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1. Introduction

The determination of the abundance of water vapor is a long standing problem
in astrophysics. Because water vapor is predicted to be an abundant molecule
in the gas phase, a determination of its spatial extent, its distribution, and its
abundance is crucial in modeling the chemistry and the physics of molecular
clouds. In warm molecular clouds, water vapor could play a critical role in
cooling the gas (Neufeld and Kaufman 1993, Neufeld et al., 1995) and, hence,
in the evolution of these objects. In spite of the important astrophysical output
that could be obtained from near, mid and far-infrared observations of water
vapor (see, e.g., Cernicharo 1998; van Dishoeck 2004), the wavelength range
2-200 um was poorly studied prior to 1SO due to the large absorption at HO
frequencies produced by water vapor in the Earth’s atmosphere.

Some ground-based and airborne observations of H,O have been per-
formed, but most of the observed transitions are maser in nature making
very difficult the analysis of the data (Waters et al., 1980, Cernicharo et
al., 1990, 1994, 1996a; Menten and Melnick 1991; Gonzélez-Alfonso et al.,
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1995, 1998a; Cernicharo et al., 1999). Even the observation of the K0
isotope gives only poor estimates on x(H,O) due to contamination of the
observed transitions by other molecular lines (Jacq et al., 1988, Gensheimer
et al., 1996), or to the observation of only one line which avoids the correct
determination of the excitation conditions of the'®O isotopic species of water
vapor (Zmuidzinas et al., 1995). HDO has been also observed (see, e.g., Jacq
et al., 1990; Helmich et al., 1996a; Pardo et al., 2001b; Comito et al., 2003),
but it is also difficult to derive the H,O abundance from this rare isotopic
species. Some efforts have been made as well to derive the water abundance in
molecular clouds from the observation of related species like O™ (Phillips
et al., 1992; Goicoechea & Cernicharo 2001a). However, the determination
of the H,O abundance from these observations is not straighforward.

The 616-523 masing transition of H,O at 22 GHz, which arises from levels
around 700 K, has been used since its detection by Cheung et al., (1969),
to trace high excitation gas around star forming regions and evolved stars.
The size of the emitting regions at this frequency is typically of the order
of a few milliarcseconds (a few 10'% cm at the distance of Orion). Hence, no
information has been obtained on the role of water vapor at large spatial scales
from this line. Other H,O lines have been detected from ground or airborne
based telescopes like the 3;3-25 transition at 183 GHz (Waters et al., 1980;
Cernicharo et al., 1990, 1994, 1996a; Gonzalez-Alfonso et al., 1995, 1998a),
the 414-351 transition at 380 GHz (Phillips, Kwan and Huggins 1980), the
10,9-936 transition at 321 GHz (Menten, Melnick and Phillips 1990a) and
the 515-4,, transition at 325 GHz (Menten et al., 1990b; Cernicharo et al.,
1999). Among these lines only the 3;3-25 transition at 183 GHz, for which
the terrestrial atmosphere can be partially transparent under excellent weather
conditions (see Cernicharo 1985, 1988; Cernicharo et al., 1990; Pardo 1996,
Pardo et al., 2001a for details on atmospheric transmission at mm and submm
wavelengths), has been used to map the emission of water at very large spatial
scales (Cernicharo et al., 1994, 1996a, 1997b,c). As an example, the map of
the Orion molecular cloud shown in Cernicharo et al., (1994) is 6 orders of
magnitude larger than the size of the spots detected at 22 GHz. In that work
the water abundance was estimated for the different large scale components
of the Orion molecular cloud for the first time. However, due to the maser
nature (although relatively weak) of this water transition, the interpretation of
the data depends critically on the assumed kinetic temperature of the gas. In
Orion, Cernicharo et al., (1994) estimate that changing the temperature of the
emitting gas from 60 K (the assumed value) to 150 K the water abundance
required to fit the data would be reduced by one order of magnitude in the
extended rigde molecular cloud.

The ISO mission (Kessler et al., 1996), and especially, the Long Wave-
length Spectrometer, LWS (Clegg et al., 1996), and the Short Wavelength
Soectrometer, SWS (de Graauw et al., 1996), have provided a unique op-
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Figure 1. ISO/LWS continuum-substracted spectra in the direction of L1448-IRS3 and
L1448-mm and the red lobe of the outflow associted to L1448-mm. The lines from OH, H,O
and CO, together with atomic fine structure lines, are indicated in the different panels (from
Nisini et al., 2000).

portunity to observe several H,O lines in a large variety of astronomical
environments. The SWS spectrometer covers the region 2-45 um and is well
adapted to study ro-vibrational transitions (stretching and bending modes).
On the other hand, the LWS spectrometer provides a powerful tool to ob-
serve the pure rotational transitions of light molecular species like HO. The
majority of the observations of H,O pure rotational lines were performed at
the low spectral resolution of the LWS grating mode (~1000 km s71), which
produces strong spectral dilution in the search for molecular features in most
ISM sources. Nevertheless, some molecular clouds, such as Orion and SgrB2,
have been observed in many water lines using the much higher resolution of
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the Fabry-Pérot coupled to the SWS and LWS instruments (~10 km s~ for
the SWS/FP and ~35 km s~ for the LWS/FP; see Figures 2 & 3).

5.4
5.2F 0=H0 5;,-4,, 25.9402 um ] o-H,0 4,,-3,, 31.7721 um p—H,0 555454 35.4716 um

14
IS

o
S

5.0f

o
o
T

4.8

4.6F

>
o

4.21

Flux (10* Jy)
Flux (10* Jy)
Flux (10* Jy)
»
IS

4.4t

g
o
T
B
o
T

4.21
3.8

>
IS

4.01
3.6

-100 =50 © 50 100 150 -100 -50 O 50 100 150 -100 -50 0 50 100 15C
1

LSR velocity (km s™") LSR velocity (km s™') LSR velocity (km s™')

6.0f 070 43,=305 40.6909 pm 0-H,0 5,,~4;, 43.8935 um H, S(5)

300

6.5
5.5H H,0 v,=1-0
250+ PAH
H, S(7) |
H,0 ice

o
o
T

50

Flux (Jy)

Flux (10* Jy)
Flux (10* Jy)

o
S

200
451

5.0r

4.0 1s0¢

. \ , . . . , . . \ \ , . \
=100 -50 O 50 100 150 -100 -50 O 50 100 150 5.5 6.0 6.5 7.0
LSR velocity (km s™") LSR velocity (km s™') Wavelength (um)

Figure 2. SWS Fabry-Perot spectra toward IRc2 of a selection of H,O absorption lines. The
final pand displays the 5.3-7.0 um grating spectrum of the H,O v,=0—1 (see section 2.2 for
the analysis of this feature; from Wright et al., 2000).

The instruments on board the Infrared Space Observatory (ISO) have pro-
vided the most complete opportunity to study the emission/ab-sorption of
water and other important molecular species through transitions which are
inaccessible from the ground or airborne platforms. Other space observato-
ries, like Odin (see Hjalmarson et al., 2003), and the Submillimeter Wave
Astronomy Satellite (SWAS; Melnick et al., 2000), have also provided data
on the ground transition of o-H,O at 557 GHz. These two satellites provide
a higher spectral resolution than 1SO, with the drawback of having access
to only one line of water vapor and a lower angular resolution. The higher
angular resolution provided by 1SO and the possibility to cover the full 2-200
pm range, i.e., the pure rotational spectrum of H,O and the ro-vibrational
transitions associated to its bending and stretching modes, makes ISO the
most powerful instrument available so far for the study of water vapor. In
this review we present the main results on gas phase H,O obtained with the
ISO-SWS and ISO-LWS spectrometers in the direction of molecular clouds,
evolved stars, galaxies and solar system bodies.
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The Water World of 1SO 5

2. Water inthelSM

ISO has provided observations of H,O in a large variety of objects of the
ISM (see, e.g., van Dishoeck 2004 for a review on ISO spectroscopy). The
low spectral resolution data from the LWS have been used to study the wa-
ter emission in shocks, photo dissociation regions, and high and low mass
protostars.

Fig. 1 shows the far-infrared spectrum at several positions of the class 0
source L1448 (Nisini et al., 2000). These data show the presence of H,O, OH,
CO and atomic fine structure lines. The far infrared cooling is mainly due to
the emission of these species, together with H, in the mid and near infrared.
The ISO observations probe a gas of very different physical conditions to
those determined from ground based telescopes. The water molecules and H
seem to be excited to temperatures between 500 and 1200 K. Probably this
emission arises from very thin layers of shocked gas along the jet emerging
from L1448-mm. In spite of the low spectral resolution of the LWS grating
spectrometer, the sensitivity of 1SO allows to study this gas in detail. The
low and medium-J lines of CO that have been observed from ground based
observatories trace a colder gas arising from different regions of the shocks.

The number of low mass protostars studied with the LWS is rather im-
pressive. In most cases the observed water emission has been interpreted as
arising from shocks along the molecular jet (see above for L1448; Moro-
Martin et al. 2001, for CepE; Ceccarelli et al., 1999a, for IRAS16293-2422;
Nisini et al., 1996, and Liseau et al., 1996, for HH54; Benedettini et al., 2000,
for HH24-26; etc., see the review by Nisini 2003, and Nisini, Giannini and
Lorenzetti 2002). Water vapor emission was also found in the direction of
IC1396N, a bright rimmed globule, by Saraceno et al., (1996).

The LWS water emission measured toward young low mass stars have
been also interpreted, using sophisticated models, as arising from the en-
velopes that surround the protostars (see, e.g., Ceccarelli et al., 1999b). Maret
et al., (2002) have modeled the water, CO and OH lines in the far-infrared in
the direction of NGC1333-IRAS4 and conclude that the observed emission
is reasonably well reproduced by their models. However, the lack of angular
resolution and the poor sensitivity of most water lines to the physical param-
eters, avoid a clear assignment of the observed emission to the very small
regions surrounding the newly formed protostars. Herschel will provide a
more detailed view of the origin of water vapor in these objects. Nevertheless,
the 183.3 GHz observations of water by Cernicharo et al., (1996a) toward
HH7-11 and L1448 seem to indicate that H,O is present in both the shocks
along the molecular jets and the central source.

High spectral resolution (from 7-40 km s~1) with ISO is available for just
a few molecular clouds. The SWS/FP instrument has been used mainly to
observe the bending mode of water in the direction of high mass protostars
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and to observe pure rotational lines of H,O in Orion (see, e.g., Wright et al.,
2000). The LWS/FP has been used to observe pure rotational lines of water
in a large variety of molecular clouds. Fig. 3 shows the LWS/FP results in
the direction of Sgr B2(M). Lines from OH, H,O, C3, NH, NH>, NH3, CH,
HD, and CH; and atomic fine structure features have been detected (Cer-
nicharo, Goicoechea and Caux 2000; Goicoechea and Cernicharo 2001ab,
2002; Goicoechea, Rodriguez-Fernandez and Cernicharo 2004; Ceccarelli
et al., 2002; Polehampton et al., 2002, 2005). These observations provide
a spectral resolution of ~35 km s~1, which is enough to probe molecular
clouds with broad lines, but precludes the study of more quiescent clouds
with narrow lines. The Herschel Space Observatory will get around this prob-
lem thanks to its high spectral resolution heterodyne receiver HIFI. Relevant
observations of water with the SWS/FP instrument have been reported by
Wright et al., (2000, see Figure 2).

Water ice has been observed toward a large number of molecular clouds.
Gibb et al., (2004) give an overview of the stretching and bending water ice
features in clouds of the ISM. The review by van Dishoeck (2004) provides a
detailed view on the gas and ice spectroscopy that ISO has performed.

We are going to present in more detail selected 1ISO data on prototypical
ISM objects such as Orion, SgrB2 and cold dark clouds. The goals are to
show how different the water line profiles could be depending on the physi-
cal conditions of the cloud, the difficulties in getting physical parameters (a
benchmarking of radiative transfer codes for water vapor was held in 2004
at the Lorentz Center in Leiden; van der Tak et al., 2005), and the need to
carefully select the water lines we could wish to observe with future space
observatories, like Herschel, in order to have a correct view of the excitation
conditions of water and to get a good estimate of the physical conditions of
the clouds.

2.1. THE PURE ROTATIONAL LINES OF WATER

2.1.1. Rotational Water Vapor Linesin Emission : Orion

The Orion Kleinmann-Low nebula (Orion-KL) is the nearest (at a distance
of ~450pc) and probably the most studied star forming region in the sky (see
e.g., Genzel and Stutzki review 1989). The core of Orion-KL is associated
with several places of massive star formation, and thus, the cloud is heavily
influenced at large scales by violent phenomena such as outflows and shocks.
The brightest objects are BN and IRc2, which are separated <10’. Among
these sources, IRc2 has the largest intrinsic luminosity (L~1CPL). The fact
that multiple gas components with different physical conditions and velocity
fields overlap along the line of sight complicates the interpretation of data
from Orion-KL. This also results in a segregation of the gas and dust chem-
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istry: different species and different reaction patterns dominate in the different
regions (e.g. Blake et al., 1987).

Many molecular observations from the millimeter to IR domains have
contributed to the characterization of the three main gas components towards
Orion IRc2. The Hot Core, centered ~2” south of IRc2 with a diameter of
~10” is probably an ensemble of warm and dense (<10’ cm~23) clumps.
Spectral lines arising from the hot core show line widths of Av=5-15 km s71
at v sr~6 km s1. The outflows or the plateau, with a diameter of <40, give
a highly anisotropic emission from gas flows at high— (~100 km s™1) and
low-velocity (~ 18 km s~1) with Av=30-150 km s~ and centered v sr~9
km s~1. These flows encounter inhomogeneous density media in their way
out, producing shocked regions, and finally plunge into the extended cloud.
In particular, shocks produced by the interaction of the high velocity flow and
the surrounding cloud at ~30-40" from IRc2, produce the bright H, regions
known as Peakl and Peak2 (first detected by Beckwith et al., 1978). Finally
the whole region is embedded in a quiescent and extended component (the
molecular Ridge) with narrow line-widths Av=3-5 km s~1. All these inho-
mogeneus components are spatially present in the ISO LWS and SWS beams
and may thus contribute to the emerging mid- and far-IR spectrum of water
vapor.

Several ground-based observations of water maser lines have been per-
formed in the Orion—KL region. From VLBI observations of the o—-H,O line
at ~ 22GHz, Genzel et al., (1981) determined the kinematics and velocity of
the 18 km s~! flow while the widespread nature of the water vapor around
IRc2 has been probed with maps of water at ~183 GHz (Cernicharo et al.,
1990; 1994). This was the first time that water vapor was detected, and its
abundance estimated, in the different large scale components of Orion IRc2.
In addition, the high excitation of the plateau gas has also being revealed
by observations of water at ~325 GHz (Menten et al., 1990b; Cernicharo et
al. 1999). Still, the interpretation of the excitation mechanisms of these maser
lines is not obvious. The HDO species has also been detected and modeled to-
wards Orion (Jacq et al., 1990; Pardo et al., 2001b), but is not straightforward
to obtain water abundances without taking into account the chemistry of each
gas component. 1SO spectrometers have provided the unique opportunity of
observing many IR thermal lines towards Orion.

Fig. 4 shows the LWS data in the direction of Orion. Several positions
were observed between 45 and 198 um providing information on atomic fine
structure lines as well as on CO and H,O pure rotational lines (see Sempere
et al., 2000 for an analysis of the CO data). This Figure shows that water
vapor is present over a region of several arcminutes in size (see also the
183.3 GHz observations of Cernicharo et al., 1994). The intensity of the water
lines decreases from the center to the surrounding positions by a factor of 10,
which corresponds to a variation in both the water abundance and the physical
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conditions of the gas. The large spatial distribution of water emission makes
extremely difficult the interpretation of the water lines. In addition, this large
scale map has been obtained in the grating mode of the LWS spectrometer,
i.e., with a spectral resolution of 300-600. Hence, no information is available
on line profiles.

Harwit et al., (1998) have published the results on 8 lines of water ob-
served with the LWS/FP between 71 and 125 um (see Fig. 5) and conclude
that these lines arise from a molecular cloud subjected to a magnetohydro-
dynamic C-type shock. The lines indicate a water abundance of the order
of 5 10~*. However, the fine interpretation of these lines is not obvious as
radiative pumping from IR photons could be playing an important role in
the excitation of water. Moreover, the collisional rates for the temperatures
prevailing in the shock are poorly known. One will need a larger set of lines,
including those from the isotopic species of water. Some additional lines were
observed with the ISO/SWS/FP spectrometer by Wright et al., (2000; see
Fig. 2). Opposite to the long wavelength water line profiles, the lines appear
in absorption below 40 um. The authors have obtained a water abundance of
2-5 10~ for a kinetic temperature of 200-350 K in the warm shocked gas.
The turnover point between absorption and emission is an important clue in
intrepreting the data (opacity, line strength, spatial distribution of the gas,...).
Cernicharo and co-workers have observed all water lines in the LWS domain
with the FP including several lines of the isotopic species H80 and H17O.
In addition, they have made a map with the LWS/FP in two water lines in
order to constrain the models of the different excitation processes of water.
These authors have detected more than 60 pure rotational thermal lines with
the LWS Fabry-Pérot on board SO, including also several lines of the H8O
and H3’0 isotopologues of H,O. Fig. 6 shows a selection of the observed
lines together with the low resolution spectrum of Orion.

Water lines with upper energy levels below ~1500 K have been detected
by 1SO towards Orion IRc2. Nevertheless, the spatial/spectral resolution of
these thermal water IR lines is not enough to resolve the complexity of the
observed regions. As an example, it is difficult to separate narrow from broad
water line components or to have the sensitivity to trace the line-wing emis-
sion. Besides, several radiative transfer effects (e.g., self-absorption and scat-
tering) may possibly occur at velocity scales that cannot be resolved by 1SO.

Due to the complexity of the region and the different excitation conditions
prevailing along the line of sight, many water lines have to be taken into
account in the models. The H%GO lines with wavelengths above 100um are
seen in emission. However for shorter wavelegths, lines arising from energy
levels below ~700K and with large line strengths show P-Cygni profiles and
have a large emission/absorption velocity range, while those with weak line
strengths, or arising from higher energy levels, are observed in pure emission.
Note that most water lines detected by ISO below ~45 um (van Dishoeck et
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al., 1998; Wright et al., 2000) are observed in pure absorption. The peak
LSR velocity of the emission lines occurs around +20 km s%, while that
of pure absorption lines occurs at —8 km st (Wright et al., 2000). This
means that the filling factors for water vapor as seen by the LWS and SWS
beam appertures are different, i.e., the water emission observed by LWS-FP
is likely arising from a larger surface than that observed with the SWS-FP. In
fact, the far—IR thermal emission in the water line at ~179.5 and ~174.6 um
respectively, is clearly more extended than the cloud position represented by
Orion IRc2 (Cernicharo et al., 2005). The widths of the far—IR water lines are
broader than the instrumental width determined by the Lorentzian instrument
response, thus, the water lines are partially resolved.

The angular extent and the spatial origin of the far—IR water lines is the
main drawback when trying to model the spatially unresolved ISO observa-
tions. Besides, any detailed fit to the data requires a detailed knowledge of
the geometry and of the relative distribution of dust and water. Fortunately,
the high angular resolution maps of water obtained from ground-based ob-
servations of the 183.3 and 325 GHz lines do reveal the spatial and velocity
distribution of water vapor (Cernicharo et al., 1994; 1999). These authors
detected at least four different water components from which the millime-
ter and submillimeter water lines arise: the extended molecular Ridge, the
high—velocity outflow, the low—velocity outflow and very narrow and strong
features which are also associated with the small bullets observed at 22GHz
(Genzel et al., 1981).

The interpretation of these lines requires detailed non-LTE and non-local
statistical equilibrium calculations and radiative transfer models including
both gas and dust (Daniel, Goicoechea & Cernicharo 2005). Fig. 7 shows
these models (including gas and dust) for different water vapor abundances.
The original code has been described in detail by Gonzalez-Alfonso & Cer-
nicharo (1993, 1997, 1999. Models assume that most of the water emis-
sion/absorption arise from the low-velocity Plateau, although the effect of
the lower excitation extended Ridge has also been investigated. A spherical
geometry for an outflow expanding at 18 km s~ consisting of two cloud com-
ponents of different temperatures and densities has been adopted. These gas
and dust layers surround a 10” continuum IR source (the hot core), with color
temperatures between 200 and 300K. The effect of this continuum radiation
and the effect of the dust opacity, together with collisions, has a deep impact
in the population of H,O rotational levels (Cernicharo et al., 2005; Daniel,
Goicoechea & Cernicharo 2005). The models reproduce quantitatively and
qualitatively the observed profiles and intensities of the water lines and the IR
continuum detected by ISO. However, some water vapor lines are sensitive
to the water abundance while other are sensitive to the adopted geometry.
Very high abundances, 3 1074, are needed to explain most lines below 40
um, while abundances between 3 107° to 10~ are required for the long
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wavelength lines. In addition, some lines are difficult to be reproduced by
the models. Calibration errors and/or inaccuracy in the collisional rates could
be responsible for these effects. The water abundance, as derived from ISO
and ground based observations, is consistent with that derived by Wright et
al., (2000) and Harwit et al., (1998), a few 10~* for the shocked regions,
and decreases to 107°-10~% for the large scale components. Any realistic
model of water for clouds such as Orion has to properly take into account
the phenomena described above. The high angular and spectral resolution
that will be provided by Herschel will allow us to improve the models for
water vapor in Orion.

2.1.2. Rotational Water Vapor Linesin absorption : Sgr B2

Sgr B2 is the most massive cloud in the Galaxy, ~10’ M, (Lis and Goldsmith
1990). This cloud is a paradigmatic object in the Galactic Center region as
its geometrical properties, physical conditions and chemical characteristics
resemble a miniature galactic nucleus with a ~15 extend (Goicoechea et al.,
2004). Opposite to what is found toward other star forming regions, such
as Orion (see above and Cernicharo et al., 1998a), the observations of the
212 — 1p1 line at ~179.5 ym in the direction of Sgr B2 show that the line
appears in absorption rather than in emission (Cernicharo et al., 1997a). Later,
the launch of SWAS allowed the observation of the 1,9 — 191 fundamental
transition of both H3°0 at 557 and H18O at 548 GHz (first detected by the
Kuiper Airborne Observatory, KAO; see Zmuidzinas et al., 1995). Although
the velocity resolution is ~1 km s™1, the large beam of SWAS (~4') could
make these observations mostly sensitive to the extended cold and less dense
gas. SWAS observations have provided an estimate of the H,O abundance in
the low excitation clouds located in the line of sight toward Sgr B2 (Neufeld
et al., 2000, 2003). However, the fact that only the ground-state absorption
line is detected makes difficult a detailed study of the water vapor excitation
mechanisms in Sgr B2. Cernicharo et al., (2005) get around this problem
with their analysis of the far-IR observations of 14 thermal lines of water
vapor toward Sgr B2(M) with the ISO/LWS/FP spectrometer, and the first
mapping of the 183.3 GHz maser emission of para—H, O around Sgr B2 main
condensations.

The far-IR spectrum of Sgr B2(M) is dominated by the absorption pro-
duced by H,O, NH3, C3, OH, and NH (see Cernicharo et al. 1997a, 2000;
Ceccarelli et al., 2002, Goicoechea et al., 2001b, 2004). The low resolution
spectrum obtained with the LWS, together with the available data from the
LWS/FP, have been analyzed by Goicoechea et al., (2004; see Fig. 21 for
a comparison of the grating spectrum of Sgr B2(M) and Arp220). The dust
emission could be fitted with a Tgug ~ 30 — 40 K with a peak opacity at 80 um
of ~5. A detailed view of the absorption lines found in SgrB2 in the 40 — 200
pm range is shown in Fig. 3 while those of water vapor are shown in Fig. 8.
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The Water World of 1SO 11

Except the 215 — 1o1 ground state line at ~179.5 um, all water lines have the
same profile and are centered at Sgr B2(M) velocities. The ~179.5 pm line
appears saturated and in absorption from —150 to +100 km s indicating
that is tracing both cold water vapor located in the foreground gas toward
the GC and the warm gas around Sgr B2(M). The widespread absorption
produced by the 21, — 1p; line has been previously presented by Cernicharo
et al., (1997a), while the 1,0 — 1p1 absorption has been mapped with SWAS
(Neufeld et al., 2003). These observations probe that low excitation HO is
present in the clouds along the line of sight of Sgr B2. The averaged velocity
from all H,O lines observed with the ISO/LWS-FP is +50+5 km s71, in
agreement with the velocity of other related O-bearing species such as HHO™
or OH (Goicoechea & Cernicharo, 2001a; 2002). Taking into account the
wavelength calibration accuracy of the LWS/FP instrument, this velocity is
in reasonable agrement with the expected +65 km st cloud seen in radio
observations (Hittemeister et al., 1995). Note, however, that velocities close
to +50 km s~ are also associated with gas surrounding most of the Sgr B2
continuum sources, so that the bulk of the H,O absorption can arise from this
specific LSR component (note also that the 183.3 GHz line appears in some
positions at this velocity; see Fig. 9). Possible overlaps with other molecular
species occur at some wavelengths. In particular, the o—H,O 43,—4,3 line is
blended with HF J=2-1 at 121.697 pm (Neufeld et al., 1997) and the 0o-H20
212101 line at 181.053 pm has a small contribution from the HO* Q(1,1)
line (Goicoechea & Cernicharo 2001a).

Observations of the H,O 313 — 259 line (E;~200 K) at ~183 GHz toward
Sgr B2 are presented in Fig. 9 (integrated line intensity over the observed
region and several spectra at relevant positions). The emission appears at the
LSR velocities of Sgr B2 with no contribution from other clouds along the
line of sight. Note the different line shapes and intensities of the ~183 GHz
emission for positions in front and around the main condensations.

Different models (LVG and non-local) for the water vapor absorption have
been presented in Cernicharo et al., (2005). The authors conclude that the
LVG method is not well suited to treat the radiative transfer of H,O in Sgr B2.
To take into account the radiative coupling between regions with different
physical and/or excitation conditions, the RT has to be treated with nonlocal
techniques. In order to constrain the physical parameters they have used the
available spectroscopic ground based and ISO data of CO and other species,
including the extended maser emission from H,O at 183.3 GHz. The models
include all the rotational levels of H,O involving transitions with wavelengths
longer than 40 um. The level population is computed considering collisional
excitation and radiative excitation by line and continuum photons emitted
by the dust. This has been computed consistently assuming that the water
molecules and the dust grains are coexistent. The geometry is a core+shell
structure. Obviously all water transitions in the core are thermalized to the

Page 11



12 Cernicharo & Crovisier

dust temperature due to the large opacity in the far-IR. The computed line
profiles are a result of convolving with the angular resolution of the LWS
detectors (~80"). To test the sensitivity of the models against the physi-
cal parameters, N(H,0) and Ty were computed for 1.8x10'%, 9x 10! and
1.8x10'® cm ~2, and 40, 100, 200, 300 and 500 K respectively, while den-
sities were explored in the range from 5x10° to 6.4x10° cm 2 by steps
of 2. The different non-local models for N(H,0)=9 10" cm~2 are shown in
Fig. 10.

The main problem to interpret the H,O absorption toward Sgr B2 is due
to the large opacities of the far—IR water lines, typically ~1CG® and even
~10% for the ortho—H, O 21,-1¢1 line at ~179.5 um. Under these conditions,
many weak water lines have to be detected in order to constrain the physical
conditions and the column density. In addition, as the radiative excitation
dominates the population of the far-IR levels, lines with a weak dependence
on the dust excitation should be searched. Taking into account the 14 water
lines detected in the far—IR, the nonlocal results imply that these lines are not
very sensitive to the temperature and that the only indication about the column
density has to be searched in weak far—IR H,O lines or in the 183.3 GHz one.
Even so, the far—IR absorption arises from the low density external layers of
gas, while it is very likely that the 183.3 GHz line could have an important
contribution from inner and denser regions. Another problem arises from the
fact that models with low N(H,O) values and Tx<200 K, indicated that it is
also difficult to distinguish between different H, densities. Limits to Ty and
n(Hz) have to be searched in weak lines below 70 pm.

The models for high water column densities (Fig. 10) predict absorption
lines in the LWS range at ~56.3, ~57.6, ~58.7, ~78.7, ~99.5, ~125.4 and
~136.5 pm. At the spectral resolution and sensitivity of the LWS/FP, none of
these lines can be detected (and they have not). This implies N(H0)<10'8 cm—2
toward the warm envelope of Sgr B2. The ~136.5 um line, also predicted by
the models with large N(H,O), is contaminated by the absorption produced
by the C3 Q(8) ro-vibrational line, which is also predicted by the models for
tri—atomic carbon absorption in Sgr B2 (Cernicharo et al., 2000).

In addition, Cernicharo et al., (2005) have not detected any line of wa-
ter vapor at wavelengths shorter than 60 pum. Some of these lines are pre-
dicted (even in emission) by the models with large N(H,O). Models con-
sidering N(H,0)=1.8x10' cm~2 are compatible with ISO detections and
non-detections. Only the ~67.1 um line is weaker than observed. Taking into
account the difficulties related to the H,O models in the far-IR, Cernicharo et
al., (2005) conclude that (4 +2) x 10'® cm~2 is the best H,O column density
to fit the 1SO observations of the gas surrounding Sgr B2.

The array of models in Fig. 10 shows the difficulty in interpreting the
far—IR data for H,O. However, such variety of models has to be computed in
order to test the sensitivity of the water lines to the physical parameters and to
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collisional and/or radiative pumping. Future observations with the Herschel
Space Observatory will provide data at high angular resolution, similar in
fact to that achieved in ground based 183.3 GHz observations. However, the
correct selection of the water lines sample to be observed will be critical to
interpret the data and to derive the physical conditions of the gas and the
water abundance.

2.1.3. Water Vapor Linesin absorption : Dark Clouds toward Sgr A
The abundance of water vapor in dark clouds has been analyzed through
emission observations by SWAS (see, e.g., Snell et al., 2000). The upper
limits they have obtained, x(H,0)<7 10~8, correspond to very low H,O
abundances and indicate that getting positive results when searching for water
emission in very low Kinetic temperature regions is difficult. Although some
weak emission from such cold clouds could be expected, one has to take into
account that the surrounding gas, even if the density is not enough to pump
the rotational levels of H,O, will absorb and re-emit over a large volume the
photons arising from the densest regions in the cores of these clouds (see
Cernicharo and Guélin 1987 for an analysis of this effect in the high dipole
moment molecule HCO™). The result is that extremely weak emission could
arise from dark clouds. Consequently, emission measurements are not well
suited to derive the abundance of H,O. However, absorption measurements
are better suited for this task in these objects when a continuum background
source is available. Moneti, Cernicharo and Pardo (2000) have used 1SO to
derive the water abundance in the the dark clouds in front of the galactic
center Sgr A*. By observing CO and H,0O gas and ice features with the SWS
and LWS spectrometers (see Fig. 11) they have been able to characterize the
different components in the spectra : the warm gas surrounding Sgr A, and
the cold gas and dust in the dark clouds in front of this cloud. However, water
line observations are not enough to constrain the physical properties of the
gas. Therefore, they complemented their study with an analysis of the pure
rotational high-J lines of CO, also observed by ISO, to provide some addi-
tional key parameters for the interpretation of the water lines (see Fig. 12).
The use of the ro-vibrational and rotational lines of H,O, which have very
different opacities, and the information provided by other molecular species
has been extremely useful in deriving the water abundance in dark clouds.
Plume et al., (2004), and references therein, have used the SWAS satellite
to observe water absorption produced by the clouds placed in the line of sight
toward W49A. They have derived H,O abundances of 8.2 1078 to 1.5 1075,
i.e., very similar values to those obtained in the dark clouds observed by Mon-
eti, Cernicharo and Pardo (2000). Where these lines are formed, i.e., in the
innermost regions of the cold clouds or in their external layers (photochem-
istry) is not clear yet. Future observations with the Herschel Space Obser-
vatory in several lines of water and its isotopic species (and other molecular
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14 Cernicharo & Crovisier

lines, like CO lines to constrain models and the interpretation of water emis-
sion/absorption) will provide a more detailed view of the water abundance
and chemical processes leading to its formation in cold dark clouds.

2.2. THE BENDING MODE OF WATER

Helmich and collaborators (Helmich et al., 1996b) have detected many ro-
vibrational lines of water vapor due to absorption from the ground level up
to the bending mode, v,, opening the way to study the role of water vapor
in star forming regions. They detected more than 30 infrared absorption lines
toward AFGL 2591 (see Fig. 13) arising from gas at high kinetic tempera-
ture, Tx ~300 K. van Dishoeck and Helmich (1996) observed the bending
mode of water toward massive young stars covering a large range of physical
conditions. Hot water with excitation temperature >200 K was found toward
GL 2136 and GL 4176 (in addition to GL 2591) with an abundance as large
as 2-3 107> and comparable to the abundance of H,O in ices in the coldest
parts of these clouds (see Fig. 13).

Boonman and van Dishoeck (2003) have analyzed the available observa-
tions of the bending mode of H,O toward a significant number of molecular
clouds and found water abundances in the range 5 10°® — 6 107> with a
clear tendency to have larger water abundances as the gas temperature in-
creases, which suggests that grain-mantle evaporation is important. They have
compared these results with chemical models showing that three different
chemical processes, ice evaporation, high-T chemistry, and shocks, can re-
produce the high gas-phase H,O abundances inferred. Of course, the results
concern the inner regions of the cloud that surrounds these massive protostars.

Although the observation of the bending mode of H,O provides an excel-
lent tool to derive water abundances in high mass star forming regions, the
main drawback is that these observations are limited to the directions with
strong infrared emission at 6 pm, which are spatially limited to a few arc-
seconds. Nevertheless, the study of the bending mode of water could provide
good insights on the role of infrared photons in pumping of water molecules
to high energy levels. One of the nicest surprises provided by observations
of the bending mode of H,O with 1SO occurred in Orion: Toward its central
continuum source the R-branch of the band was observed in absorption while
the P-branch was found in emission. These results were correctly interpreted
by Gonzalez-Alfonso et al., (1998b) and Gonzalez-Alfonso and Cernicharo
(1999; see Fig. 14; an overview of the H,O v, band is shown in the bottom-
right panel of Fig. 2). In fact, theoretical models made for evolved stars
predicted such a behavior under some specific physical and geometrical con-
ditions (Gonzélez-Alfonso and Cernicharo 1999). These models were done
prior to the observations and the excellent agreement found provided strong
confidence in the physical parameters obtained in the interpretation of the ro-
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vibrational lines of water (high water abundances, the role of dust in the IR
pumping, etc., see, e.g. Gonzalez-Alfonso et al., 2002). Finally, the bending
mode of water could also be observed in absorption in dark clouds when a
strong infrared source is located behind the cloud (see section 2.1.3).

3. Water in Evolved Stars

3.1. O-RICH STARS

O-rich evolved stars, i.e., stars with C/O< 1, are the best water vapor fac-
tories in space. In the innermost layers of their circumstellar envelopes the
physical conditions (high density and temperature) allow a chemistry under
thermodynamical equilibrium. As CO is the most stable molecule in space,
most carbon atoms are locked in CO leaving oxygen atoms available to build
other gas phase species such as CO, and H,0.

Gonzalez-Alfonso and Cernicharo (1999) have modeled the water spec-
trum of evolved stars. The pure rotational lines and the bending mode were
analyzed. Fig. 15 (left panel) shows these models for two different mass loss
rate regimes. In the high end of mass loss rates, the far-infrared spectrum is
fully dominated by the pure rotational lines of H,O (the CO lines are also
present but weaker than those of water). The low mass loss rate model in
the same figure shows that CO and water lines have similar intensities but
the densest water spectrum dominates the far-infrared emission. The mod-
els shown in Fig. 15 have been convolved to the spectral resolution of the
LWS grating spectrometer and indicate that water will dominate all cool-
ing processes in the envelope (at least in the regions where water is not yet
photodissocated).

The predictions for the bending mode are rather surprising (Fig. 15, right
panel). Depending on the mass loss rates, the size of the envelope, and the gas
density (radiation versus collisions), the bending mode will present a peculiar
behavior with the R-branch in absorption and the P-branch in emission for
low mass loss rates (panel b), or with the P-branch in absorption/emission
for high mass loss rates (panel a). Changing the size of the envelope has
important effects on the shape of the bending band as shown in panel c,
where some lines appear in absorption while other lines are in emission in
each branch (see Figure caption). This kind of behavior was nicely verified in
Orion (see above; Gonzalez-Alfonso et al., 1998a; van Dishoeck et al., 1998)
and shows that the observation of the whole bending band provides important
constraints when modeling the water excitation.

The first 1ISO spectrum showing the pure rotational lines of H,O was
obtained by Barlow et al., (1996) in the direction of W Hya (see Fig. 16).
The spectrum is dominated by a forest of water lines confirming that HO
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16 Cernicharo & Crovisier

molecules are the dominant coolants of the gas in the circumstellar envelope.
They have find a water abundance of 8 10~4 for r <4.5 10'* cm and 3 10~ at
large radii. The star mass loss rate is 6 107 M, yr~1. Neufeld et al., (1996)
also observed this object with the SWS/FP spectrometer. They obtained a
mass loss rate of (0.5 — 3) 107> M., yr 1, i.e., two orders of magnitude
larger than the value obtained by Barlow et al., (1996) or that obtained from
dynamical considerations. This difference is probably arising from the dif-
ferent physical parameters assumed in the interpretation and to the lack of
precise collision rates for H,O-H, at the temperatures prevailing in these
warm objects. Justtanont et al., (2004) have analyzed all the available data for
W Hya and conclude that the only way to put in agreement the mass loss rates
calculated from different molecular tracers is to increase the water abundance.
The best value they obtain from CO lines is (3.5—8) 10°8 M., yr~! which is
a factor 10 below that of Barlow et al., (1996) and three orders of magnitude
below the mass loss rate derived by Neufeld et al., (1996). The main drawback
of water vapor observations in O-rich stars is the large line opacities through
the whole envelope which make extremely difficult the selection of rotational
lines sensitive to the physical conditions. Many other O-rich evolved stars
have been observed with 1SO. R Cas has been modeled by Truong-Bach et
al., (1999) getting a water abundance of 1.1 10~°. More detailed models have
been developed to interpret the high mass loss rate stars VY CMa (Neufeld et
al., 1999; they also report the detection of rotational lines inside the v, level)
and NML Cyg (Zubko et al., 2004).

Most AGB stars are bright in the mid infrared which favor the observation
of the bending mode of water in these objects. However, the lack of spectral
resolution with 1ISO makes difficult the interpretation of the data because low
excitation lines form throughout the whole envelope while high excitation
lines, showing probably P-Cygni profiles, arise from the innermost layers of
the envelope. Justtanont et al., (1996) observed the w» H,0O band toward NML
Cyg (see Fig. 17). Although the column density of water they derive is high
the excitation temperature is rather low implying that most lines in the SWS
spectrum are formed in the external envelope. They also observed the v and
v bands of H,O at 2.7 um.

OH/IR objects are O-rich stars with a high mass loss rate. They are char-
acterized by the presence of strong OH masers and strong emission in the in-
frared. 1SO observed a large number of these objects with the LWS and SWS
spectrometers. Sylvester et al., (1999) analyzed these data and found a wealth
of broad spectral features due to crystalline silicates and crystalline water ice
in emission and absorption. Crystalline ice at 43 and 60 um was detected
first toward these objects by Omont et al., (1990) using the Kuiper Airborne
Observatory (KAQO). The full frequency coverage of the SWS and LWS spec-
trometer permits a more detailed study of these bands. Sylvester et al., (1999)
concluded that there is a certain onset value for the mass loss rate above
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which these features appear in the spectrum. Water vapor is also present in
the spectra of these objects (see Fig. 18). Molster et al., (2001, and references
therein) have analyzed the 1SO spectrum of NGC6302, one of the first ob-
jects observed with 1SO showing the crystalline water ice bands. These bands
have also been detected toward the C-rich planetary nebula CPD-56°8032 by
Cohen et al., (1999).

3.2. C-RICH STARS

In carbon-rich stars C/O>1 and all oxygen atoms will be locked into car-
bon monoxide. Hence, oxygen will be unavailable to build other molecules.
Nevertheless, Melnick et al., (2001) have reported the detection of HO with
SWAS in the direction of IRC+10216, the prototype of carbon-rich AGB
stars. The far-IR spectrum of this object as observed by 1SO was reported
by Cernicharo et al., (1996b) and no clear indication of H,O could be found
as the spectrum is dominated by a forest of emission lines from CO and HCN.
Melnick et al., (2001) have suggested that the observed water vapor is arising
from the evaporation of cometary bodies orbiting IRC+10216. More sensitive
observations with Herschel of several water lines having different excitation
conditions could provide a clearer picture about the origin of H O in this star.

The situation is different for post-AGB carbon-rich stars. Herpin and Cer-
nicharo (2000) have presented 1SO LWS observations of the proto-planetary
nebula CRL 618, a carbon rich object in a very fast evolutionary phase prior
to reaching the planetary nebula stage. The far-infrared spectrum is essen-
tially dominated by CO lines (see Fig. 19). All the other species have much
lower intensities contrary to that found in the AGB star IRC+10216 where
HCN lines (from the ground and vibrationally excited states) are as strong as
those of CO (see Cernicharo et al., 1996b). The main difference between both
objects has to be found in the physical structure of their CSEs. That of CRL
618 has a central hole in molecular species filled by a bright HII region.

In addition to the lines of CO, ¥¥CO, HCN and HNC, Herpin and Cer-
nicharo (2000) reported the detection of H,O and OH emission together with
the fine structure lines of [O 1] at 63 and 145 um. The abundances of these
species relative to CO are 4 1072, 8 10~* and ~4.5 in the regions where they
are produced. The authors have suggested that O-bearing species other than
CO are produced in the innermost region of the circumstellar envelope. UV
photons from the central star photodissociate most of the molecular species
produced in the AGB phase and allow a chemistry dominated by standard
ion-neutral and neutral-radical reactions. Not only these reactions allow the
formation of O-bearing species but also modify the abundances of C-rich
molecules like HCN and HNC for which the authors have found an abun-
dance ratio of ~ 1, much lower than what is typical in AGB stars. Herpin
et al., (2002) have made a comparative study of three carbon-rich post-AGB
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18 Cernicharo & Crovisier

objects, CRL618, CRL2688 and NGC7027. In the early stages of the AGB
to PN evolution (represented by CRL2688) the far-infrared spectrum is domi-
nated by CO lines. In the intermediate stage, e.g., CRL618, very fast outflows
are present which, together with the strong UV field from the central star,
dissociate CO. The released atomic oxygen is seen via its atomic lines and
allows the formation of new O-bearing species, such as H,O, H,CO and
OH. At the planetary nebula stage, e.g., NGC7027, a large fraction of the old
CO AGB material has been reprocessed. The far-infrared spectrum is domi-
nated by atomic and ionic lines. New species, such as CH" (see Cernicharo
et al., 1997d), appear. The water vapor formed during the protoplanetary
nebula stage has been photodissociated. The chemical evolution during the
protoplanetary nebula stage has been modeled, using only neutral and neutral-
radical reactions, by Cernicharo (2004). The radicals are the products of the
photodissociation of molecules formed during the AGB phase of the star.
The author has shown that H,O, H,CO (a molecule detected in CRL618 by
Cernicharo et al., 1989), and CO, are easily formed in the warm and dense gas
of the photodissociation region surrounding the hot central star. These models
also predict very large abundances for other carbon chains and carbon clusters
as those found by Cernicharo et al., (2001 a,b). Hence, photochemistry plays
an important role in the chemical evolution of the envelopes of post-AGB
stars making possible the presence of O-bearing species in a medium where
the physical conditions and the atomic abundances would result in very little
amounts of these species.

4. Water in Galaxies

Due to the small size of the I1SO telescope the observation of water in gas
phase toward extragalactic objects is strongly limited in sensitivity. Neverthe-
less, observation of water ice in 18 galaxies, from a sample of 103 galaxies
observed with 1SO, has been reported by Spoon et al., (2002). They have
found that water ice is present in most ULIRGs, whereas it is weak or absent
in the large majority of Seyferts and starburst galaxies.

Only a few objects show gas phase molecular emission or absorption
: Arp220, NGC1064 and NGC253. Goicoechea, Martin-Pintado and Cer-
nicharo (2005), have analyzed the OH emission/absorption in NGC1064 and
NGC253, while Arp220 has been studied in detail by Gonzélez-Alfonso et
al., (2004). Fig. 20 shows the far-IR spectrum of Arp220 as observed by
ISO. The spectrum looks very similar to that of Sgr B2 (see Fig. 21). The
modeling of the Arp220 far infrared spectrum (see below), and of the OH
lines in NGC1064 and NGC253, was done by comparison of their spectra
with that of some well-studied Galactic sources, which provides important
clues about the physical conditions in the regions where the lines are formed.
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Figure 9. Map of the 3132, line of para—H3°0 at 183 GHz around Sgr B2 main conden-
sations. Contours in K kms™1 are indicated in the figure. Different line profiles at significant
positions of the map are also shown. The intensity scale isin T, and the abscissa is the LSR
velocity in kms~1. The map is centered at the position of Sgr B2(M) (from Cernicharo et al.,
2005).
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Figure 10. Results from selected nonlocal models of H,O rotational linesin Sgr B2(M). The
total H,O column density is 9.0x 107 cm 2. Models for different kinetic temperatures (from
40 to 500 K) and H, densities (from 5.0x 10° to 1.6x 10° cm2) are shown (from Cernicharo
et al., 2005).
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Figure 11. 1SO/SWS spectra of the stretching mode of CO (a,b,c) and the bending mode of
water vapor (d,ef) in the direction of Sgr A*. Panels a and d show the observations and a
model for the continuum (including ices); panels b and e show the contribution of theices and
of thewarm CO; panels ¢ and f show the normalized spectrum and model spectrum (shifted for
clarity), and panel g shows the details of the ortho- and para-H, O transitions (from Moneti,
Cernicharo & Pardo 2000).
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Figure 12. (a) J=3-2 and J=7-6 lines of CO observed at the CSO toward Sgr A". The down-
ward arrows indicate the central position of the cold gas absorption features. The upward
arrows indicate the velocity of the Sgr A* molecular cloud. (b) LWS-FP spectra of the 25-1p1
and 21-119 lines of 0-H,O toward Sgr A*. The drawing at bottom left indicates the tran-
sition levels involved. The 19;—2;1» line shows three unresolved components at v = 20, 5
and 55 kms~1 while in the other transition only the 55 kms™! feature is present. The inset
panel shows the LWS-grating spectrum; the CO -warm gas- and H, O lines are indicated. The
upward arrows indicate the velocities of the cold absorbing gas and the downward arrow that
of the Sgr A* molecular cloud (from Moneti, Cernicharo & Pardo, 2000)
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Figure 13. Normalized spectra of NGC7538 IRS9, GL4176, GL2136 and GL2591. A model
H,O spectrum for a column density of 2 101 cm ™2, Te=300 K and Av= 5 km s is shown
for comparison (from van Dishoeck and Helmich et al., 1996; see also Helmich et al., 1996b;
see Boonman & van Dishoeck 2003 for observations of a large number of sources in the w
mode of H,O).
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Figure 14. Continuum normalized spectrum of Orion-BN/KL between 5.5 and 7.2 pm.
The dotted line is the result of the "radiative excitation” H,O model described by
Gonzélez-Alfonso et al., (1998b). The solid line is the result of adding to the line fluxes of
that model the fluxes of a collisionally excited model. The strongest lines are labeled (ortho:
lower labels; para: upper labels), the first three quantum numbers correspond to the level in
the v,=1 bending state and the second set of three quantum numbers belongs to the level in
the ground v=0 state (from Gonzalez-Alfonso et al., 1998b).
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Figure 15. Left pand : Predicted |SO LWS spectrum of water vapor and CO for two models
with mass |oss rates and expansion velocities of 1.3 107> Mg, yr ! V=20 kms™ (upper
subpanel) and 2 10~ Mg yr~! Vep=9 km s~ (lower subpanel. The water vapor and CO
abundances are 2.7 104 and 6 10~ respectively. The internal radius of the H,O envelope
is 101 cm while the stellar radius is 3.7 10'3 cm. The source is placed at 500 pc and the
model s take into account the excitation of molecules to the bending mode. The lines of CO are
indicated, all the remaining lines belong to H,O. Right panel : Predicted 1SO SWS spectrum
of water vapor at 6 um in the two models quoted above (panels (a) and (b)). Moddl c is
similar to b except thatthe inner radius of the H,O shell coincides with the stellar radius.
The region between r=R, and r=10" cm has n(H;)=2 10° cm~23 and V=5 km s~ (from
Gonzélez-Alfonso and Cernicharo 1999).
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Figure 17. Continuum-divided spectrum of the v, band of H,O in NML Cyg (bottom).
The modeled spectrum with Te=100 K and N(H,0)=10%° cm~2 is shown at the top (from
Justtanont et al., 1996).
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Lo

Figure 18. Continuum-divided spectra of several OH/IR starsin the 2-7 umregion. The cen-
tral wavelengths of the absorption features due to H,O (gaseous and ice phases), and of
gaseous CO, CO, and SO areindicated (from Sylvester et al., 1999).
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Figure 19. 1SO/LWS Continuum-substracted spectra of CRL618. The lines of CO, 13¢co,
HCN, H,O and OH are indicated by arrows, while those of HNC are indicated by vertical
lines (from J=22-11 at 150.627 pmto J=17-16 at 194.759 um). Thefigure isfrom Herpin and
Cernicharo (2000) and the result of their model is shown as a solid line.
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Figure 20. 1S0 LWSspectrum of Arp220 where the most prominent line features areidentified.
The gray line shows the best model for the lines (from Gonzalez-Alfonso et al., 2004).
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Figure 21. Continuum normalized spectra of SgrB2 (M) and Arp220. The main carriers of
some line features are indicated. (from Gonzalez-Alfonso et al., 2004).

In Arp220 Gonzélez-Alfonso et al., (2004) have observed absorption in the
lines of OH, H,0O, NH, NH3 and CH in addition to [O I] at 63 um and emission
in the [C 11] line at 158 pm. They have modeled the continuum and the emis-
sion/absorption of all observed features by using nonlocal radiative transfer
codes. The continuum from 25 to 1300 um corresponds to a nuclear region,
optically thick in the far-infrared, with a size of 0.4” and a dust temperature
of 106 K surrounded by an extended region (2”) heated mainly through ab-
sorption of the nuclear infrared radiation. The OH column densities are high
toward the nuclear region (2-6 10" cm~2) and in the extended region (~2
10%" cm~2) while the water column density is high toward the nucleus (2-10
10% cm~2) and lower in the extended region. The column densities in a halo
that accounts for the absorption in the lowest lying lines are similar to what
is found in the diffuse clouds toward the star-forming regions in the Sgr B2
molecular cloud in the neighborhood of the Galactic Center. One of the most
surprising results from Gonzalez-Alfonso et al., (2004) is the large column
density needed to explain the observations of NH and NH; (1.5 106 cm—2
and 3 10 cm—2, respectively) while NH,, a molecule detected in Sgr B2 (M)
by Gzoicoechea and Cernicharo (2001b), has a column density below 2 10
cm—<.

The excellent 1SO spectrum of Arp220 makes it a reference template
for understanding the dusty interstellar medium of ULIRGs. The model of
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Gonzalez-Alfonso et al., (2004) shows the important role of the dust photons
in pumping the high-excitation lines of OH and H0, i.e., a similar situation
to than that found in Sgr B2(M) (Goicoechea and Cernicharo, 2002). The
modeling of water vapor and OH in Arp220 indicates the prominent role of
PDR molecular chemistry in the extended region of Arp220, while chemistry
in hot cores and shocks in the nucleus is also contributing to the observed
abundance of H,O.

Herschel, with its three instruments (HIFI, PACS and SPIRE), and its large
telescope (3.5 m), will permit to observe the molecular content of more dis-
tant objects. The full frequency coverage provided by PACS and SPIRE will
allow to make more detailed and sensitive studies of H,O and OH, while HIFI
will provide high spectral resolution of the line profiles of these molecules.
It is worth noting that the H,O models for water in Arp 220, and for sources
in our galaxy, have required the simultaneous observation and modeling of
other species, in particular OH and CO. Moreover, the use of galactic sources
as templates as initial input for the interpretation of molecular extragalac-
tic observations could be a mandatory step. Goicoechea, Martin-Pintado and
Cernicharo (2005) have used Orion and Sgr B2 as templates to interpret the
far-infrared spectra of NGC253 and NGC1064. Thanks to 1SO, this informa-
tion will be available when observing extragalactic sources with Herschel.
It will be, without any doubt, the only way to interpret correctly the HO
lines, which will provide important information on the chemistry and physical
conditions of the gas.

5. Water in the Solar System

Water is ubiquitous in the Solar System. It is present

— asice and liquid on the surface of the Earth;

— asice and — presumably, in the past — as liquid on Mars;
— in various amounts in the atmospheres of most planets;
— as the main constituent of cometary ices;

— in primitive meteorites such as carbonaceous chondrites;

— as ice on numerous planetary satellites and — presumably — on trans-
Neptunian objects (TNO);

— and even in the Sun’s atmosphere.

Water is also a requisite for the apparition and evolution of life. It is thus
important to know the cycle of water in the Solar System. Problems that are
still open include:
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— to which extent cometary (and TNO) ices are coming from unprocessed
interstellar ice;

— what is the origin of water in the giant planets’ atmospheres;

— to which extent did the infall of comets, asteroids and interstellar dust
particles (IDPs) contributed to Earth (and Mars) water.

The contribution of ISO to cometary and planetary studies has also been
reviewed by Crovisier (2000), Encrenaz (2000), Fouchet et al. (2004) and
Mdiller et al. (2004).

5.1. COMETS

OH (1-0) T l

intensity [Jy]

C/1995 01 (Hale—Bopp)

2.6 2.7 2.8 2.9
wavelength [pm]

Figure 22. The SWS spectrum of water in the 2.7 um region observed in comet C/1995 O1
(Hale-Bopp) on 27 September and 6 October at 2.8 AU from the Sun (top). Line assignations
areindicated. The synthetic fluorescence spectrumwhich corresponds to the best fit to the data
is shown at the bottom. It corresponds to Q[H,0] = 3.6 x 102° molecules s™1, Tyt = 28.5 K
and Tgpin = 28 K. Adapted from Crovisier et al. (1997a).

Water is the main constituent of cometary ices. Its sublimation governs
cometary activity close to the Sun (r <4 AU). However, the direct observation
of cometary water is very difficult from the ground, where only lines from
infrared hot bands can be observed. The water ro-vibrational lines are emitted
by fluorescence excited by solar radiation. Their measurement allows us to
determine the water production rates in comets.

Water was best observed by 1SO in the exceptionally bright comet C/1995
O1 (Hale-Bopp), as part of a target-of-opportunity program, in September—
October 1996. The comet was then at r = 2.8 AU from the Sun and its water
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Figure 23. Several rotational lines of water observed in comet C/1995 O1 (Hale-Bopp) with
the LWS. The CII line is not cometary; it comes from the background (from Crovisier et
al.,1999a).

production rate was 3.3 x 10?° molecules s~%. The v¢, v3 and hot bands
around 2.7 um were resolved in rotation with the SWS (Fig. 22; Crovisier
etal., 1997a, 1999b). The v, band at 6.5 um was also detected with the SWS,
for the first time in a comet (Crovisier et al. 1997b). Several rotational lines
(212—1p1 and 3p3—212 around 180 pm and weaker ones) were observed with
the LWS (Fig. 23). This was also the first detection of rotational lines of
water in a comet, before the 1;0—1¢; line at 557 GHz line could be observed
by heterodyne techniques with the SWAS and Odin satellites.

In comet Hale-Bopp, water was only detected when the comet was at
r=2.9 and 3.9 AU. At farther distances (4.6 AU pre-perihelion and 4.9 AU
post-perihelion), only CO and CO, (which are much more volatile species)
were detected, with PHT-S. This shows the evolution between CO-dominated
(at large r’s) and HyO-dominated (at small r’s) regimes of sublimation of
cometary ices.

ISO also observed H,O in two short-period, Jupiter-family comets. In
103P/Hartley 2, which was observed close to its perihelion at r =1 AU, the
water production rate was 1.2 x 10?2 molecules s~ (Colangeli et al. 1999;
Crovisier et al. 1999a). In 22P/Kopff, observed in a less productive state af-
ter perihelion at r = 1.9 AU, the water production rate was only 3.7 x 1%’
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molecules s~ and the water lines at 2.7 pm were just detected by the SWS
(Crovisier et al. 1999a).

The SWS spectra obtained in the 2.6 um region on comets Hale-Bopp and
Hartley 2 allowed us to investigate the rotational distribution of water, and
therefore its excitation conditions. Water excitation is governed by radiative
excitation of the fundamental bands of vibration by the Sun IR radiation,
collisions in the inner coma, and radiative trapping effects (Bockelée-Morvan
1987). On the other hand, the kinetic temperature of the coma is governed by
the balance between radiative cooling (through emission of water rotational
lines) and photolytic heating (principally through water photodissociation).
In the field of view of the SWS, cometary water is partly relaxed to its lowest
rotational levels. As predicted by modeling, the observed rotational tempera-
tures of water are low: 28 K for Hale-Bopp, 20 K for Hartley 2, < 11 K for
Kopff (Crovisier et al. 1997a, 1999a, 1999b).

Water exists in two nuclear-spin states according to the spins of its hy-
drogen atoms: ortho (I = 1) and para (I = 0). Conversions between the two
states are forbidden, so that the ortho-to-para population ratio is linked to the
temperature (spin temperature Tgyin) of the last re-equilibration of water. The
SWS spectra allowed us to determine Tgpin Of water in comets Hale-Bopp and
Hartley 2. Tspin = 28 and 35 K were derived respectively for the two comets
(Crovisier et al. 1997a, 1999a, 1999b). A similar value (29 K) was observed
in the past for comet 1P/Halley (Mumma et al. 1993). The spin temperature of
cometary ammonia (which is indirectly determined from the visible spectrum
of NH,; Kawakita et al. 2004) has also similar values (25-32 K).

These Tspin, all observed in a small range for comets of different orbits
and different dynamical history, are still to be understood. It has been argued
that Tgpin could reflect the temperature of the grains where the molecules
formed, but it seems hard to believe that the ortho-to-para ratio could be
preserved over cosmological times without re-equilibration. Tpin could re-
flect the temperature of the inner nucleus ices. But then, one would expect
different temperatures for comets with different orbits and history. It would
be interesting to investigate by laboratory experiments if Tpiy is preserved
during the sublimation process, or if some fractionation occurs. It would also
be interesting to compare the cometary water ortho-to-para ratio with those
observed for interstellar water.

5.2. PLANETS AND SATELLITES

5.2.1. Mars

Water on Mars is now studied by a wealth of means. 1SO also contributed
to the observation of H,O in Mars’ atmosphere. Ro-vibrational absorption
lines were observed in the 2.6 and 6.5 um regions with the SWS, while many
rotational lines were observed all over the 20-200 region with the SWS and
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Figure 24. Lines of water in the 2.6 um region of the spectrum of Mars, observed with the
SWSgrating. A modeled spectrumis superimposed (from Lellouch et al., 2000).

LWS (Fig. 24; Encrenaz et al. 1999; Burgdorf et al. 2000; Lellouch et al.
2000). From these observations, the mean water concentration at the ground
was 4 x 10~ at that time (31 July 1997) and saturation was reached at an
altitude of 10 km. This corresponds to 15 um of precipitable water.

5.2.2. Giant planets and Titan
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Figure 25. Examples of detections of H,O linesin all four giant planets and Titan, with the
SWS Fabry-Pérot (from Feuchtgruber et al., 1999).

An important result of ISO was the discovery of water in the stratospheres
of the four giant planets and Titan. These detections are based upon wa-
ter rotational lines observed in emission with the SWS and LWS, using the
Fabry-Pérot (Fig. 25; Feuchtgruber et al. 1997, 1999; Coustenis et al. 1998;
Lellouch et al. 2002; Encrenaz 2003). The disk-averaged water column den-
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sities are observed in the range ~ 10" cm~2 (Uranus, Neptune, Titan) to
~ 2 x 10'® cm~2 (Jupiter, Saturn).

Because water condenses at the tropopause, its presence cannot be ex-
plained by an internal source of these objects. An external influx has to be
invoked. This is the same for CO,, observed in the stratosphere of Jupiter,
Saturn and Uranus.

5.3. THE CYCLE OF WATER IN THE SOLAR SYSTEM

Observations at infrared (ground-based and from ISO) and radio wavelengths
point to the similarity between interstellar and cometary ices (Ehrenfreund
et al. 1997; Bockelée-Morvan et al. 2000). This does not prove that comets
accreted unprocessed interstellar ices, but rather suggests that similar chem-
ical processes were at work in the primitive Solar Nebula and in interstellar
clouds.

Impacts are an important phenomenon for the redistribution of water in
the Solar System. Shock chemistry following the collisions of large bodies
(planetesimals, comets, asteroids) will reshuffle most of the original molec-
ular species. The oxygen compounds of the impactor could then lead to the
formation of H,O (and CO3) in the post-impact chemistry. On the other hand,
for infall of IDPs, the original molecules could be preserved. Icy IDPs could
thus be an important source of water. Several studies have considered aster-
oids, comets and meteoroids as plausible sources of the water accreted by the
Earth (e.g., Morbidelli et al. 2000). Martian water could have a similar origin.

The collision of comet Shoemaker-Levy 9 and Jupiter is a well docu-
mented case. Unfortunately, there is still ambiguity on the nature of the im-
pactor (comet or asteroid?); its chemical nature could not be precisely charac-
terized from pre-impact observations (Crovisier 1996). There is little doubt,
however, that the chemical species observed after the impact result from
shock chemistry, rather than coming from the impactor (Lellouch 1996).

In this context, three different sources have been invoked to explain the
presence of oxygen species (water and carbon dioxide) discovered by ISO in
giant planets (e.g., Encrenaz 2003; Lellouch et al. 2002; Fouchet et al. 2004):

— infall of IDPs;

— sputtering from icy rings and satellites; this is the preferred source for
Saturn and Titan;

— impact of small bodies (comets and asteroids); this is certainly the case
for Jupiter, for which the fall of comet Shoemaker-Levy 9 in 1994 pro-
vided the main source of oxygen.
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6. Conclusions

Water has been found everywhere in space by I1SO. The interpretation of
the data is not straighforward but, nevertheless, we had for the first time the
opportunity to study the role of water in the chemistry of all kind of objects
in space, from solar system bodies to star forming regions, evolved stars and
galaxies. Despite the limited spectral resolution of most water observations
with 1SO, the possibility to observe its full far and mid infrared spectrum has
opened great possibilities in the interpretation of the data. Complex radiative
transfer models able to treat the very large opacities of water have been de-
veloped, the chemistry of water on dust grains and gas phase has received an
extraordinary and unique input from 1SO, the presence of water in the upper
layers of giant planets and their moons has told us about the chemistry of
these objects, the detection of water in extragalactic sources could be used
as a tracer of the physical and chemical processes prevailing in the nuclei of
galaxies, etc.

Future missions like Herschel will benefit from the huge information ISO
has provided on water vapor. The selection of water lines according to criteria
of sensitivity to the physical parameters of the clouds, their interpretation and
the prediction of the full spectrum of water in several clouds will be a manda-
tory step to prepare the Herschel mission. However, little new information
willbe obtained if collisional rates adapted to the temperatures of the clouds
in the ISM and CSM are not available. Several aspects have to be improved
for future water observations : we urgently need collisional rates for HO-H>
at temperatures going from 10 to 2000 K (dark clouds to evolved stars). For
AGB stars collisional rates between the ground and the bending mode are also
necessary. These data have to be provided by physicists and chemists doing
ab initio calculations or laboratory experiments. A very close collaboration
between astronomers and the world of quantum chemistry is needed in order
to promote these calculations and to be sure that we will get the maximum
scientific output from Herschel when observing water in space.
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