a value
similar to what we find. Of course, the cloud absorbing
the 112 ym photons is much more massive than L1544.
Assuming a kinematic distance of 6 kpc for the absorbing
cloud, its mass (in one IRAM beam) is larger than 103 M.

Further studies are needed to better understand the
nature of this extreme cloud and to understand how
unique it is in our Galaxy.
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