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ABSTRACT

Context. Water is a key molecule in the physics and chemistry of star and planet formation, but it is difficult to observe from Earth. The
Herschel Space Observatory provided unprecedented sensitivity as well as spatial and spectral resolution to study water. The Water In
Star-forming regions with Herschel (WISH) key program was designed to observe water in a wide range of environments and provide
a legacy data set to address its physics and chemistry.

Aims. The aim of WISH is to determine which physical components are traced by the gas-phase water lines observed with Herschel
and to quantify the excitation conditions and water abundances in each of these components. This then provides insight into how and
where the bulk of the water is formed in space and how it is transported from clouds to disks, and ultimately comets and planets.
Methods. Data and results from WISH are summarized together with those from related open time programs. WISH targeted ~80
sources along the two axes of luminosity and evolutionary stage: from low- to high-mass protostars (luminosities from <1 to >10° L)
and from pre-stellar cores to protoplanetary disks. Lines of H,O and its isotopologs, HDO, OH, CO, and [O I], were observed with
the HIFI and PACS instruments, complemented by other chemically-related molecules that are probes of ultraviolet, X-ray, or grain
chemistry. The analysis consists of coupling the physical structure of the sources with simple chemical networks and using non-LTE
radiative transfer calculations to directly compare models and observations.

Results. Most of the far-infrared water emission observed with Herschel in star-forming regions originates from warm outflowing and
shocked gas at a high density and temperature (>10° cm™3, 300-1000 K, v ~ 25 km s~!), heated by kinetic energy dissipation. This gas
is not probed by single-dish low-J CO lines, but only by CO lines with J,, > 14. The emission is compact, with at least two different
types of velocity components seen. Water is a significant, but not dominant, coolant of warm gas in the earliest protostellar stages. The
warm gas water abundance is universally low: orders of magnitude below the H,O/H, abundance of 4 x 10~ expected if all volatile
oxygen is locked in water. In cold pre-stellar cores and outer protostellar envelopes, the water abundance structure is uniquely probed
on scales much smaller than the beam through velocity-resolved line profiles. The inferred gaseous water abundance decreases with
depth into the cloud with an enhanced layer at the edge due to photodesorption of water ice. All of these conclusions hold irrespective
of protostellar luminosity. For low-mass protostars, a constant gaseous HDO/H,O ratio of ~0.025 with position into the cold envelope
is found. This value is representative of the outermost photodesorbed ice layers and cold gas-phase chemistry, and much higher than
that of bulk ice. In contrast, the gas-phase NH; abundance stays constant as a function of position in low-mass pre- and protostellar
cores. Water abundances in the inner hot cores are high, but with variations from 5x 107° to a few x 10~ for low- and high-mass
sources. Water vapor emission from both young and mature disks is weak.

Conclusions. The main chemical pathways of water at each of the star-formation stages have been identified and quantified. Low warm
water abundances can be explained with shock models that include UV radiation to dissociate water and modify the shock structure.
UV fields up to 10>~10* times the general interstellar radiation field are inferred in the outflow cavity walls on scales of the Herschel
beam from various hydrides. Both high temperature chemistry and ice sputtering contribute to the gaseous water abundance at low
velocities, with only gas-phase (re-)formation producing water at high velocities. Combined analyses of water gas and ice show that
up to 50% of the oxygen budget may be missing. In cold clouds, an elegant solution is that this apparently missing oxygen is locked
up in larger um-sized grains that do not contribute to infrared ice absorption. The fact that even warm outflows and hot cores do not
show H,O at full oxygen abundance points to an unidentified refractory component, which is also found in diffuse clouds. The weak
water vapor emission from disks indicates that water ice is locked up in larger pebbles early on in the embedded Class I stage and
that these pebbles have settled and drifted inward by the Class II stage. Water is transported from clouds to disks mostly as ice, with
no evidence for strong accretion shocks. Even at abundances that are somewhat lower than expected, many oceans of water are likely
present in planet-forming regions. Based on the lessons for galactic protostars, the low-J H,O line emission (E,, < 300 K) observed
in extragalactic sources is inferred to be predominantly collisionally excited and to originate mostly from compact regions of current
star formation activity. Recommendations for future mid- to far-infrared missions are made.
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1. Introduction

Of the more than 200 detected interstellar molecules (McGuire
2018), water is special because it combines two of the most abun-
dant elements in the Universe and plays a key role in the physics
and chemistry of star- and planet-forming regions. On planets,
water is widely acknowledged as essential for potential habitabil-
ity and the emergence of life (Chyba & Hand 2005; Kaltenegger
2017). This makes the question of how much water is present
in forming planetary systems, and whether this amount depends
on the location and birth environment, highly relevant. Water
ice also plays a role in promoting the coagulation of small dust
grains to pebbles, rocks and ultimately planetesimals, the build-
ing blocks of planets, by enhancing the mass of solids due to
freeze out. Such icy planetesimals (asteroids, comets), in turn,
may have delivered much of the water and organic molecules
trapped in ices to oceans on planets such as Earth that have
formed inside the water iceline (see Morbidelli et al. 2012, 2018;
van Dishoeck et al. 2014; Hartmann et al. 2017; Altwegg et al.
2019, for reviews).

In the early phases of star formation, water vapor is an excep-
tional tool for studying warm interstellar gas and the physical
processes taking place during star formation. This diagnos-
tic capability stems from water’s large abundance variations
between warm gas, where it is copiously produced (e.g., Draine
et al. 1983; Kaufman & Neufeld 1996), and cold gas, where it is
mostly frozen out (e.g., Bergin et al. 2002). Thus, water vapor
emission can be used as a “beacon” that signals where energy
is deposited into molecular clouds. This happens especially in
the deeply embedded stages when jets and winds from the proto-
stars interact with the surroundings, and when the (proto)stellar
luminosity heats envelopes and disks. Water vapor lines are
also particularly sensitive to small motions inside clouds, such
as those that are due to gravitational collapse or expansion.
Water! is therefore highly complementary to other molecules
such as CO in probing the protostellar environment. Finally,
water actively contributes to the energy balance of warm gas as a
gas coolant, with its importance likely varying with protostellar
evolution (Nisini et al. 2002).

The quest for understanding the water “trail” from clouds to
planet-forming disks is complicated by the fact that water in the
Earth’s atmosphere prevents the direct observation of rotational
lines of water gas with ground-based telescopes, except for some
high excitation (masing) transitions and a few isotopolog lines.
Indeed, the first detection of interstellar water was made from the
ground through the 22 GHz water maser line in Orion (Cheung
et al. 1969). Space-based observatories are needed to probe the
full spectrum of water vapor. As a light hydride, water vapor
has its principal rotational transitions at far-infrared rather than
millimeter wavelengths, for which development of appropriate
detector technology was required.

A related complication is the fact that star formation takes
place over many size scales (Shu et al. 1993; Beuther et al.
2007): pc-sized clouds can fragment and contract to ~0.1 pc
pre-stellar cores, which can subsequently collapse to form a pro-
tostar. Its envelope has a typical size of a few thousand au and
feeds a growing disk of a few hundred au radius from which
material can accrete onto the young star. Early in the evolution,
the protostar will develop a bipolar jet and wind, which inter-
act with their surroundings to create outflows on scales ranging

I Unless specified, the term “water” in this article can imply both water
vapor and water ice. The term “ice” is used to indicate all volatiles in
solid form, which includes — but is not limited to — water ice.
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from <0.01 up to 0.5 pc. Even in the nearest star-forming clouds
at ~150 pc distance, these sizes range from many arcmin to
<1 arcsec on the sky. A single-dish telescope in space with a
spatial resolution of typically 0.5 cannot resolve protoplane-
tary disks at far-infrared wavelengths, in contrast with what the
Atacama Large Millimeter/submillimeter Array (ALMA) now
does routinely at longer wavelengths. However, a single-dish
telescope can image protostellar envelopes and their outflows.
Motions range from <0.1 km s~ to >100 km s~! so that very
high spectral resolution is needed to resolve line profiles which
can typically only be provided by heterodyne instruments. This
high spectral resolution allows to infer some spatial information
for unresolved sources with systematic motions, such as for gas
in rotating disks.

Pioneering infrared and submillimeter space missions have
provided considerable insight into the water cycle in space. The
Infrared Space Observatory (ISO; Kessler et al. 1996) covered
the full mid- and far-infrared wavelength range observing both
water gas and ice, but at modest spectral and spatial resolution
and sensitivity. The Submillimeter Wave Astronomy Satellite
(SWAS; Melnick et al. 2000) observed water with heterodyne
spectral resolution in a 3.3’ x4.5” beam, but only through the
ground-state line of ortho-H,O and Hégo near 557 and 547 GHz,
as did the Swedish-led Odin satellite (Nordh et al. 2003). Odin
had a factor of two higher angular (2’ circular beam) and spec-
tral (0.5 MHz) resolution than SWAS, with spectra from these
two missions agreeing very well when degraded to the same
resolution (Larsson & Liseau 2017). Finally, the Spitzer Space
Telescope (Werner et al. 2004) covered the mid-infrared wave-
length range at low spatial and spectral resolution but with much
higher sensitivity than ISO, thus probing both water ice and
highly excited water gas. These missions, combined with the
Kuiper Airborne Observatory and ground-based observations of
water ice, have demonstrated that water is mostly frozen out as
ice in cold clouds and that water vapor becomes abundant at high
temperatures such as associated with outflows. Detailed results
from these missions are summarized elsewhere and will not be
repeated here (see e.g., Melnick 2009; Hjalmarson et al. 2003;
van Dishoeck 2004; van Dishoeck et al. 2013; Pontoppidan et al.
2010b).

The Herschel Space Observatory (Pilbratt et al. 2010) cov-
ered the 55-672 um range and improved on previous space
missions in all relevant observational parameters. With a 3.5m
telescope, its diffraction-limited beam ranged from 44" at the
longest to 9" at the shortest wavelengths, increasing the spatial
resolution with respect to S WAS at the longest wavelengths by
a factor of 5 and making it a much better match to the sizes
of protostellar sources. Its Heterodyne Instrument for the Far-
Infrared (HIFI; de Graauw et al. 2010) provided spectra at very
high spectral resolution (R=1/AA up to 107) at a single posi-
tion over the 480-1250 GHz (600-240 um) and 1410-1910 GHz
(210157 pum) ranges, thus covering many water lines and fully
resolving their profiles. The Photodetector Array Camera and
Spectrometer (PACS, Poglitsch et al. 2010) obtained spectra with
moderate resolving power (R =(1-5)x 10°) in the 55-190 ym
range at each pixel of a 5x 5 array allowing efficient instan-
taneous imaging of water lines and full far-infrared spectral
scans. The sensitivity of both HIFI and PACS was a factor of
>10-100 better than previous missions due to improved detector
technology and increase in collecting area. The combination of
these two instruments made Herschel eminently suited to study
both hot and cold water in space. The Spectral and Photomet-
ric Imaging Receiver (SPIRE; Griffin et al. 2010) also covered
some of the lower-frequency water and CO lines at 194-318 and
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Fig. 1. Water rotational energy levels within the ground vibrational level.

Transitions targeted with HIFI are indicated in red with frequencies in

GHz, those with PACS in blue with wavelengths in um. Dashed lines indicate water transitions detected in PACS and HIFI spectral scans. The
179 pm line observed with both PACS and HIFI is indicated in green. Purple lines indicate water (isotopolog) lines that can be observed from the
ground with frequencies in GHz; some of them (e.g., 621 GHz) have also been observed with HIFI. The 22 GHz 6,6—5,3 maser line observed at

cm wavelengths is indicated.

294-672 um but at much lower spectral resolution than HIFI and
was generally not used as part of WISH.

The goal of the Water In Star-forming regions with Herschel
(WISH) guaranteed time Key Program (KP) was to use water
vapor as a physical and chemical diagnostic and follow the water
abundance throughout the different phases of star- and planet
formation. A sample of about 80 young stellar objects (YSOs)
was targeted covering two axes: mass and time (or equivalently,
evolutionary stage). The WISH sources have luminosities from
<1to >10° L, thus including low (LM), intermediate (IM) and
high mass (HM) protostars. They also cover a large range of evo-
lutionary stages, from pre-stellar cores prior to collapse, through
the embedded protostellar stages, to the revealed phase when the
envelope has dissipated and — for the case of low-mass sources —
the pre-main sequence stars become optically visible but are still
surrounded by gas-rich disks. The full list of sources is included
as Table 1 in van Dishoeck et al. (2011), which also describes the
WISH program and highlights initial results. The gas-poor debris
disk stage was not covered in WISH but was targeted spectro-
scopically by other programs such as GASPS (Dent et al. 2013).

The WISH program was organized along the mass and time
axes (see Table A.l in the Appendix) with slightly different
observing strategies for each of the subprograms. For all embed-
ded protostars, a comprehensive set of water observations has
been carried out with HIFI and PACS (Fig. 1) with a mix of
low- and high-excitation lines of H,O, H}*0, H)’O, and the
chemically related species O and OH, targeted. In addition, a
number of high-J CO and its isotopologs lines are included in
the spectral settings, as are some hydrides and C* that are diag-
nostic of the presence of X-rays or UV that are emitted either
by the source itself or at the star-disk interface (see Table 2 in
van Dishoeck et al. 2011). Thus, the WISH data also cover the
major coolants of the gas. For the cold pre-stellar cores and pro-
toplanetary disks, at most a few water lines were observed but
with very long integrations. Later in the Herschel mission, when
additional guaranteed time became available, some HDO lines
were added, since the HDO/H,O ratio is a particularly powerful
tracer of the water chemistry and its history. The 1;;—0q line
of HDO at 893 GHz is a particularly powerful probe of cold
HDO gas.

Since the WISH sample was limited in the number of sources
in each luminosity or evolutionary bin, several follow-up open
time programs have been pursued to validate the conclusions.
For example, the William Herschel Line Legacy survey (WILL)
doubled the number of low-mass protostars in a much more
unbiased way (Mottram et al. 2017). A program targeting all pro-
tostars in the Cygnus star-forming cloud added greatly to the
intermediate- and high-mass samples (San José-Garcia 2015).
Very deep integrations on a number of protoplanetary disks
allowed more general conclusions for those sources to be drawn
(Du et al. 2017). Similar extensions hold for many of the WISH
subprograms, the most important of which are summarized
in Table A.l. The collection of WISH and these programs is
indicated here as WISH+.

Complementary guaranteed and open time Herschel pro-
grams have provided information on water in star-forming
regions as well, most notably the HIFI spectral surveys as
part of the CHEmical Survey of Star-forming regions (CHESS;
Ceccarelli et al. 2010) and Herschel observations of EXtraOrdi-
nary Sources (HEXOS; Bergin et al. 2010b) KPs. The Dust, Ice
and Gas in Time (DIGIT; Green et al. 2013) and Herschel Orion
Protostar Survey (HOPS; Manoj et al. 2013) KPs complemented
WISH by carrying out full PACS spectral scans for a larger
sample of low-mass embedded YSOs. The PRobing InterStel-
lar Molecules with Absorption line Studies (PRISMAS) targeted
the chemistry of water and other hydrides in the diffuse inter-
stellar gas (Gerin et al. 2016). At the other end of the water trail,
the Water and related chemistry in the Solar System (HSSO;
Hartogh et al. 2009) probed water and its deuteration in a variety
of solar system objects, including comets. Some of their results
will be put in the context of the WISH+ program.

The main aims of the WISH program are to determine:

(i) How and where water is formed in space.

(i) Which physical components of a star-forming cloud water
traces, and what the water abundances are in each of these
components. Also, what fraction of the total oxygen reser-
voir is accounted for by water, and what the importance is
of water vapor as a coolant of warm gas.

(iii) What the water trail is from clouds to disks, and ultimately
to comets and planets.
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Overall, WISH+ has published nearly 90 papers to date which
are summarized on the WISH website?. This paper synthesizes
these WISH+ results, together with related results from the above
mentioned Herschel programs. It focuses on questions (i) and
(iii) and the latter part of question (ii), including previously
unpublished data, new models and new analyses. The physical
components traced by water vapor have been addressed in a
number of synthesis papers, most notably San José-Garcia et al.
(2016), Herpin et al. (2016), van der Tak et al. (2019), Kristensen
et al. (2017b) and Mottram et al. (2017) for WISH+, Karska et al.
(2018) for WISH+WILL+DIGIT, and Manoj et al. (2016) for
HOPS+DIGIT, with the latter paper limited to CO.

In terms of question (iii), this paper describes the evolution
of water from cores to disks. The bigger picture of the delivery
of water to planets and Earth itself is summarized in other
reviews (e.g., van Dishoeck et al. 2014; Morbidelli et al. 2018).
Also, this paper is centered around Herschel’s contributions to
these questions. Other facilities provide important complemen-
tary information, most notably ground-based infrared telescopes
on ices (e.g., Boogert et al. 2015), and millimeter interferom-
eters such as ALMA and the Northern Extended Millimeter
Array (NOEMA) through high resolution images of quiescent
warm water in protostellar sources (e.g., van der Tak et al.
2006; Persson et al. 2014; Harsono et al. 2020), but they will
be mentioned only sparsely.

This paper is organized as follows. Section 2 summarizes
the main observing strategy, sample selection and data reduc-
tion. Section 3 and Appendix D provide an overview of the main
water formation and destruction processes, especially those that
are relevant for star-forming regions. Also, the WISH modeling
approach is outlined. Section 4 summarizes the main results of
Herschel WISH+ and related programs on water, especially its
distribution, line profiles and excitation, and links them to obser-
vations of the CO rotational ladder. The inferred characteristics
hold universally from low- to high-mass protostars. Section 5
describes the surprisingly low water abundance inferred for the
different types of warm outflowing gas and shocks associated
with star-forming regions and the implications for shock mod-
els. Comparison is made with chemically related molecules such
as OH observed with Herschel and shock tracers such as SiO and
grain surface products such as CH;OH.

Sections 6-9 follow water from pre-stellar cores through pro-
tostars to disks for low- and high-mass sources. Section 6 focuses
on the cold pre-stellar cores, whereas Sect. 7 describes simi-
lar results for the outer cold protostellar envelopes using the
high-resolution HIFI line profiles to infer the water abundance
profile as a function of position in the envelope. New analyses
of HDO and NHj; (another grain surface chemistry product) are
presented. Section 8 highlights the puzzling low water abun-
dances in the inner hot core of several protostellar envelopes
where all ices should have sublimated. Section 9 focuses on
recent new results on water in young and mature disks around
pre-main sequence stars, setting the stage for planet formation.
Section 10 and Appendix G bring all the information on oxygen
reservoirs in star-forming regions together and compare them
with diffuse clouds and comets to address the puzzling question
of the missing oxygen. Section 11 concludes with a discussion
and overview of what we have learned from Herschel on the
above water questions, from low to high-mass protostars, and
from clouds to disks. Section 12 summarizes the main points
in bullet form and looks forward to future observations of warm
water using ALMA, the James Webb Space Telescope (JWST)

2 www.strw.leidenuniv.nl/WISH
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and Extremely Large Telescopes (ELTs) on the ground and in
space, as well as surveys of water ice using the SPHEREx mis-
sion. It also makes recommendations for future far-infrared space
mission concepts such as the Space IR telescope for Cosmology
and Astrophysics (SPICA; Roelfsema et al. 2018) and the Origins
Space Telescope (Meixner et al. 2019). For deep observations of
cold water vapor, the WISH+ Herschel data will remain unique
for a long time.

2. Observations
2.1. Observed lines

Water is an asymmetric rotor with energy levels characterized by
the quantum numbers Jg, k.., grouped into ortho (K4 + K¢ = odd)
and para (K4 + K¢ =even) ladders because of the nuclear spin
statistics of the two hydrogen atoms. In contrast with CO, its
energy level structure is highly irregular, resulting in transitions
scattered across the far-infrared and submillimeter wavelength
range. Figure 1 summarizes the H%6O lines in the vibrational
ground state that were targeted by WISH using HIFI and PACS.
Also, water lines serendipitously detected in full spectral scans
are indicated. The full list of lines, including isotopologs and
related species, is summarized in Table 2 of van Dishoeck et al.
(2011). To this list, the HDO 1;;—0y9 893.639 GHz line has been
added for a number of embedded protostars and the HyO 5,4—43;
line at 970.3150 GHz (E, =599 K)? for high-mass sources.

The targeted water vapor lines were chosen to cover both
low- and high-energy levels as well as a range of opacities in
three groups. First, lines connected with the ground state levels
of o- and p-H, 0 at 557, 1113, and 1670 GHz* are prime diagnos-
tics of the cold gas. They usually show strong self-absorption or
can even be purely in absorption against the strong continuum
provided by the source itself (Fig. 2).

The second group, the ‘medium-J’ lines originating from
levels with Eyp, around 100-250 K, probe the warm gas and are
not (or less) affected by absorption. The 2p,—1;; line at 988 GHz,
31p—303 at 1097 GHz, and 3;,—2,; at 1153 GHz (for LM and
IM sources), are particularly useful; the latter two lines origi-
nate from the same upper level but have Einstein A coefficients
that differ by a factor of 6.3. Because of high optical depths of
H§6O, optically thin(ner) isotopic lines are crucial for the inter-
pretation. Thus, deep integrations on a number of ground-state
and medium-J HESO and H?O lines are included in WISH for
embedded sources. They proved to be particularly useful for the
high-mass protostars. For the low-mass subsample, H§8O spe-
cific settings were only observed toward Class O sources which
have brighter lines than the Class I sources. No water lines had
been seen prior to Herschel for Class I sources, so longer inte-
grations were put on the 1,9—1¢; 557 GHz transition to ensure
detections.

The third group are highly excited lines originating from
levels >300 K, which are only populated in high temperature
gas and strong shocks (e.g., higher-lying backbone lines). Most
of these lines are covered by PACS in its individual line scan
mode and are thus not velocity resolved. They have E,, up
to 1324 K at the shortest PACS wavelengths (Herczeg et al.
2012), which is high in energy, but not yet high enough to
probe the hottest shocked gas seen at mid-infrared wavelengths

3 Energies of levels are indicated in short as E,;, in K units rather than
E,p/kg with kg the Boltzmann constant.

4 Frequencies are abbreviated to values commonly used to designate
these lines in the WISH papers. They may differ by 1 GHz from the
properly rounded values.
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Fig. 2. Water spectra of the 1;p—1¢; 557 GHz line taken with Herschel-
HIFI (38" beam) toward a low-, intermediate- and high-mass YSOs (top
to bottom). The spectra highlight the complexity of water profiles with
multiple kinematic absorption and emission components (see text and
Table 1 for the interpretation of these components). Other refers to lines
from molecules other than H,O.

(e.g., Melnick et al. 2008). The PACS spectra also cover many
OH lines and the two [O I] fine-structure lines. Full PACS
spectral scans were obtained for four low-mass WISH sources
to provide an unbiased view of all the far-infrared lines. Both
modes have the same spectral resolving power, but the spectral
sampling for full scans is much lower than that for individual line
scans. Combined with the shorter integration time per line, this
affects the quality of individual line spectra in full spectral scans
as illustrated in Fig. 3.

CO lines are included in the HIFI settings up to the J=10-9
transition (E,, =304 K), both of the main and minor CO iso-
topologs (Yildiz et al. 2013b; San José-Garcia et al. 2013). As
described in Sect. 4, these lines are not yet high enough in energy
to probe the same physical components as the mid-J water lines.
The important CO J=16-15 (E,, =752 K) does so and was
targeted in a separate program, COPS-HIFI (Kristensen et al.
2017b). PACS covers CO lines starting at J = 14—13 up to J =49—
48 with E, =6725 K (Herczeg et al. 2012; Goicoechea et al.
2012), so there is a small overlap to connect PACS and HIFI for
CO ladder observations.

PACS provides small 55 maps over a ~1" X 1’ region for
all sources. Additional, sometimes larger, maps were made with
HIFI and PACS of selected water and CO lines together with the
continuum for a few selected low-mass (e.g., Nisini et al. 2010;
Bjerkeli et al. 2012) and high-mass protostars (e.g., Jacq et al.
2016; Leurini et al. 2017; Kwon et al. 2017).

Simple hydrides such as CH*, OH*, and H,O", also have
their lowest transitions at far-infrared wavelengths that can be
observed with Herschel. Since these molecules are either part of
the water network, have formation pathways that involve energy
barriers or are dissociation products, they provide complemen-
tary information on the chemistry, gas temperatures and the
irradiation by far-UV or X-rays and were therefore included in
WISH. Moreover, HCO*, an ion whose main destroyer is water,
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Fig. 3. Examples of PACS spectra of NGC 1333 IRAS 4B with the same
spectrum shown twice in each panel: (fop) taken in the full spectral scan
mode at Nyquist sampling; (bottom) taken in individual line scan mode,
which has a factor 3 higher spectral sampling.

is serendipitously covered through its J=6-5 line in the WISH
H;SO 110—101 Setting.

Even though WISH had a generous guaranteed time alloca-
tion of 425 h, a trade-off between number of sources, lines and
integration times per line had to be made. Integration times range
from as little as 10—15 min per line for embedded protostars with
bright water emission, to 10-20 h per setting to detect the very
weak water lines from cold pre-stellar cores and protoplanetary
disks.

2.2. Sample

The WISH KP source sample of ~80 sources is summarized in
Table 1 of van Dishoeck et al. (2011), with updates on source
distances and luminosities listed in Table 1 of Kristensen et al.
(2012) for low-mass and Table 1 of van der Tak et al. (2019)
for high-mass protostars. Spectral energy distributions (SEDs)
of most sources, including updated far-infrared fluxes from
Herschel, are presented in Kristensen et al. (2012); Karska et al.
(2013); van der Tak et al. (2013); Green et al. (2013); Mottram
et al. (2017).

WISH selected its source samples among well known
archetypal sources, based on a wide array of complementary
data. The program distinguishes low (LM, <10? L), intermedi-
ate (IM, 10>—10* L) and high-mass (HM, >10* Ly) protostars.
Also, for a subset of low-mass protostars, positions in the out-
flow, well separated from the source, were targeted in a separate
subprogram. In terms of evolutionary stages, pre-stellar cores,
embedded protostars (both Class 0 and Class I, separated by
Tvor < and >70 K, Evans et al. 2009), and pre-main sequence
stars with disks (Class II), are included. For high mass protostars,
the evolutionary stages range from Infrared Dark Clouds (IRDC)
to High-Mass Protostellar Objects (HMPO, both IR “quiet” and
IR bright) to UltraCompact H II regions (UC HII), although the
latter two stages have some overlap (Beuther et al. 2007; Motte
et al. 2018).

The WISH sample favors luminous sources with particu-
larly prominent and extended outflows in the case of low-mass
sources. The latter was a requirement to be able to target separate
on-source and off-source positions in the outflow subprogram.
As demonstrated by other Herschel programs such as WILL and
DIGIT, such large extended outflows are not representative of the
general population of low-mass protostars (Mottram et al. 2017;
Karska et al. 2018). All WISH conclusions have, however, been
verified by these additional samples.
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The number of sources per WISH (sub)category ranges
from a few for the cold line-poor sources (pre-stellar cores,
disks) to 10-20 for warm line-rich objects. The latter samples
are large enough to allow individual source peculiarities to be
distinguished from general trends. The radiation diagnostics sub-
program observed hydrides other than H,O in a subsample of
low- and high-mass protostars. As noted above, the number of
sources per subcategory has in many cases been more than
doubled thanks to the additional programs listed in Table A.1.
Details of the observations and data reduction are summarized
in Appendix B.

3. Water chemistry
3.1. Overall oxygen budget

For the interpretation of the Herschel data, it is important to
compare observed water abundances with the maximum water
abundance that can be expected based on the available elements
in interstellar gas. The average abundance of elemental oxygen
with respect to total hydrogen nuclei in the interstellar medium
is measured to be [0]=5.8 x 107* (Przybilla et al. 2008), with an
uncertainty of about 20%. This value is close to the current best
estimate of the solar oxygen abundance of 4.9 x 10™* (Asplund
et al. 2009; Grevesse et al. 2010) and nearly identical to the
solar system value (Lodders 2010). The notation [X] indicates
the abundance of element X in all its forms. Some fraction of
this oxygen, (0.9-1.4) x 107* (16-24%), is locked up in refrac-
tory silicate material in the diffuse interstellar medium (Whittet
2010). The abundance of volatile oxygen (that is, the oxygen not
tied up in some refractory form) is measured to be 3.2 x 10~
in diffuse clouds (Meyer et al. 1998), so this is the maximum
amount of oxygen that can cycle between water vapor and ice in
dense clouds.

Counting up all the forms of detected oxygen in diffuse
clouds, the sum is less than the overall elemental oxygen abun-
dance. This missing fraction increases with density (Jenkins
2009). Thus, a fraction of oxygen is postulated to be in some yet
unknown refractory form, called Unidentified Depleted Oxygen
(UDO), which may increase from ~20% in diffuse clouds up
to 50% in dense star-forming regions (Whittet 2010; Draine &
Hensley 2020). For comparison, the abundance of elemental
carbon is 3 x 107#, with about 50-70% of the carbon thought
to be locked up in solid carbonaceous material (Henning &
Salama 1998). If CO (gas + ice) contains the bulk of the volatile
carbon, its fractional abundance should thus be about 1x 10~*
with respect to total hydrogen, thus accounting for up to 30% of
the volatile oxygen. Indeed, direct observations of warm CO and
H, gas provide a maximum value of CO/[H]=1.4x 10~* (Lacy
et al. 1994), that is, a little less than half the volatile oxygen.
Subtracting the amount of oxygen in CO from 3.2 x 107* leaves
~2 x 107 for other forms of volatile oxygen in dense clouds.

Often water abundances are cited with respect to H, rather
than total hydrogen. Thus, the maximum expected abundance if
most volatile oxygen is driven into water is HyO/H, =4 x 1074,
with H,O/CO = (1.4-2). This maximum H,O abundance takes
into account the fraction of oxygen locked up in CO and sili-
cates (at 24%), as well as a minimal 20% fraction of UDO such
as found in diffuse clouds. A more detailed discussion of the
oxygen budget can be found in Sect. 10 and Appendix G.

3.2. Simplified water chemistry networks

Detailed networks of the water chemistry in the gas and on
the grains are presented in van Dishoeck et al. (2013) and
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Fig. 4. Simplified gas-phase and solid-state reaction network leading
to the formation and destruction of H,O. s-X denotes species X on the
ice surface. Three routes to water can be distinguished: (i) ion-molecule
gas-phase chemistry which dominates H,O formation at low temper-
atures and low densities (green); (ii) high-temperature neutral-neutral
chemistry which is effective above ~250 K when energy barriers can
be overcome (red); and (iii) solid-state chemistry (blue). The full solid-
state network is presented in Lamberts et al. (2013). Chemically related
molecules discussed in this paper such as OH, O, and HCO* are shown
as well.

Lamberts et al. (2013), and the three main routes to water are
described in Appendix D: (i) cold ion-molecule chemistry; (ii)
high-temperature gas-phase chemistry; and (iii) ice chemistry. In
addition, the link between the water network and that forming
CO,, another potentially significant oxygen carrier, is described
there. The main reactions are illustrated in Fig. 4.

For coupling chemistry with detailed physical or hydrody-
namical models, often smaller chemical networks are preferred
to make such calculations practical and computationally feasi-
ble for large grids of models. Moreover, these simple models
often allow the key physical and chemical processes to be identi-
fied. Two independent simple water chemistry models have been
developed within WISH, that by Keto et al. (2014) for cold pre-
stellar cores and the SWaN (Simple Water Network) model for
protostellar envelopes by Schmalzl et al. (2014). They include
only a few of the reactions shown in Fig. 4: (a) cycling of water
from gas to ice through freeze-out and UV photodesorption;
(b) photodissociation of gaseous water to OH and atomic O, and
(c) grain-surface formation of water ice from atomic O.

The Keto et al. (2014) model explicitly includes gaseous
OH as an intermediate channel, as well as the high temperature
O + H; and OH + H; reactions, although the latter reactions
never become significant in cold cores. The SWaN model ignores
all OH reactions, but explicitly includes thermal desorption of
water in the hot core region above 100 K.

Both simplified models have been extensively tested against
the full water chemistry models of Hollenbach et al. (2009) (see
Figs. 3 and 4 of Keto et al. 2014) and those of Visser et al. (2011),
Walsh et al. (2012) and Albertsson et al. (2014) (see Fig. B.2
of Schmalzl et al. 2014). While differences of factors of a few
in absolute abundances can readily occur, the overall profiles
are similar and robustly seen in all models as 