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ABSTRACT

Recent detections of doubly deuterated ammonia and formaldehyde in L134N and L1689N have renewed
interest in deuterium fractionation in cold, dense molecular gas. Chemical models show that the level of frac-
tionation depends critically on the physical conditions, namely, the temperature and density of the molecular
gas. Therefore, detailed studies of cold, dense molecular cores are required to constrain the existing chemical
networks. We have mapped the core of the remarkable star-forming molecular cloud L1689N in a number of
molecular tracers, including singly deuterated species, in order to obtain detailed information on the mor-
phology and kinematics of the molecular gas, as well as the physical conditions in the dense core and the
shocked regions associated with the molecular outflows emanating from the embedded far-infrared source
TRAS 16293-2422. Our data suggest the presence of two regions of interaction between the molecular out-
flows and the dense ambient cloud, one of them associated with the SiO peak El, the other one near the peak
of deuterated and doubly deuterated molecular species ~90” east of the IRA4S source. The observed inten-
sities of the CO (3-2), (4-3), and (6-5) emission at these two locations are consistent with those predicted by
C shock models with velocities of 15-25 and 8-10 km s~!, respectively. The relatively low shock velocity
derived for the deuterium peak explains why no SiO emission has been detected at this location. Deuterated
molecular species, such as DCO* and DCN, in the core of L1689N are kinematically and morphologically
distinct from other molecular tracers of the dense gas, such as HCO*, H'3CO*, and HCN. The peak of deu-
terated molecules is also displaced from the extended millimeter dust continuum source located in this region.
We use formaldehyde observations to derive the excitation conditions in the dense gas and, subsequently, the
D/H ratios in HCO* and HCN at several locations via large velocity gradient modeling. These ratios are typ-
ically ~1% toward the locations of the IRAS source and the SiO peak El, with much higher values, ~10%,
derived toward the deuterium peak. These values fall within the range of predictions of gas-phase chemical
models for dense and cold gas, provided that significant accretion of H,O, CO, and other molecular species
on the dust grains has occurred. However, some discrepancies between the observations and model predic-
tions remain. For example, contrary to gas-phase model predictions, we derive a higher deuterium fractiona-

tion in HCN compared to HCOt.

Subject headings: astrochemistry — ISM: abundances — ISM: individual (L1689N) —
ISM: jets and outflows — ISM: molecules — stars: formation

On-line material: color figures

1. INTRODUCTION

Among the dark clouds in the Ophiuchus region, the
dense core L1689N (e.g., Wootten & Loren 1987; Loren,
Wootten, & Wilking 1990) is remarkable in that it harbors a
young protostar, two molecular outflows, and a cold,
nearby molecular core. The bipolar outflows both originate
from the far-infrared source IRAS 162932422 (Mizuno et
al. 1990 and references therein). This object has also been
the subject of much discussion as a probable example of gas
infall (e.g., Walker et al. 1986). High-resolution interfero-
metric observations have revealed that this protostar is in
fact a young binary system (Wootten 1989; Mundy et al.
1992). The protostellar sources are still deeply embedded in
a dense molecular envelope, giving rise to an active chemis-
try (Ceccarelli et al. 2000a). Surveys of millimeter emission
lines have revealed the presence of complex molecules in the
hot core surrounding the binary system (Blake et al. 1994;
van Dishoeck et al. 1995; Ceccarelli et al. 2000b). However,
heating from the embedded protostars affects only a small
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fraction of the dense core, with most of the molecular mass
remaining relatively cold. Optically thick lines of CO, SiO,
HCN, and HCO™ show a pronounced self-reversal at the
systemic velocity, ~3.8 km s~!. Menten et al. (1987) derive a
mean density of (2-3) x 10* cm~3 in the parent molecular
cloud and a kinetic temperature of 12 K, based on their
ammonia observations.

The generic name of the molecular core surrounding
IRAS 16293-2422 is L1689N. Recently, this dark cloud has
also been referred to as Oph E, owing to its location to the
east of the main Ophiuchus cloud. However, this name
should be avoided, as it may be confused with the dense core
in the main Ophiuchus cloud, labeled p Oph E (see, e.g.,
Loren et al. 1990). Thus, we use consistently throughout this
paper the name L1689N for the dense molecular cloud sur-
rounding IRAS 16293—2422.

Large-scale maps of millimeter lines and the continuum
emission have revealed a second dense core, ~90” east of the
IRAS source, with high abundances of ammonia and deu-
terated species (Wootten & Loren 1987; Gerin et al. 1987;
Shah & Wootten 2001; Saito et al. 2000; Hirota, lkeda, &
Yamamoto 2001). The recent detection of doubly deuter-
ated molecules in L1689N, D,CO toward both the IRAS
source and the nearby cold dense core, and ND,H toward
the latter source (Loinard et al. 2000, 2001; Ceccarelli et al.
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2001) has renewed interest in this cloud. High levels of deu-
terium fractionation are found for both singly deuterated
species ([NH,D}/[NHj| = 7%-9%, Loinard et al. 2001;
Shah & Wootten 2001; A. Wootten, J. G. Mangum, & L. G.
Mundy 2002, in preparation; [DNC]/[HNC] = 9%, Hirota
et al. 2001) and doubly deuterated species
([D2COJ/[H2CO] = 40% =+ 20% toward the cold core; Loi-
nard et al. 2001). The origin of the high level of deuterium
fractionation is uncertain. Whereas high deuterium fractio-
nation for molecular ions (HCO*, N,H*) and some neutral
species (NHj3) can be produced in cold, dense gas by the
standard gas-phase ion-molecule chemistry (Roberts &
Millar 2000a, 2000b; Rodgers & Charnley 2001), the
extremely high fractionation of formaldehyde is best
explained if the fractionation occurs on grain mantles (Cec-
carelli et al. 2001). However, Roberts & Millar (2000b) have
shown that, when accretion onto dust grains (depletion) is
taken into account, doubly deuterated molecules may also
be produced through gas-phase chemistry. In the presence
of shocks associated with the molecular outflows, some spe-
cies frozen on grains may be released into the gas phase.
Indeed, extended SiO emission, which is often used as a
shock tracer (e.g., Schilke et al. 1997), has been found in
L1689N, although not at the deuterium peak (Hirano et al.
2001).

To better understand this complex molecular core and
compare the observed deuterium fractionation with chemi-
cal models, accurate information on the physical conditions
in the dense core and in the shocked regions associated with
the molecular outflows is needed. In this paper we present
additional millimeter and submillimeter spectroscopic data
on L1689N, which help to refine the description of the phys-
ical conditions in different regions. CO (3-2), (4-3), and (6
5) data are used to constrain the gas density and tempera-
ture in the outflowing gas. The different morphological
regions in L1689N are clearly separated in maps of the
HCN, HCO+, HI3CO+, DCO*, C!®0, and 1.3 mm dust
continuum emission.

2. OBSERVATIONS

Spectroscopic observations of L1689N presented here
were carried out between 2000 July and 2001 August using
the facility receivers and spectrometers of the Caltech Sub-
millimeter Observatory (CSO) on Mauna Kea, Hawaii. The
data were taken under good to average weather conditions
(225 GHz zenith opacity ~0.04-0.15). CSO main-beam effi-
ciencies, determined from observations of planets, are 65%,
65%, 53%, and 40% for the 230, 345, 460, and 650 GHz
receivers, respectively. Given the extended distribution of
the CO emission (§ 3.1), we use a 60% efficiency for the 460
and 650 GHz CO lines, intermediate between the main-
beam and Moon efficiencies. Typical calibration uncertain-
ties are ~25%. The pointing of the telescope was determined
from total power observations of Mars, located ~10° from
L1689N, and was stable to within <5”. We used both the
500 and 50 MHz bandwidth acousto-optical facility spec-
trometers. The two spectrometers gave internally consistent
line intensities, typically within <5%-10%.

We obtained a 6' x 6’ on-the-fly (OTF) map of the CO
(3-2) transition in L1689N with 10” pixel spacing using the
50 MHz spectrometer. The reference (0, 0) position for all
maps presented here is ajgspo = 16M29m2736, 69500 =
—24°22/33”. Additional CO (3-2), (4-3), and (6-5) spectra

were taken near the peak of deuterated molecules (see § 3.3),
within the SiO source E1 (Hirano et al. 2001), and at the
position of the JRAS source. We also obtained OTF maps
of HCO* (3-2), H3CO* (3-2), HCN (3-2), and DCO* (3-
2) lines that cover the IRAS source, El shocked region, and
the deuterium peak. In addition, spectra of the following
molecular transitions were obtained at selected positions:
H,CO (303-202), (323-221), and (Ses—40s); H'3CN (3-2);
DCN (3-2); DCO* (5-4); N;D* (3-2) and (4-3); and C'*0O
(2-1). The FWHM beam size of the CSO telescope varies
between ~35” at 218 GHz and ~11” at 690 GHz.

3. DISCUSSION

3.1. CO Emission and the Excitation Conditions in the
Molecular Outflow

Figure 1 shows channel maps of the CO (3-2) emission in
L1689N. The observed morphology is consistent with pre-
vious lower angular resolution CO observations of this
region (see Mizuno et al. 1990 and references therein), show-
ing two outflows, both emanating from IRAS 162932422,
Extended CO emission is present at the systemic velocity of
the cloud (4 km s~} panel), and two compact high-velocity
redshifted peaks are seen at velocities 8 km s~!. These have
been referred to as western red and northeastern red lobes in
the previous studies. The blueshifted emission is generally
weaker and more spatially extended than the redshifted
emission, indicating an interaction between the outflows
and the ambient cloud. Hirano et al. (2001) have studied the
distribution of the SiO (2-1) emission in the vicinity of
IRAS 162932422 and found significantly enhanced SiO
emission in the northeastern red outflow lobe, as well as
~50" east of the IRAS source (Fig. 1, circle; the position
referred to as E1). They interpret the enhanced SiO emission
at this location as evidence of a dynamical interaction
between the northeastern red outflow lobe and the dense
ambient cloud. They also conclude that the observed quad-
rupolar morphology of the high-velocity gas is a result of
two separate bipolar outflows emanating from the JRAS
source (Fig. 1, triangle). The position at which enhanced
emission from deuterated species is observed is located
within the eastern blue lobe of the outflow (Fig. 1, square),
and strong blueshifted CO (3-2) emission with velocities
down to —6 km s~ is detected there.

Figure 2 shows CO (3-2), (4-3), and (6-5) spectra at the
IRAS, El, and deuterium peak positions. All the lines are
clearly detected and show a self-reversal at the systemic
velocity of the cloud. The integrated line intensities and
velocity-averaged line ratios are given in Table 1. The two
line ratios can be used to constrain the excitation conditions
in the high-velocity molecular gas via large velocity gradient
(LVG) modeling. We have computed a grid of LVG models
with varying kinetic temperatures and H, volume densities
and, for each value of the kinetic temperature and density,
computed y? values corresponding to the two observed line
ratios. The results for the El position and the deuterium
peak are shown in Figure 3 (top and bottom panels, respec-
tively). In both cases, the observed line ratios are consistent
with a wide range of densities and kinetic temperatures.
Nevertheless, the x? plot can be used to derive lower limits
for the temperature and density in the outflowing gas (see
Table 1). For gas densities 21 x 10° cm—3, best-fit kinetic
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FiG. 1.—Channel maps of the CO (3-2) emission showing the quadrupolar outflow emanating from IRAS 16293—2422. Symbols mark the location of the
IRAS source (triangle), the SiO peak E1 (circle; Hirano et al. 2001), and the DCO* peak (square; see Fig. 6, 3.5 km s~! panel). Contour levels are from 2 to 18
K, with an interval of 4 K. Velocities are labeled in the upper left corner of each panel.

temperature values are ~30, 55, and 75 K for the deuterium
peak, El, and the TRAS position, respectively.

The asymmetric CO line profiles at the location of the
deuterium peak are reminiscent of those predicted for
shocked gas (C-type shocks). Given the location of the deu-
terium core within the eastern blue lobe of the outflow and
the observed velocity shift of the deuterated species with
respect to the systemic velocity (§ 3.3), it is plausible that

both the El peak and the deuterium source are interaction
regions between the outflow and the dense ambient gas. In
this case, the observed intensities of the CO lines can be
compared with predictions of C shock models and can be
used to estimate the shock velocity. Draine & Roberge
(1984) computed CO line intensities in shocked interstellar
molecular clouds for a wide range of C-type shock veloc-
ities, vy, and preshock gas densities, n. Their Figure 6
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FiG. 2.—Spectra of the CO (3-2), (4-3), and (6-5) emission toward the
IRAS source, the SiO peak El, and the deuterium peak (fop to bottom,
respectively). The intensities have been corrected by the corresponding
beam efficiencies (65%, 60%, and 60%, respectively). The (3-2) and (4-3)
lines have been observed with the 50 MHz spectrometer, while the 500
MHz spectrometer has been used for the (6-5) line.

shows the results fornf; = 1 x 104 cm—3, a preshock density
applicable to L1689N [e.g., Menten et al. 1987 derive a den-
sity of (2-3) x 104 cm~3 in the parent cloud based on their
ammonia observations). The integrated line intensities at
the deuterium peak position (Table 1) correspond to
3.9 x 1076, 6.7 x 1075, and 1.2 x 10-5 ergs cm~2 57! sr-!
for the CO (3-2), (4-3), and (6-5) transitions, respectively.
These give a good match to the curves corresponding to
vy = 8-10 km s~! for a shock propagating along the line of
sight (see Fig. 6 of Draine & Roberge 1984). The corre-
sponding line intensities for the E1 position are 4.5 x 105,
1.0 x 10-5, and 2.5 x 10-5 ergs cm~2 s~! sr~!, respectively,
indicating a higher shock velocity, v, ~ 15-25km s~

Fic. 3.—Plot of %2 corresponding to the observed CO (6-5)/(4-3) and
(4-3)/(3-2) line ratios at the E1 and deuterium peak positions as a function
of kinetic temperature and H, density. Contour levels are 1,2, 4, and 8. The
LVG models were calculated using a CO column density of 1 x 10'6 cm~2
km~! s. The allowed range of densities and temperatures consistent with
the data is not sensitive to the exact value of the column density as the CO
emission is optically thin (r < 1) in this region of the parameter space.

Schilke et al. (1997) studied the SiO production in the gas
phase in C-type shocks with different shock speeds. They
conclude that a significant SiO emission is expected for
shock velocities greater than ~20 km s~ (see their Fig. 7,
top left panel for a preshock gas density of 1 x 104 cm—3).
The shock velocities derived above from the intensity of
high-J CO lines are thus entirely consistent with the pres-
ence of SiO emission at the E1 position and not at the deute-
rium peak (Hirano et al. 2001).

3.2. Morphology and Kinematics of Nondeuterated
High-Density Tracers

Figure 4 shows an overlay of HCO* (3-2) integrated line
intensity (gray-scale image), H3CO® (3-2) integrated inten-

TABLE |
CO INTENSITIES AND LINE RaTIOS

13-2)  143) {65  R(4-3)/3-2)  R(6-5)/4-3)] TPe

189 216 172 1.27+£0.23 0.80+0.23 55

91.5 67.6 350

108 100 74.2 0.85+0.36 0.80+0.18 35 1 x 104
0.78 £0.06 0.55+0.18 25 5% 10°

Note.—Entries in the table are position (see Fig,. 1); integrated line intensities of the CO (3-2), (4-3),
and (6-5) lines corrected for the corresponding beam efficiencies (K km s~'); the average (4-3)/(3-2)
and (6-5)/(4-3) intensity ratios in a | km s~! channel (averaged over channels with a signal-to-noise
ratio greater than 5 for all three lines) with the corresponding 1 o uncertainties; and the lower limits for
the kinetic temperature (K) and gas density (cm~3) in the outflowing gas. Offsets, with respect to the
nominal position, for the three positions observed are (—90”, 20"), (—25", 25"), and (0, 0), respectively.
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FiG. 4.—Distribution of dense molecular gas in the core of L1689N, as traced by HCO™ (3-2) emission (gray-scale image), 1.3 mm dust continuum emission
(black contours), HBCO* (3-2) emission (gray contours), and HCN (3-2) emission (white contours). Contour levels for the dust continuum are 4%, 6%, 8%,
15%, 30%, 60%, and 90% of the peak (6.7 Jy in a 15” beam). For H3CO* (3-2), contour levels are 18%, 26%, 34%, 60%, and 90% of the peak (5.9 K kms™!),
and for HCN (3-2), contour levels are 20%, 30%, 40%, 60%, and 80% of the peak (17.5 K km s~'). Light gray dashed ellipses mark the location of SiO (2-1)
emission peaks E1 and E2 (Hirano et al. 2001). Symbols mark the location of the JRAS source (triangle) and the DCO* (3-2) peak (square; see Fig. 5). The
location of the formaldehyde peak HE2 (Castets et al. 2001) is also marked. [See the electronic edition of the Journal for a color version of this figure.]

sity (gray contours), 1.3 mm dust continuum emission (black
contours; from F. Motte & P. André 2002, in preparation),
and HCN (3-2) integrated intensity (white contours). All the
tracers peak at the location of the JRAS source (triangle),
with secondary peaks, at 10%-40% level, present to the
east/southeast of the main peak. The secondary HCO* and
HCN emission peaks are associated with the El shocked
region, and a weak 1.3 mm continuum local maximum is
also found at this location. The HCO* (3-2) emission peaks
near the location of the SiO peak, but it extends farther
upstream in the direction of the molecular outflow, in
between the E1 and E2 peaks (light gray dashed ellipses).
The observed displacement between the two tracers can be
explained by the nonequilibrium chemistry driven by UV
and X-ray photons, which results in greatly enhanced
HCO* abundances ahead of the shock front (Wolfire &
Kénigl 1993). The less optically thick H'3CO* (3-2) emis-
sion (gray contours) shows a local maximum near the El
source, and a second peak ~20" southeast, at a location
where no strong HCO*, HCN, or SiO emission has been
detected. The HI3CO™ (1-0) line observed by Hirano et al.
(2001) peaks at the southern tip of the HI3CO™* (3-2) ridge,
indicating the presence of a gradient in the excitation condi-
tions away from the E1 source.

The HCN (3-2) emission peaks farther upstream, along
the outflow, in between the SiO peaks El and E2. In a recent

study of the L1157 molecular outflow, Bachiller et al. (2001)
found a prominent chemical segregation between different
molecular species, which they attribute to the strong time
dependence of the shock chemistry. The El region in the
L1689N outflow is also a chemically active region character-
ized by strong formaldehyde and methanol emission, simi-
lar to the southern lobe of the L1157 outflow.

The molecular emission in optically thick tracers in the
vicinity of the El region is generally redshifted by ~1 km s~
with respect to the systemic velocity of the cloud (3.8 km
s1; Fig. 5, left and right panels for HCO* and HCN emis-
sion, respectively). A similar velocity shift was previously
seen by Hirano et al. (2001) in the SiO (2-1) emission and
was interpreted as evidence of an interaction between the
northeastern red lobe of the outflow and the ambient cloud.
However, the optically thin H'3CO+ (3-2) line peaks near
the systemic velocity (3.8—4.1 km s~!; Fig. 6, left panels).
Some low-level extended molecular emission is seen toward
the deuterium peak (square), but no localized source can be
found at this position in any of the tracers discussed here.

3.3. Morphology and Kinematics of Deuterated Species

Figure 6 (right panels) shows velocity channel maps of the
DCO" (3-2) emission. A comparison with the distribution
of HI3CO* emission (Fig. 6, left panels) is warranted since,
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FiG. 5.—Channel maps of the HCO* (3-2) and HCN (3-2) emission (lef?
and right panels, respectively). Contour levels for HCO* are 2, 4, 6, 8, 10,
14,and 18 K km s='. For HCN, contour levels are 0.5, 1.0, 1.5, 2.0, 2.5, 3.5,
and 4.5 K km s~ Velocities are given in the upper left corner of each panel.
Symbols mark the location of the I/RAS source (triangle) and the deuterium
peak (square).

contrary to HCO* and HCN, both these lines have at most
moderate opacity and should be tracing the same gas. The
DCO* line is narrower than the H'3CO* line at all posi-
tions. However, strong DCO™ emission is seen in the 3.5 km
s~! panel, ~90” east/southeast of the JRAS source, in a
region where H3CO* is relatively weak (square). We refer
to this position as the deuterium peak. The peculiar kine-
matics of the deuterated gas is also apparent in the velocity-
position cut at a constant right ascension (Fig. 7), which
shows a 0.3 km s~! shift between velocities of the DCO*
and H3CO* lines, with the DCO* emission being blue-
shifted with respect to the systemic velocity of the cloud.
This effect is not specific to DCO™, as the same velocity field
is seen in DCN (3-2) emission, as well as the limited set of
N,D* (3-2) and (4-3) spectra that we have obtained. The
observed velocity shift is consistent with the explanation
that abundances of deuterated species are strongly
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Fi6. 6.—Channel maps of the H*CO* (3-2) and DCO* (3-2) emission
(left and right panels, respectively). Contour levels for H>’CO* are 0.5, 1.0,
1.5,2.0,3.5,and 4.5 K km s~1. For DCO*, contour levels are 1.5-4.5 K km
s~!with an interval of 1 K km s=1,

enhanced in the molecular gas that is impinged upon and
compressed by the eastern blue lobe of the outflow emanat-
ing from the JRAS source. The gas kinematics is thus analo-
gous to that in the El source where the ambient gas is
compressed by the northeastern red lobe of the second out-
flow and redshifted with respect to the systemic velocity of
the cloud. The factor of ~3 larger velocity shift observed at
the E1 position compared to the deuterium peak is consis-
tent with the faster shock velocity derived from the inten-
sities of high-J CO lines (see § 3.1). A picture thus emerges
in which the deuterium peak is a part of the ambient cloud
that is pushed and compressed by the outflow. The resulting
shock velocity is not sufficient to destroy the grains and
release large quantities of silicon into the gas phase. The
shock-compressed, dense gas then cools efficiently to low
temperatures, and the gas-phase chemistry quickly drives
up the abundances of deuterated molecular species. Levels
of deuterium fractionation for HCO*, HCN, and ammonia
similar to those observed in L1689N have been found in
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are 30%-90% of the peak with an interval of 15%.

cold dense cores (e.g., Caselli et al. 1998; Tiné et al. 2000;
Shah & Wootten 2001). The fractionation reactions respon-
sible for the degree of deuterium enhancement are most effi-
cient at low temperatures. However, chemical models have
shown that to reach deuterium abundance levels of ~10%, it
is necessary to introduce depletions, i.e., to take into
account the freezing of the most abundant gas-phase species
onto dust grains (Tiné et al. 2000; Roberts & Millar 2000a,
2000b). Freezing occurs fast in collapsing cores (Aikawa et
al. 2001) and results in very high levels of fractionation on a
short timescale. L1689N shows similar properties to the
dense protostellar core L1544 (Caselli et al. 2002 and refer-
ences therein) and could be another example of a dense pre-
stellar core on the verge of forming stars.

A relatively strong 1.3 mm continuum peak (~0.6 Jy in a
15" beam) is located ~90” east/southeast from the JRAS
source in the general vicinity of the deuterium peak (Fig. 4).
Castets et al. (2002) and Loinard et al. (2001) suggested that
this source is a class 0 protostar driving a molecular outflow
independent of the two outflows emanating from the JRAS
source. We find no evidence in our data to support this con-
clusion. The continuum source is spatially resolved at 1.3
mm (~25" x 50 FWHM) and is not coincident with any
near- or far-infrared source. Based on their 2.7 mm contin-
uum interferometric observations, A. Wootten et al. (2002,
in preparation) conclude that any compact dust source
embedded in the molecular core contains less than a few per-
cent of the total molecular mass. VLA observations of
Wootten (1989) have not revealed the presence of a radio
continuum source associated with the 1.3 mm continuum

peak at 1 o flux levels of ~25 and 50 wJy at 6 and 2 cm,
respectively (A. Wootten 2001, private communication).
However, we note that the class 0 protostar IRAM
0419141522 (André, Motte, & Bacmann 1999) would not
have been detected at these flux levels. More sensitive radio
continuum observations are required to determine the exact
evolutionary state of the continuum source near the deute-
rium peak in L1689N. However, the existing data are con-
sistent with the idea that this source is a prestellar dense
core. Similar conclusions have been reached by R. Stark et
al. (2002, in preparation), who imaged the region at shorter
submillimeter wavelengths with SCUBA. They conclude
that the secondary dust source is a pre-protostellar core with
a dust temperature of 12 K and a mean density of 1.8 x 10
cm™3, which may hide what they refer to as a “ class —I pro-
tostar, deeply embedded in a still unaffected cold core (see
Boss & Yorke 1995).”

Given the fact that the secondary continuum source in
L1689N is not coincident with the emission peak of the deu-
terated molecules (~10" offset; see Fig. 4; note that the
DCO* peak is located in between the two NH; peaks
detected by Wootten & Loren 1987) and is not seen at all in
other high-density molecular tracers, it is unclear whether
there is any direct physical association between the dust
continuum source and the deuterium peak. In particular, it
is not clear whether the high volume density derived by R.
Stark et al. (2002, in preparation) from their submillimeter
continuum observations, a factor of 3-4 higher than the
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FiG. 8.—Spectra of the H,CO (33-2qy) (gray line), (3;-221) (upper black
line), and (59s—4y4) emission (lower black line, shifted down by 2.5 K) at the
IRAS and El positions (top and bottom panels, respectively. The (3;-25))
spectra have been multiplied by a factor of 5 and 7 at the JRAS and E1 posi-
tions, respectively.



TABLE 2
FORMALDEHYDE INTENSITIES AND LINE RATIOS

Position 1B03202)  133-221)  I(Sos40s)  RBo3/33)  R(Ses/3m) 'y ny,
IRAS....... 1.2 22 73 5.1 0.65 65  2.5x 106
Et....... 8.3 1.2 29 7.0 0.35 45 1.8 x 108
D peak .... 22 <0.15 <0.9 >14 <0.42 <27
HE2....... 5.7 0.72 L 79 . ~37

Note.—Entries in the table are position (see Fig. 1); integrated line intensities of the (353-212), (322-221)s
and (Sgs~4g4) lines ([ T dv, K km s™1); the (303-202)/(322-221) and (Sps-404)/ (303-202) intensity ratios; and
the gas kinetic temperature (K) and density (cm~3) derived from LVG models. A five-point cross scan with
a 15” spacing was observed at each position in the (5y5~4¢,) line, and the resulting spectra were convolved
to the 35” beam size of the (3p3-2¢;) line. The opacity of the formaldehyde lines has not been measured
directly, but the observed intensity of the (393—20,) line indicates optical depths <0.5 at all positions. The
(320-25)) and (505~4g4) lines are not detected at the deuterium peak position. The values given in the table
are 3 o upper limits for the integrated line intensity. The HE2 position corresponds to a secondary H,CO
peak (Castets et al. 2001). Offsets, with respect to the nominal position, for the four positions observed are
(=907, 20), (—40", 20”), (0, —8"), and (—20", —53"), respectively .

TABLE 3
HCO* IsoToPOMERIC RATIOS

Position HCO™) I(H»CO™) KDCO) R(DCO*/H'CO™) R(DCO*/HCO™)

IRAS....... 39.8 5.81 3.40 0.45 0.7 x 1072
El..... 21.8 2.06 2.55 1.1 1.8 x 1072
Dopeak.... 572 1.25 3.29 5.0 8.1 x 1072

Note.—Entries in the table are position (see Fig. 1); integrated line intensities of the HCO* (3-2),
H!3CO* (3-2), and DCO* (3-2) lines ([ T% dv, K km s™'); and the DCO*/H'*CO* and DCO*/HCO*
abundance ratios. The observed HCO+/H!3CO* intensity ratios of 5-7 imply H'*CO* optical depths
averaged across the line of ~0.1-0.24 assuming a 12C/13C isotopic ratio of 62 (Langer & Penzias 1993).
The DCO*/HCO™ column density ratio is based on LVG models with the kinetic temperatures and gas
densities derived from the formaldehyde data (§ 3.4). The high DCO™* brightness temperature observed
at the deuterium peak position (~4.2 K; see Fig. 10) indicates that the emission is moderately optically
thick (7 ~ 2 for T = 12 K; the corresponding optical depth of HI3CO* is ~0.4; this optical depth differ-
ence between the two species results in an ~50% correction to the observed intensity ratio and has been
included in the table). Typical modeling uncertainties are ~20%. Adding in quadrature 25% calibration
uncertainties for each line leads to a combined uncertainty of ~40% for the derived D/H ratio at the
IRAS and EI positions. At the deuterium peak position an additional ~30% uncertainty owing to the
DCO optical depth has to be included, leading to a combined uncertainty of ~50%. The DCO+/HCO*
abundance ratio assumes an HCO+/H'3CO* ratio of 62.

TABLE 4
HCN IsotoroMERIC RATIOS

Position  KHCN)  KHPCN)  KADCN)  R(DCN/HUCN)  R(DCN/HCN)

19.6 2.25 1.88 0.72 1.2 x 102
5.46 0.57 0.54 1.0 1.6 x 1072
2.35 0.10 0.49 7.0 1.1 x 107!

NoTe.—Entries in the table are position (see Fig. 1); integrated line intensities of the HCN
(3-2), H'3CN (3-2), and DCN (3-2) lines ([ T% dv, K km 571); and the DCN/H!3CN and
DCN/HCN abundance ratios. The observed HCN/H'3CN intensity ratio of ~9 implies an
HCN optical depth averaged across the line of ~7.7 toward the JRAS and El positions,
assuming a 12C/!3C isotopic ratio of 62 gLanger & Penzias 1993). The HCN optical depth
toward the deuterium peak is ~2.6. The H'3CN emission is thus optically thin at all positions.
The red shoulder in the DCN (3-2) spectrum at the deuterium peak position (Fig. 10, bottom
panel) is owing to the hyperfine splitting. The observed hyperfine ratio of 0.32 + 0.05 (1 ¢
uncertainty) is statistically consistent with the optically thin ratio of 0.25. The DCN/H'3CN
column density ratio is based on LVG models with the kinetic temperatures and gas densities
derived from the formaldehyde data (§ 3.4). Typical modeling uncertainties are ~20%. Add-
ing in quadrature 25% calibration uncertainties for each line leads to a combined uncertainty
of ~40% for the derived D /H ratio at all positions. The DCN/HCN abundance ratio assumes
an HCN/H'3CN ratio of 62.
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Fi6. 9.—LVG model computations of the (393-2¢2)/(323-22)) and (5¢5—
444)/(303-202) intensity ratios of paraformaldehyde (black and gray lines,
respectively). The H;CO column density is 1 x 103 cm~3. The solid lines
correspond to the observed ratios at the JRAS and E1 positions (top and
bottom panels, respectively). The dashed lines outline the allowed range of
temperatures and densities given the observational uncertainties of 15%
and 35% for the (303—2()2)/(323‘221) and (505—404)/(303‘202) line ratios,
respectively.

value used in our LVG computations (see § 3.4), is also ap-
plicable to the deuterium source.

3.4. Excitation Conditions in Dense Molecular Gas

The excitation conditions derived from observations of
high-J CO lines (§ 3.1) apply to the high-velocity gas in the
molecular outflow and may not be representative for the
dense gas traced by the HCO* and HCN emission (§ 3.2).
To independently estimate the kinetic temperature and den-
sity in these regions, we have observed at selected positions
the (303—202), (323—221), and (505~404) lines of paraformalde-
hyde. As discussed by Mangum, Wootten, & Plambeck
(1993), this combination of lines provides a good measure
of the excitation conditions for H, densities >10° cm~* and
kinetic temperatures <50 K. Table 2 gives observed inte-
grated line intensities corrected for the corresponding beam
efficiencies together with the intensity ratios, and the
observed spectra at the JRAS and E1 positions are shown in
Figure 8. We have computed a grid of LVG models for a
range of gas densities and kinetic temperatures and show in
Figure 9 contours corresponding to the observed line ratios
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on the Ty-ny, plane (solid lines). The (3p3-2¢2) and (33-221)
lines are observed together in a single spectrum, and the
uncertainty of the observed line ratio that measures the gas
kinetic temperature is ~15%, while the uncertainty of the
(S05~404)/(303—202) ratio that provides a measure of the gas
density is ~35%. Dotted lines in Figure 9 outline the range
of temperatures and densities consistent with the data, given
these uncertainties. We derive a kinetic temperature of 45 K
and a density of ~1.8 x 106 cm~3 at the EI position with
uncertainties of ~(—7, 10) K for T; and ~0.25 for logny,.
The excitation conditions are not as well constrained by the
data at the IRAS position, where we derive a kinetic temper-
ature of 65 (=10, 20) K and a density of ~2.5 x 10% cm™3
with an uncertainty of ~0.25 on the log scale. The kinetic
temperatures derived here are typically ~10 K lower than
those in the outflowing gas based on the CO data (§ 3.1).

The (505-404) line is not detected at the deuterium peak
position, and no meaningful density estimate can be derived
there. The upper limit of 14 for the (353-202)/(325-221) line
ratio implies a kinetic temperature of <27 K there. In the
subsequent analysis we use a kinetic temperature of 12 K at
the deuterium peak position (based on NHj observations of
Menten et al. 1987) and a density of 5 x 10° ¢cm™3, consis-
tent with the observed DCO* (5-4)/(3-2) and N,D+ (4-3)/
(3-2) line intensity ratios, as well as the observed velocity
broadening of the DCO* (3-2) line compared to the opti-
cally thin (5-4) line. This density corresponds to a factor of
~20 enhancement compared to the density in the parent
molecular cloud based on NH; observations.

3.5. Molecular Abundances of Deuterated Species

High-resolution spectra of HCO* and HCN isotopomers
at the IRAS, El, and deuterium peak positions are shown in
Figures 10 and 11, respectively, and Tables 3 and 4 give the
observed line intensities. The data have been analyzed in the
framework of LVG models using the excitation conditions
determined in § 3.4, to derive the DCOY/HCO* and DCN/
HCN column density ratios at the three positions. The D/H
ratios derived from the H'*CO* and H'3CN data agree to
within a factor of <1.6 at any given position. The D/H ratio
at the E1 position is a factor of ~1.8 higher than that at the
IRAS position, while a factor of ~10 deuterium enhance-
ment compared to the IRAS position is found at the deute-
rium peak. The D/H ratios in HCO* and HCN of ~1%-—
11% derived here are in the same range as the values com-
piled by Loinard et al. (2001) based on formaldehyde,
ammonia, and HCO* observations (0.3%-18%), as well as
those derived by Hirota et al. (2001) based on HNC and
HCO* observations and Turner (2001) (~1%-14%). These
values fall within the range of predictions of gas-phase
chemical models for dense and cold gas, provided that sig-
nificant accretion of CO and other chemically important
species has occurred onto the dust grains (Roberts & Millar
2000a, 2000b). Loinard et al. (2001) argue for little or no
CO depletion in L1689N. However, the limited C'%0 (2-1)
mapping we have carried out shows a rather striking anti-
correlation between the distributions of the DCO* (3-2)
and C'80 (2-1) emission at velocities of 3.5-3.8 km s~! in
the vicinity of the deuterium peak. The observed intensity of
the C'8Q (2-1) emission toward the deuterjum peak (6.6 K
km s~! integrated line intensity, 5.7 K brightness tempera-
ture) implies a C'3Q column density of 7 x 1015 cm~2,
assuming a kinetic temperature of 12 K and a gas density of
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FiG. 10.—Spectra of DCO* (3-2) (solid black lines), HCO' (3-2) (div-
ided by 8; dotted lines), and H'3CO* (3-2) (solid gray lines) at the IRAS, E1,
and deuterium peak position (top to bottom, respectively).

5 x 10° cm~3. C!8Q emission is moderately optically thick
with the line center optical depth of ~1.55, based on LVG
models. The 1.3 mm dust continuum flux at the same loca-
tionis ~0.5 Jy in a 15” beam and ~1.8 Jy in a 31” beam cor-
responding to the angular resolution of the C'80 (2-1) data.
Assuming a temperature of 12 K (R. Stark et al. 2002, in
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FiG. 11.—Spectra of DCN (3-2) (solid black lines), HCN (3-2) (divided
by 4; dotted lines), and H>CN (3-2) (multiplied by 4; solid gray lines) at the
IRAS, El, and deuterium peak position (top to bottom, respectively).

preparation) and a mass opacity coefficient of 0.005 cm? g~!
(appropriate for prestellar dense clumps and cores; see
Motte, André, & Neri 1998 and references therein), we
derive an H, column density of 2.8 x 102 cm~2 in a 31”
beam. This leads to a C'®O fractional abundance of
2.5 x 1078 at the deuterium peak, a factor of ~7 lower than
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the canonical value of 1.7 x 10-7 (Frerking, Langer, & Wil-
son 1982). Such a depletion level is sufficient to produce the
observed deuterium fractionation of HCN and HCO? in
the framework of gas-phase chemical models.

While the deuterium fractionation levels we derive here
for HCN and HCO* are within the range of gas-phase
model predictions, some quantitative discrepancies between
the observations and model predictions remain. For exam-
ple, we derive a higher deuterium fractionation in HCN
compared to HCO™, by about 35% at the deuterium peak,
while the gas-phase chemical models predict the fractiona-
tion to be higher in HCO™, typically by a factor of ~2 (e.g.,
Roberts & Millar 2000a). While such discrepancies may be
at least partially attributed to the observational and model-
ing uncertainties, it is worth pointing out that Turner (2001)
also derives a higher deuterium fractionation in HCN com-
pared to HCO* in L183, where deuterium fractionation lev-
els comparable to those in L1689N are observed.

The very high D/H ratio in doubly deuterated formalde-
hyde at the L1689N deuterium peak position (40% + 20%;
Loinard et al. 2001) is outside of the gas-phase model pre-
dictions. However, as discussed by Loinard et al. (2001), the
current grain surface chemistry models also find it difficult
to explain the observed fractionation levels in doubly deu-
terated formaldehyde in this source.
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4. SUMMARY

We have studied the morphology, kinematics, and excita-
tion conditions of the dense molecular gas in the core of
L1689N. We find the El shocked region in the northeastern
red lobe of the L1689IN outflow to be a chemically active
region, characterized by strong formaldehyde emission,
with a spatial stratification similar to that found in the
southern lobe of the L1157 outflow. Using LVG models, we
derive D/H ratios in HCO* and HCN at the positions of
IRAS 16293-2422, the El shock, and the deuterium peak.
The two ratios agree to within a factor of <1.6 at any given
position. They are typically ~1% at the IRAS source and
El positions, with an order of magnitude higher ratios of
8%~11% derived at the deuterium peak. The high deut-
erium fractionation at this position agrees with the values
previously measured in DNC and ammonia
([DNC]/[HNC] = [NH,D]/[NH3] ~ 9%). These values fall
within the range of predictions of gas-phase chemical mod-
els for dense and cold gas, provided that significant accre-
tion of CO and other chemically important species has
occurred onto the dust grains (Roberts & Millar 2000a,
2000b). However, some quantitative discrepancies between
the observations and model predictions remain. For exam-
ple, contrary to gas-phase model predictions, we derive a
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FiG. 12.—Overall morphology of the L1689N core: HI3CO™ (3-2) integrated line intensity (gray-scale image), 1.3 mm dust continuum emission (black dot-
ted contours), and high-velocity CO (3-2) emission (—6 to —1'km s™! and 11-16 km s=; black and gray contours, respectively). Symbols mark the location of
the IRAS source (triangle) and the deuterium peak (square). Arrows show the direction of the two outflows emanating from the IRAS source. The deuterium
peak is associated with the eastern blue outflow lobe. [See the electronic edition of the Journal for a color version of this figure.)



No. 1, 2002

higher deuterium fractionation in HCN compared to
HCO™. Better constraints on the kinetic temperature in this
region are needed to improve the comparison with models,
since the fractionation is extremely sensitive to the kinetic
temperature. The lower D/H values observed toward the
E1 and TRAS positions are consistent with the higher kinetic
temperature and gas density in these active regions com-
pared to the more quiescent deuterium peak in L1689N.
The location of the deuterium peak within the eastern
blue lobe of the molecular outflow emanating from IRAS
162932422 and the observed velocity shift of deuterated
species at this location with respect to the systemic velocity
of the cloud suggest that the deuterium peak is an interac-
tion region between the outflow and the ambient cloud (Fig.
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12), similar to that at the E1 position. The relatively low
shock velocity of 8-10 km s~! derived at this location from
the observed intensities of high-J CO lines explains why no
SiO emission has been detected there. A minimum shock
velocity of ~20 km s~!, similar to that derived at the El
position, is required to release significant quantities of sili-
con into the gas phase.
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thank J. Cernicharo for providing us with an LVG code for
the molecules studied here, R. Peng for taking the CO (3-2)
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