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Abstract. Using the Long Wavelength Specrometer aboard
ISO, we have detected far infrared rotational H2O emission
lines in five low-mass young stellar objects in a survey of seven
such sources. The total H2O fluxes are well correlated with the
1.3 mm continuum fluxes, but – surprisingly – not with the SiO
millimeter emission originating in the outflows, suggesting that
the water emission arises in the circumstellar envelopes rather
than in the outflows.

In two of the sources, NGC1333-IRAS4 and IRAS16293-
2422, we measured about ten H2O lines, and used their fluxes
to put stringent constraints on the physical conditions (temper-
ature, density and column density) of the emitting gas. Simple
LVG modelling implies that the emission originates in a very
small (∼ 200 AU), dense (≥ 107 cm−3) and warm (∼ 100 K)
region, with a column density larger than about1016 cm−2. The
detected H2O emission may be well accounted for by thermal
emission from a collapsing envelope, and we derive constraints
on the acccretion rate and central mass of NGC1333-IRAS4.
We also discuss an alternative scenario in which the H2O
emission arises in an extremely dense shock very close to the
central object, perhaps caused by the interaction of the outflow
with the innner regions of the circumstellar envelope.

Key words: stars: formation – ISM: jets and outflows – ISM:
individual objects: – infrared: ISM: lines and bands – radiative
transfer – ISM: molecules
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1. Introduction

In the quiescent ISM, most water molecules are believed to be
frozen into the icy mantles of the dust grains (e.g. van Dishoeck
& Blake 1998). However, if a phenomenon energetic enough
to evaporate or destroy those mantles occurs, water can be re-
leased into the gas phase. In addition, at temperature larger than
about 250K, endothermic reactions in the gas phase can effi-
ciently transform the oxygen not locked into CO molecules into
H2O molecules (Graff & Dalgarno 1987). Both effects can lead
to high enhancements of the water gas phase abundance, and
lead to intense emission in its far infrared rotational lines. Ener-
getic phenomena and heating are known to occur near low-mass
protostars: powerful outflows create strong shocks (e.g. Hollen-
bach & McKee 1989; Kaufman & Neufeld 1996), while in the
infalling envelopes, heating due to the central source and/or to
compression of the gas, may be sufficient to produce large over-
abundances of water (Ceccarelli, Hollenbach & Tielens 1996).
In thisLetter, we report the detection of H2O lines towards five
sources from a sample of seven low-mass protostars.

2. Observations and results

The sample consists of seven young (Class 0 or I) sources, all
of which located in theρ Ophiuchus and NGC 1333 cloud com-
plexes. While the distance toρ Oph is fairly well known (120 pc
– Knude & Hog 1998), the distance to NGC 1333 remains a mat-
ter of debate. The distance commonly used is 350 pc, but Cernis
(1993) recently proposed a somewhat lower value of 200 pc.
The latter value will be used here, but we emphasise that most
of our conclusions would stand essentially unaffected if 350 pc
was used instead.

The H2O spectra were obtained using theLong Wavelength
Spectrometer (hereafter LWS) on board the ISO satellite in the
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Fig. 1a and b. Selected H2O lines towards
IRAS4 (left) and IRAS16293 (rigth).

LWS01 mode. They cover the spectral range from 45 to 200µm
at a resolution of about 250; the beamwidth is∼ 80′′. A more de-
tailed description of the observations is given in Ceccarelli et al.
(1998a) for IRAS16293-2422 (hereafter IRAS16293), Molinari
et al. (in prep.) for SSV13, Ceccarelli et al. (in prep.) for EL29,
and will be given in forthcoming papers for the other sources.
We have also mapped the outflow powered by IRAS16293.

The LWS spectra consist of a continuum on which spectral
features are superimposed. To obtain the fluxes of the water
lines, the best first order polynomial fit to the continuum adjacent
to the line was removed from the spectrum. The continuum is
always at least 50 times stronger than the lines. The absolute flux
calibration accuracy of LWS is better than 30% (Swinyard et al.
1996). In IRAS16293 the line blending was high and emission
free baseline regions surrounding the H2O lines were difficult
to find (see Ceccarelli et al. 1998b). As a consequence, although
the H2O lines in IRAS16293 are usually brighter than those in
IRAS4, less lines could be safely identified (and their fluxes
measured).

The fluxes of about 8 and 12 H2O lines could be measured to-
wards IRAS16293 and IRAS4 respectively (Fig. 1), while only
a few lines were detectable towards three other sources (Ta-
ble 11), and no emission could be detected towards IRAS16293-
SE2 and NGC1333-IRAS6 at a detection limit of∼ 7 × 10−13

erg s−1cm−2. Finally, H2O emission was not detected along the
outflow powered by IRAS16293, not even at the positions where
the SiO and low J CO lines are the strongest, with upper limits
on the 179µm line (usually the brightest H2O line) ≤ 1/3 that
of the IR source.

3. Discussion

3.1. Correlations

The water lines detected towards the sources of our sample could
a priori emanate from shocks (associated or not with their out-

1 SSV13 is sometime reported in literature as SVS13.
2 16293-SE is a recently discovered young source (Loinard et al., in

prep.).

Table 1. Water line fluxes (in 10−12erg s−1 cm−2) detected towards
the sources of the sample. The statistical errors are∼ 0.2 or less in
these units.

λ Trans. ρ Oph 1333 1333 1333 ρ Oph
(µm) 16293 IRAS4 IRAS2 SSV13 EL 29

180.5 221 − 212 0.9 0.7 ≤0.3 0.4
179.5 212 − 110 2.9 2.1 0.6 0.5 ≤1.5
174.6 303 − 212 2.5 1.7 ≤0.5 1.1 0.9
138.5 313 − 202 0.9 0.9
132.4 423 − 414 1.3 0.6 0.3 ≤0.3 ≤0.6
108.1 221 − 110 1.7 0.4
101.0 303 − 220 1.3 1.1
90.0 322 − 211 0.5 1.8
99.5 504 − 414 1.0
78.7 423 − 312 0.9
75.4 321 − 212 2.7 1.7 ≤1 ≤1
67.3 330 − 303 0.6

flows), or from the innermost and warmest regions of their cen-
tral envelopes and/or disks. To try to clarify their origin, we
compare the fluxes of the water lines with quantities related to
each mentioned component. The total water line flux will be es-
timated by the sum of the fluxes in the 180, 179, 174 and 132µm
lines. Those lines were chosen first because they cover a wide
range of upper level energies and are therefore a good measure
of the total H2O line flux for a wide range of density and tem-
perature values; and second because they are the strongest lines,
and could be measured in several objects.

As a parameter able to “measure” the shocks we chose the
SiO emission, integrated all over the velocities3, observed to-
wards each source, smoothed to the 80′′ resolution of ISO-LWS,
using the complete SiO maps of the NGC1333 region obtained
by Castets et al. 1998 and of the region surrounding IRAS16293

3 The narrow component observed in some of these sources (Lefloch
et al. 1998) and associated with the cloud rather than with the source
does not contribute significatively to the reported emission in any of
these sources.
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Fig. 2. H2O emission as a function of SiO emission (right) and 1.3 mm
emission (left). The error bars of the H2O , SiO and 1.3mm fluxes
represent the error on the calibration only and were taken to be 30%.

by Castets et al. (in prep.). There isno correlation between the
SiO and the H2O fluxes (Fig. 2 right). Since SiO emission is be-
lieved to be indicative of strong shocks (≥ 50 km s−1, see e.g.
Flower & Pineau de Forets 1995), this lack of correlation implies
either thatwater forms in lower velocity shocks (which however
do not occur where the high velocity shocks are found) or that
water does not originate in shocks. The lack of SiO-H2O emis-
sion correlation is further strengthened by the non-detection of
H2O towards the outflow powered by IRAS16293, where SiO
emission is very strong.

On the other hand, there seems to be a correlation between
the H2O flux and the 1.3 mm continuum emission (taken from
Saraceno et al. 1996), in the sense that sources having higher
millimeter fluxes have higher H2O luminosities (Fig. 2 left).
Since the 1.3 mm continuum flux traces the envelopes surround-
ing such young sources (e.g. Saraceno et al. 1996) rather than
the disks (Butner et al. 1990), this correlation may imply either
thatwater emission is associated to the thermal emission from
the envelopes themselves, or thatit originates in shocks where
the shocked material belongs to the envelopes.

3.2. Physical conditions of the emitting gas

The ratio between the H2O line fluxes in IRAS16293 and IRAS4
are fairly similar in all the detected lines (Table 1), implying that
the physical conditions in both sources (i.e. gas temperature and
density) are similar as well. For the other sources, the small
number of transitions detected does not significantly constraint
the parameter space.

To constraint the physical conditions of the emitting gas,
we modelled the H2O lines using an LVG code. This model
takes into account the first 48 rotational levels of ortho H2O
(the collisional excitation rates are from Green et al. 1993),
but does not take into account the continuum emission. The
spectroscopic data are taken from the JPL catalogue (Pointer &
Pickett 1985). LVG predictions depend upon four parameters:
the density and the temperature of the gas, the angular extent
of the emitting region and the H2O column density divided

Fig. 3. Ratios between the 179 and 174µm lines (bottom), 174 and
132µm lines (middle) and 179 and 75µm lines (top). The observed
values are shown by the thick lines.

Fig. 4. Ratio between LVG model (top) or “infalling envelope” model
(bottom) and observations of IRAS4.

by the velocity gradient (which regulates the optical depth of
the lines). The line ratios on the other hand depend mainly on
the gas temperature and density, and to a smaller extent on the
column density when the lines are optically thick. Hence, in
the first step, we used the observed line ratios to estimate the
temperature, density and H2O column density of the gas, and
later compared the absolute fluxes deduced from the model with
the observed fluxes to infer the angular extent of the source.

The models were applied to IRAS16293 and to IRAS4, and
used the ratios between the 179, 174, 132 and 75µm lines (which
cover the widest range of upper level energies). Comparison be-
tween the model predictions and the observed line ratios (Fig. 3)
shows that the emitting gas is dense (n≥ 107 cm−3) and warm
(T ∼ 100 K) and that the lines are optically thick. In particular,
the lines at 132µm and 75µm set stringent constraints on the
densityand H2O column density which has to be larger than
1016 cm−2 (the two quantities are not totally independent from
each other). One of the best fit to the IRAS4 data is obtained for
n =2×108 cm−3, T = 200 K, and N(H2O) = 1016 cm−2 (where
we used a linewidth equivalent to∆v=10 km s−1). The ratio
between the predictions of this model and the observed values
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(top of Fig. 4) implies a beam filling factor of about 1/800×
∆v

10 km s−1 . The corresponding angular size of the emitting re-
gion is therefore∼ 2-3′′, corresponding to a physical size of a
few hundred AU. Slight discrepancies between the model and
the observations occur systematically for the shorter wavelength
lines, and may be a consequence of the lack of continuum back-
ground in our computations.

Finally, we note that the ratio between the 179 and the
174µm lines is five times greater in HH54B than in all our
sources. This indicates that the emitting regions are either much
denser or much warmer (or both) in our sources than in HH54B,
where the emission was ascribed to a mild shock (Liseau et al.
1996). In conclusion, the analysis of this paragraph and of the
previous one lead to a rather clear situation and two possibili-
ties to explain the observed H2O emission: a) it is emitted in a
very dense, warm and compact region, excited by a dense and
relatively slow shock close to the central object, may be caused
by the interaction of the outflow with the inner regions of the
circumstellar envelope, or b) to the thermal emission of these
regions. We will consider in more detail these two possibilities
in the next two paragraphs.

3.3. The dense shock hypothesis

As noted above, if the H2O emission has to be attributed to a
shock this is a shock totally different to those responsible for
the SiO emission, implying a rather low velocity (≤ 50 km s−1).
The presence of such a shock very close to the central object and
due to the interaction of the outflow with the dense environment
is suggested by the strong 22 GHz H2O maser emission (∼ 10−9

L�) with velocities (≥ 7 km s−1) in excess of the relevant ke-
plerian velocities (e.g. Claussen et al 1996). The best-fit LVG
model mentioned in the previous paragraph predicts a 22 GHz
luminosity∼ 4×10−11 L�, much lower than the mentioned ob-
servations. Moreover the masers in the IRAS4 and IRAS16293
differ by orders of magnitudes, whereas the H2O FIR emission
is very similar. This may suggest that the FIR emission isnot
related to the 22 GHz emission arising from the outflow.

3.4. The infalling envelope model

The second possibility is that the observed H2O lines originate
from the warm inner region of the envelope. In order to test this
hypothesis we used the model of an infalling envelope developed
by Ceccarelli, Hollenbach & Tielens (1996), which self consis-
tently computes the chemical composition, thermal balance and
emerging far infrared line spectrum within the framework of the
“inside-out” collapse (Shu 1977). The H2O line fluxes observed
towards IRAS4 can be well reproduced by this model for a cen-
tral source mass of∼ 0.3 M� and a mass accretion rate of
∼ 3×10−5 M� yr−1 (bottom of Fig. 4). In this model, the H2O
emission originates≤ 150 AU from the central source, where
the density is≥ 5×107 cm−3, and the temperature high enough
to evaporate the icy dust grain mantles. This infall model also
predicts that the 22 GHz H2O line should maser at a distance
∼ 80 AU from the central source, have a luminosity∼ 3×10−10

L�, and a velocity close to the systemic velocity. Most of the
components towards IRAS4 reported by Claussen et al. (1996)
have velocities which differ from that of the source, and are
likely to be associated to the outflow. However, one component
at about the velocity of the source was detected (bottom of their
Fig. 3) with an intensity in good agreement with the predictions
of this model.

4. Conclusions

Water line emission was detected towards 5 of the 7 sources in
our sample. In IRAS4 and IRAS16293, the fluxes of about ten
lines could be measured; they show that the physical conditions
(temperature and density) of the emitting regions are fairly sim-
ilar in both sources. The H2O emission flux does not correlate
with the SiO emission associated with their outflows, but seems
to be related to the 1.3 mm continuum flux of the sources. This
suggests that the emission originates in the circumstellar en-
velopes rather than in the outflows. Simple LVG modeling of
the line intensities shows that the H2O emission originates in a
compact (∼ 2′′), dense (n≥ 107 cm−3) and warm (T∼ 100 K)
gas, with H2O column densities∼ 1016 cm−2. Finally, the wa-
ter lines observed towards IRAS4 can be successfully modeled
within the framework of an infalling envelope (Ceccarelli et al.
1996), if the central source mass is∼ 0.3 M� and the mass ac-
cretion rate∼ 3× 10−5 M� yr−1. However, we cannot exclude
that some of the observed H2O emission originates in a shock
very close to the central object, the same responsible for most
of the 22 GHz maser emission seen towards our sources.
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