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ABSTRACT

We presensubmillimeter Wave Astronomy Satellite (SWAS) observations of the;3 — 1o, transition of ortho-
H,0 at 557 GHz toward 12 molecular cloud cores. The water earissas detected in NGC 7538,0ph A,
NGC 2024, CRL 2591, W3, W3(OH), Mon R2, and W33, and was naatet in TMC-1, L134N, and B335. We
also present a small map of the® emission in S140. Observations of th&&l line were obtained toward S140
and NGC 7538, but no emission was detected. The abundancehoflg,O relative to H in the giant molecular
cloud cores was found to vary betweer 6071° and 1x 10°8. Five of the cloud cores in our sample have previous
H,0 detections; however, in all cases the emission is thowghtise from hot cores with small angular extents.
The HO abundance estimated for the hot core gas is at least 108 karger than in the gas probed BWAS.
The most stringent upper limit on the orthg® abundance in dark clouds is provided in TMC-1, where the 3
upper limit on the ortho-b0 fractional abundance is>71078.

Subject headings: ISM: abundances — ISM: clouds — ISM: molecules — radio lin&v

1. INTRODUCTION tion of ortho-HO permitting detection of kD emission from

The Submillimeter Wave Astronomy Satellite (SVAS) has de- the more extended, cold core gas. We estimate the abundance
tected spatially extended,® emission associated with the qui- of ortho-water in the relatively coldT(< 50 K) core gas and
escent dense molecular gas in Orion and M17 (Snell et al compare the abundance results with those for the warm gas and
2000a,b). Based on these observations the relative aboadan those for Orion and M17.
of ortho-H,O was found to be surprisingly small, ranging from
only 1x 107 to 8x 1(T_8_. We present herBWVAS observations 2. OBSERVATIONS AND RESULTS
of the ortho-HO transition at 557 GHz in the three dark cloud 114 gbservations of 3O and H®O reported here were ob-

cores TMC-1, L134N and B335 and in the nine giant molecular . .: ; :
' tained bySWASduring the period 1998 December to 2000 Jan-
cloud cores W3, W3(OH), Mon R2,0ph A, W33, CRL 2591, uary. The data were acquired by nodding the satellite atern

Sllfieé%r;(tjhl\éilccz)zgig'res in our survey have had previously re tively between the cloud core and a reference position ffee o
) ~ molecular emission. Details concerning data acquisitiai;

ported dw;’:ltetr ?jeéec'[t'ﬁgig' Ngdc 7538,OSbl40, \tN3' é‘”?hCRL 2591 pration, and reduction witBWAS are presented in Melnick et

were detected by rared Space Observatory in the ro- 5 "5000). Observations of thegl— 1o, transition of HO at a

vibrational lines of HO from the., bending mode at Gm frequency of 556.936 GHz were obtained toward the positions
In abgorpﬂon against the dust continuum (van Dishoeck & given in Table 1. Total integration times for these obséovet
Helmich 1996; Helmich et al. 1996; van Dishoeck 1998). Wa- range from 17 hr for W3(OH) to 127 hr for L134N.

ter emission has also been detected in NGC 7538, W3, and | addition, we obtained a small 10-point map of the S140

W3(OH) from the 3 — 25 transition of HO at 183 GHz 15,4 core with integration times per position of between 18
(Cernicharo et al. 1990) and thes3- 2 transition of H°0 and 36 hr. The center positions of S140 and NGC 7538 were
at 203 GHz (Gensheimer, Mauersberger, & Wilson 1996). The also observed in HO at a frequency of 547.676 GHz for 189

183 GHz and 203 GHz lines arise from transitions with rela- : ‘e allingi
, . ; ; and 36 hr respectively. THBNVAS beam is elliptical, and at the
tively high energiesE,/k 2 200 K) and thus are likely pro- frequency of the water transitions has angular dimensidns o

duced_ in relatively warm gas. The /@n absorption features 3!/3 x 4/5. The data shown in this paper are in antenna temper-
can arise from a range of gas temperatures, however themabsor ature units and are not corrected for the meas@G#AS main

tion seen in these sources is thought to be dominated by rEIa'beam efficiency of 0.90. We also used the Five College Radio

tively warm gas. The relative abundance gftHin the warm Astronomv Ob
, 6 4 y Observatory (FCRAO) 14 m telescope to map the
gas has been estimated to be 10 to 1x 10, SAAS on J=1— 0transition of G20 in an approximately’6< &' region

the other hand, can observe the lowest energy rotatiomaditra ., aach core to provide an estimate of the gas column density
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2 WATER ABUNDANCE IN MOLECULAR CLOUD CORES

TABLE 1
WATER LINE PARAMETERS AND ABUNDANCE DETERMINATION

[ Tidv o(fTzdv) Temperature log

Source R.A. (J2000) Decl. (J2000) (Kkmy (Kkms?) (K) (cm™)  x(0-H;0)
W3 022529.9 +62 05 54 2.93 0.13 45 6.0 x207°
W3(OH) 0227 02.8 +61 52 21 2.93 0.13 30 6.3 x207°
TMC-1 044120.4 +25 47 52 0.02 10 48 <7x10%8
NGC 2024 0541445 -015535 0.83 0.06 35 6.0 %1010
Mon R2 06 07 40.2 -06 23 28 0.90 0.07 40 5.6 2107°
L134N 1554 06.5 -025219 0.02 10 43 <3x107
p Oph 16 26 19.3 —24 2402 0.81 0.05 30 55 %8107°
W33 1814151 -175525 0.46 0.08 23 5.7 A107°
B335 19 36 58.7 +07 3347 0.02 10 43 <1x10°®
CRL 2591 2029 25.9 +4011 19 0.34 0.04 38 51 x B0°
S140 221917.1 +62 18 46 1.71 0.08 30 5.8 x B0®
NGC 7538 231347.6 +61 26 54 3.09 0.10 25 6.0 x 1078

Note. — Units of right ascension are hours, minutes, andret;@nd units of declination are degrees, arcminutes,
and arcseconds.

for use in our analysis of theJ® data. tively narrow (AVewnm = 5.7 km s1), single-peaked line. 3D

H,O emission was detected in all nine giant molecular cloud emission was also detected at positioi2 8 the north and
cores. However despite deep integrations, we were unable tosouth of center, however no emission was found east or west of
detect HO emission in any of the three dark cloud cores. The center. The off-center spectra in general have rms noiséaf 0
H,O spectra obtained for six of the cloud cores are shown in K, about 2 times larger than the center position. Duringehes
Figure 1. Spectra for five of the remaining six cores are shown observations the long axis of tt8VASbeam was oriented ap-
in Ashby et al. (2000a). The spectrum of B335, where g®H  proximately north-south, thus explaining the strongerssion
emission was detected, is not shown. Th&Hine profiles for detected in these directions.
the giant molecular cloud cores show a wide variety of shapes We failed to detect PO emission in either S140 or
ranging from relatively narrow single-peaked lines to lkoa NGC 7538. The rms noise achieved in the NGC 7538 obser-
strongly self-absorbed lines. We have marked in Figure 1 thevation of 0.03 K was not adequate to place a very useful limit
line center velocity of thé*COJ =5— 4 emission (J. Howe et on the HO/H.80 ratio. In S140, however, thelfD spectrum
al. 2000, in preparation) observed simultaneously &¥AS. had an rms noise of only 0.01 K. In S140 we used the line width
In W3, Mon R2, and W33 it is obvious that the@ line is self- and line center velocity derived from a Gaussian fit to th®H
absorbed, since the peak of €O emission corresponds to  line (see Fig. 2) to constrain a Gaussian fit to tHé®ispectra.
a minimum in the HO emission. CRL 2591 is probably also From this constrained fit we derived & lipper limit to the in-
self-absorbed, although in this case the situation is sdraew tegrated intensity of 0.022 K knisleading to a & lower limit
more ambiguous. More discussion about th®Hine profiles on the intensity ratio of HO/H380 of 70.
can be found in Ashby et al. (2000a). The spectrag@ph
A and NGC 7538 presented in Ashby et al. (2000a) show ob-
vious broad wings, suggesting that some of th®Hemission .
probab|y arises in associated molecular outflows. We have analyzed thez@ observations of the twelve cores

A small map of the HO emission in S140 is shown in Figure
2. The emission toward the center of the core reveals a rela- —T T T T T T T T

3. DETERMINATION OF THE WATER ABUNDANCE
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FiG. 1.— Spectra of theih — 101 transition of ortho-HO from six cloud FIG. 2.— 10-position map of the;3 — 1o; transition of ortho-HO obtained
cores. The line center velocity of tH8CO J = 5 — 4 transition observed si- with SWAStoward S140. The spectra were obtained on a regular gricedlpac
multaneously wittBWAS s indicated for W3, Mon R2, CRL 2591, and W33 py 3/2 and are shown in their correct relative positions on the EKfsets in
by a dotted line. The coordinates of each core are given iteTab arcminutes relative to the position of S140 given in Tableelindicated for

each spectrum.
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in the same manner as reported for Orion and M17 (Snell etthe absorption feature, and thus, the integrated line sitien

al. 2000a, 2000b). Before reviewing this procedure, it isttvo
noting that the critical density for the 557 GHz transitioh o
H,0 observed bypWASis of order 18 cm™3, much higher than
the average density of gas in these cores. Therefore thaprob
bility of collisional deexcitation of this transition is mesmall,
and photons produced by collisional excitations will attase

should be representative of the total number of line photons
We proceed in our analysis by guessing a relative ortb®-H
abundance for the core, then computing the emission distrib
tion, and finally convolving that distribution with thB/NAS
beam. The abundance o%8 is varied until the modeled in-
tegrated intensity agrees with observations. We assuma-a co

the cloud core, although they may be repeatedly absorbed andtant HO abundance across each source. For positions with no

reemitted. A linear relation thus exists between the oteskrv
line integrated intensity and the product of the density thred
ortho-H0O column density, independent of the optical depth of
this transition (Linke et al. 1977; Snell et al. 2000a). These
sion in this case is effectively optically thin. Although e

not use this analytical expression to derive abundancpsyit
vides insight into the dependence of the water abundandeon t
physical properties of the cloud.

We estimate the relative ortho,B abundance using a simple
model of the temperature, density, column density, andcvelo
ity dispersion for the gas in each core. The gas column densit
distribution was determined from the'® maps, sampled at
44" intervals, assuming LTE and a'%/H, abundance ratio
of 1.7 x 1077. The SWAS beam filling factor is effectively the
convolution of the column density distribution with tiSgVAS

detections, we used ther3ipper limit on the integrated inten-
sity to establish a@ upper limit on the HO abundance. The
abundances and/or limits found for each core are given in Ta-
ble 1. For S140 ang Oph A our results agree well with the
abundances derived by Ashby et al. (2000b) using a more de-
tailed 3-dimensional model of the density and temperattoe p
file within these sources. The uncertainty in our derivechabu
dances is dominated by the uncertainties in the physicalieon
tions, chiefly density. The accuracy of density determaoretiis

of order a factor of three, thus leading to abundance urioerta
ties of the same magnitude. However, due to our use of a single
density to characterize these cores, the gas density atethe p
riphery of the cloud cores may be overestimated. This does no
have a big impact on the abundance determination because the
column density is low in these regions and does not congibut

beam pattern. The velocity dispersion of the gas along eachsubstantially to the kD emission detected 8WAS. Neverthe-

line of sight was determined from the!® line width. An-

less, the use of a single density slightly biases our abwelan

other important parameter in our modeling is the gas density determinations toward lower values.

For five sources (W3, W3(OH); Oph, W33, and Mon R2)
we have strip maps of the CB= 2 — 1 emission obtained at
FCRAO and thel =5 — 4 andJ = 7 — 6 transitions obtained
at KOSMA. Most of this data is unpublished, although the re-
sults for the core centers can be found in Trojan (2000). The C

In the giant molecular cloud cores the abundance of ortho-
H,O relative to H varies from 6x 10719to 1 x 10°8. The high-
est HO abundances are derived for NGC 7538 and S140. The
high H,O abundance found for NGC 7538 is in part a conse-
quence of including emission arising from the molecular out

emission was found to be centrally peaked in these cores withflows, thus resulting in an overestimate of the core aburelanc

detectable emission extending at least several arcmifmaies
the center. Modeling of these data suggests that even ttibagh
column density decreases rapidly away from the core cehter,
density remains relatively constant. We used the publisieed
sity results for L134N (Dickens et al. 2000), TMC-1 (Pratap e

However, in S140, the line profile is relatively narrow andit
unlikely that the core emission is substantially contart@ddoy
outflow emission.

We have also analyzed the mapping data for S140 using the
same model as used for the center position. The detegted H

al. 1997), S140 (Snell et al. 1984; Zhou et al. 1994), NGC 2024 emission at positions!3 north and & south of center is con-

(Snell et al. 1984; Schulz et al. 1991), B335 (Zhou et al. 3993

NGC 7538 (Plume et al. 1997) and CRL 2591 (Carr et al. 1995;

van Dishoeck et al. 1999) in our modeling. For L134N, TMC-1,

sistent with the predictions based on our cloud model ugiag t
abundance of KD found for the core center. The cloud core
is extended to the north-east, and the absence,of emis-

S140, and NGC 2024 these authors have found that the densityion toward the positions east and north-east of the cortercen
is relatively constant across the core. Thus for many of the requires that either the abundance of orth@tbr the gas den-

cores the high column density gas, which dominatesSthaS
emission, can be roughly characterized by a single densfy.

sity be about 2 to 4 times smaller than toward the core center.
The absence of extended emission in the higher rotaticena tr

therefore assumed a constant density and temperatureefor thsitions of CS (Snell et al. 1984), suggests that the lack @ H
cores, and the values used are summarized in Table 1. Althoug emission is most likely explained by a lower density and not a

a single density cannot apply to all of the gas within 81¢AS

lower abundance. The non-detections gfCHemission in the

beam, we believe that the use of this approximation shouid no remaining positions is entirely consistent with our clouddual

lead to serious errors in our abundance determinations.
The collisional excitation of HO was computed using both
the para- and ortho-tollision rates with ortho-ED (Phillips,

and the HO abundance reported in Table 1.
Although we believe that for most of the gas thegQHemis-
sion is effectively thin, it is possible that there are venyad

Maluendes, & Green 1996), and assuming a ratio of ortho- to dense knots of gas that are not. In addition, a relatively thi

para-H given by LTE at the temperatures given in Table 1. We
did not include dust in our model, however the calculatiohs o
Ashby et al. (2000b) for S140 andOph A indicate that the

exclusion of the dust continuum emission will have only a mi-

layer of gas in an extended envelope surrounding the cotd cou
have sufficient HO optical depth to scatter the line photons that
arise from the core (Snell et al. 2000a). Th¥@ line should
be less sensitive to these problems since it is opticalty, #nd

nor impact on the determination of the water abundance. Wetherefore a more reliable estimator of theGHabundance. We

do note that in W33, the line is clearly absorbing the dust con

have used the 340 observations toward the S140 core to estab-

tinuum, and therefore some of the dust continuum photons arelish an upper limit to the fractional abundance of orthgeH

converted into line photons. For our analysis we have used th
total integrated intensity including the negative conttibn in

Using the same physical model described above, we derive a
30 upper limit to the ortho-EPO abundance of 8 10710, As-
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suming a ratio of HO/HLBO of 500, this corresponds to @3  the substantial difference predicted by the gas-phaseistigm
upper limit of 1x 1077 for the abundance of ortho-8 relative models for the water abundance in warm and cold gas is con-

to H,. Comparing this result to our estimate of theQHabun- firmed by our observations. N
dance obtained from the more common isotopic species, it is SWAS, with a large beam size and the ability to observe a
not surprising that we were unable to dete¢®lin this core. low excitation line of water, is most sensitive to the wateie

We failed to detect KO emission from the three dark cloud sion from the extended, colder dense gas. However, if therwat
cores observed bYWAS. Although we achieved similar signal- ~ abundance in the cold gas is extremely small, then the hescor
to-noise ratio in all three cores, the higher density androol ~~ may still contribute to the emission seen SWAS If we as-
density in TMC-1 permit establishing a more stringent lionit sume that the brightness temperature of the 557 GHz emission
the ortho-HO abundance. In TMC-1, we find aJipper limit from the hot core gas is 300 K (the same excitation tempera-
on the fractional abundance of orthe®lof 7x 10°8. However,  ture as implied by the absorption lines seenlblyared Space
even in TMC-1 the water abundance limit is nearly two orders Observatory) and that the core has an angular size of at most
of magnitude larger than the typical giant molecular cloogec 2", then the contribution to the observ8d/AS H,O emission
The lower density and temperature in dark cloud cores makeis negligible in most sources, except CRL 2591. Although van
detection of HO very difficult. der Tak et al. (1999) suggest that the CRL 2591 hot core has an
angular diameter much less thah the extremely weak emis-
sion detected in this source could have a significant ha-cor

SWAS has detected thermal water emission from nine giant contribution. Further information on the temperature amgia
molecular cloud cores which permit us to make the first esti- lar size of the hot core is needed to evaluate this possitlilia
mate of the water abundance in the cold, dense core gas. Theaignificant fraction of the water emission detectedWASin
abundance of ortho-4#D relative to B in these cloud cores CRL 2591 is attributed to the hot core, then the abundance of
varies from 6x 1071%to 1x 10°8. The relative ortho-KHO abun- H,O in the cold gas is even smaller than that quoted in Table 1.
dance in the majority of these cores is of order107°, similar Only upper limits to the ortho-pD abundance could be es-
to the abundances found for M17SW (Snell et al. 2000b). In tablished for the dark cloud cores. If the abundance of water
S140 the relative abundance of orthgéHis about ten times  in these cores is as small as that found for the giant molecu-
larger, closer to the average orthe@abundance for Orion lar cloud cores, it will be difficult to detect water emission
(Snell et al. 2000a). In general the relative abundancethber  quiescent dark cloud cores. The most stringent limit on the
H,O found in these cores is inconsistent with chemical equilib ortho-HO abundance is set in TMC-1, and in this core the 3
rium models of well-shielded regions of clouds (Bergin, Mel upper limit on the HO abundance is just marginally consis-
nick, & Neufeld 1998), even considering the most extreme un- tent with equilibrium gas-phase chemistry predictionsrfe
certainties that might arise in our modeling procedure sibes et al. 2000). B335 is the site of a well-studied class 0 ptatps
explanations for this discrepancy are discussed in Bertgah e~ while neither L134N nor TMC-1 are actively forming stars.
(2000). Broad HO emission has been detected 8)AS toward two

Water has been previously detected from the hot gas in W3 other class 0 protostellar cores, L1157 and NGC 1333 IRAS 4
IRS 5, W3(OH), CRL 2591, S140, and NGC 7538 IRS 1 viathe (Neufeld et al. 2000). The ¥ emission in these sources
183 and 203 GHz emission lines and the ro-vibrational aBsorp clearly arises from the molecular outflows associated wabsc
tion lines at 6um (van Dishoeck & Helmich 1996; Helmich 0 sources. The relative abundance of orth®hh the outflow
et al. 1996; Gensheimer et al. 1996; van Dishoeck 1998). It it gas found by Neufeld et al. (2000) is of ordex 1L0°®, con-
worth noting that th&WASobservation of W3 is centered about  siderably larger than the limit set in the two non-star fargni
midway between IRS 4 and IRS 5, less thafrdm IRS 5; and cores, L134N and TMC-1. Neufeld et al. (2000) suggests that
the SWAS observation of NGC 7538 is centered abousduth the enhanced abundance is due to shocks that convert a large
of IRS 1. In both cases the regions probed via then§ 183 fraction of the gas-phase oxygen into water. B335 also has an
GHz, and 203 GHz transitions are well within t8&/ASbeam. associated molecular outflow, with a outflow mass between tha
The water emission and absorption in these cores is thoughtof L1157 and NGC 1333 IRAS 4 (Moriarty-Schieven & Snell
to arise from hot cores surrounding young, massive stats wit 1989; Neufeld et al. 2000). The absence ofCHemission in
angular extents of only a few arcseconds and gas tempesatureB335 is difficult to understand, unless either the densitihef
=300 K (van Dishoeck 1998; van Dishoeck et al. 1999). Abun- outflow gas is much lower thanin L1157 or NGC 1333 IRAS 4,
dance estimates for water in the hot cores range froni@® or the shock velocities are sufficiently small thgHformation
to 1x 107, several orders of magnitude greater than the abun-by neutral-neutral reactions is inhibited.
dance of water in the surrounding core gas. Even our limit on
the H,O abundance based or33® in S140 rules out the pos-
sibility that the large HO abundance found for the warm gas This work was supported by NASASWAS contract NAS5-
applies to the general cloud core. At temperatures excgedin 30702 and NSF grant AST97-25951 to the Five College Ra-
«~200-400 K, found in shocks and hot cores, a series of neutral-dio Astronomy Observatory. R. Schieder and G. Winnewisser
neutral reactions rapidly converts nearly all of the gasseha would like to acknowledge the generous support provided by
oxygen into water (Charnley 1997; Bergin et al. 1998). Thus, the DLR through grants 50 0090 090 and 50 0099 011.

4. DISCUSSION AND SUMMARY
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