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Introduction
• Water is a key molecule for habitability 

• Water ice represents a significant amount of solids 
for planet building 

• Water is formed in interstellar clouds and plays a 
role in cooling 

• Incorporated in planet forming disks in the form of 
ice 

• Inheritance vs local formation in disks not fully 
settled 

• (Late) delivery to terrestrial planets actively studied 

• Link with exoplanets: C/O budget; H2O in 
atmosphere; exocomets 

• Observational characterisation of H2O in disks 
essential

According to the standard cosmology,1−3 hydrogen was formed
immediately after the Big Bang, some 13.8 billion years ago (13.8
Gyr). After about 1 ms, protons and neutrons emerged from the
cooling quark−gluon plasma, and after 1 s the baryonic content
was frozen. Primordial nucleosynthesis produced D, He (the
second most abundant element), and Li nuclei after about 3 min,
and they recombined to neutral atoms after about 105 yr (0.1
Myr). Heavier atoms including oxygen were produced much
later in the evolution of the universe (at least a few 108 yr), by
nuclear fusion of H and He in the central parts of massive stars.
When these stars have exhausted their supply of nuclear fuel, they
develop a wind or explode as a supernova and enrich the space
between the stars with heavy elements.
Even after several generations of stars, the abundance of

hydrogen atoms is still some 2000 times higher than that of
oxygen atoms in our solar neighborhood. Molecules such as
water form in localized regions of cold and dense gas and dust
between the stars (see Figure 1). Typical densities in such

interstellar clouds are 104 hydrogen molecules per cm3 and
temperatures can be as low as 8 K (pressure ∼ 10−14 mbar). The
clouds also contain small 0.001−0.1 μm sized solid dust particles
or “grains”, consisting of amorphous silicates and carbonaceous
material. Grains are important because they absorb and scatter
the ultraviolet (UV) radiation produced by stars and thereby
protect molecules from dissociating photons. Reactions on the
surfaces of the dust particles promote the formation of molecules,
especially of H2 and other hydrogen-rich species like H2O.
Interstellar space is a gigantic ultrahigh vacuum laboratory with

densities low enough that molecules can form only through
kinetic two-body processes in the gas phase. H2O is one of the
simplest molecules consisting of hydrogen and oxygen atoms.
Hence, one would expect the chemistry of water in space to be
straightforward and to have been fully understood and
characterized decades ago. While the basic framework of
interstellar water chemistry was indeed established in the

1970s and recognized to involve both gas-phase4,5 and solid-
state chemistry,6−8 many of the key chemical processes have
been measured in the laboratory only in the past decade. Tests of
these chemical processes are possible only now thanks to a
number of powerful telescopes, culminating with the Herschel
Space Observatory, which have high enough sensitivity and
spatial or spectral resolution to detect water in various
environments.9−12

1.1. Water Observations

Interstellar water vapor was discovered in 1969 in the Orion
nebula by the group of Charles Townes.13 This detection was
somewhat accidental, since it was found that water can emit
anomalously strong radiation at 22 GHz (1.4 cm) via the maser
process (see section 2.6). This self-amplifying process produces
very bright and sharp lines that can be observed even in external
galaxies. In fact, the best evidence for the existence of a black hole
outside our Milky Way is based on tracking accurately the
motions of water masers in the galaxy NGC 4258.14

While this unexpected discovery and application of water is
interesting in itself, it tells us little about the actual chemistry and
abundance of water in space. To probe the bulk of gaseous water,
observations of lines that are thermally excited and do not exhibit
population inversion are needed. Observations of the majority of
these pure rotational lines are blocked from the ground by the
water that is present in the Earth’s atmosphere. Hence, space
missions, starting with the Infrared SpaceObservatory (ISO) and
followed by the Submillimeter Wave Astronomy Satellite
(SWAS), the Swedish-led satellite Odin, and finally the Herschel
Space Observatory, have been crucial for our understanding of
the water chemistry (see Table 1). Nonmasing water emission
has now been detected in many environments ranging from
diffuse clouds to dense planet-forming disks around young stars
in theMilkyWay and from nearby galaxies out to the highest red-
shifts. Water is also found in cometary comae, the atmospheres of
planets in our own solar system, and even those of extrasolar
planets, or exoplanets15 (see Figure 2, from Weiß et al.,16 and
Figure 3, adapted from Seager and Deming17 and Madhusudhan
and Seager18 for two extreme examples of water in the distant and
nearby universe, respectively).
At the low densities and high vacuum conditions in space,

water exists either as a gas or in the solid state as ice. Liquid water
can only occur under relatively higher pressures on large solid
bodies such as asteroids or planets; its triple point is at 273 K and
6.1 mbar. Water gas freezes out as ice around 100 K under
interstellar conditions.19 Water ice was detected in 1973 in the
infrared spectra of protostars forming deep inside molecular
clouds20 and is now found in dense interstellar clouds throughout
our own and external galaxies.21

This review provides first an overview of the techniques to
observe water in space (section1.2), of the types of clouds in
which water is observed (sections 1.3 and 1.4), and of water
spectroscopy and excitation (section 2). The bulk of the review
discusses the various chemical processes that lead to the
formation of water, both in the gas phase and on the surfaces
of grains (section 3). Many of these processes also apply to other
molecules, but the focus here is on water. Finally, the different
chemical routes to water are tested against a wide range of
observations, from tenuous molecular clouds in which UV
radiation penetrates to high-density regions in which stars and
planets are currently forming (section 4). The discussion is
limited to H2

16O and its 18O and 17O isotopologues. The
chemistry of HDO is similar to that of H2O in many aspects, but

Figure 1. Schematic of different types of interstellar clouds and the cycle
of the formation and death of stars. Reprinted with permission from Bill
Saxton, NRAO/AUI/NSF.

Chemical Reviews Review

dx.doi.org/10.1021/cr4003177 | Chem. Rev. 2013, 113, 9043−90859044

Image credit: B. Saxton, NRAO/AUI/NSF
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Basic processes
• Phases: ice and gas

• Sublimation (‘evaporation’) at 
100-160 K 

• Ice mostly amorphous; 
crystaline above 90 K 

• Spectroscopy

• Vibrational: (a)symmetric stretch 
(2.7, 2.65 µm), bending (6.2µm) 

• Crystaline water: sharp feature 
at 3.1 µm 

• Libration modes: 45, 63 µm

See reviews by van Dishoeck et al. (2013, 2014); Helmich et al. (1996); Schutte et al. (2002)

excitation processes (see section 2.5). The radiative rates are
governed by the electric dipole moment of water, μD = 1.85 D
(6.17 × 10−30 C m).
There are two main publicly available databases that

summarize the transition frequencies, transition strengths or
Einstein A coefficients, and statistical weights for astronomically
relevant molecules like water: the Jet Propulsion Laboratory
catalog (JPL)55 (spec.jpl.nasa.gov) and the Cologne Database for
Molecular Spectroscopy56,57 (www.astro.uni-koeln.de/cdms/
catalog).
The molecular data for H2O in the vibrational ground state are

well-known up to very high J-values from laboratory work
starting more than 30 years ago.58−60 For pure rotational
transitions within ν2, 2ν2, ν1, and ν3 vibrationally excited states,
new measurements61 and intensities62 have recently become
available.
The spectroscopy of the important isotopologues H2

18O and
H2

17O is less well covered in the laboratory, and new
measurements of transitions in vibrationally excited states are
warranted. The current line lists derive primarily from older
work.58,63−66

Many of the pure rotational lines of water and its
isotopologues have been detected at submillimeter and far-
infrared wavelengths toward bright sources such as the Orion
molecular cloud67−70 (see Figure 8 for example). Very highly
excited pure rotational lines up to J = 18 (Eu/k ≈ 5000 K) are
found at mid-infrared wavelengths in low-resolution Spitzer
Space Telescope data at 10−38 μm.71−74 An example spectrum
of an infrared spectrum of a protoplanetary disk is presented in
Figure 9. In contrast with the submillimeter spectra, the mid-
infrared lines are generally not resolved so that most features are
blends of lines.

2.2. Vibrational Transitions: Gas and Ice

The vibration−rotation transitions of water at infrared wave-
lengths have been studied for many decades in the
laboratory,75,76 and all the relevant molecular data are
summarized in the HITRAN database77 at www.cfa.harvard.
edu/hitran. Most recently, line lists appropriate for temperatures
up to several thousand kelvin and including higher vibrational
transitions have been published for water and its isotopo-
logues60,78−82 and are posted at www.exomol.com/molecules/
H2O.html. The higher temperature data are particularly
important for exoplanets and cool stellar atmospheres. An
example of an observed vibration−rotation spectrum at low
spectral resolution toward a high-mass protostar is presented in
Figure 10.83

There is also a rich literature on laboratory spectroscopy of
water ice, both for interstellar and solar system applications.84,85

In contrast with low pressure gas-phase spectra, the solid-state
water spectra have no rotational substructure and are very broad,
with profiles that depend on the morphology, temperature,
thermal history, and environment of the water molecules.86−91

For example, the spectrum of crystalline water ice has a sharp
feature around 3200 cm−1 (3.1 μm) that is lacking in amorphous
water ice (Figure 11).92 Most water ice in the universe is actually
thought to be in a high-density amorphous ice form that does not
occur naturally on Earth.89,93 Porous ices have dangling OH
bonds that absorb around 3700 cm−1 (2.70 μm)94 but are not
seen in space. In interstellar ices, water is mixed with other
species such as CO and CO2, which can block the dangling OH
bands and affect both the line profiles and intensities, as
illustrated by laboratory studies for the 6 μm bending mode.95

The far-infrared librational modes of water ice at 45 and 63 μm
have been measured as well.96,97 Laboratory spectra for fitting
astronomical data can be downloaded from various Web sites
such as the NASA-Ames ice database at www.astrochem.org/db.
php and the Leiden ice database at www.strw.leidenuniv.nl/∼lab.
Water ice has been observed both from the ground at 3 μmand

in space up to long wavelengths with a wide variety of
instruments98−100 (Figure 12). In most cases, the absorption is
against the hot dust surrounding a protostar embedded within
the cloud, but there is an increasing data set on water ice toward

Figure 10. Vibration−rotation lines of H2O in the ν2 band observed
with ISO-SWS in absorption toward the high-mass protostar AFGL
2591. The normalized spectrum is compared with simulated spectra for
various excitation temperatures, with 300 K providing the best fit. The
model spectra are offset vertically for clarity. Even at this low spectral
resolving power of R ≈ 2000, the data can distinguish between different
models. Reprinted with permission from ref 83. Copyright 1996
European Southern Observatory.

Figure 11. The OH stretching mode at 3.3 μm of a sample of pure water
ice as deposited on a quartz substrate at 12 K (dashed line), compared
with the spectra of water ice deposited on a CsI substrate (full lines): (1)
after deposition at 12 K and (2) after warm-up to 50 K, (3) to 80 K, (4)
to 120 K, and (5) to 160 K. Note the appearance of a sharp peak due to
crystallization at 160 K. Under interstellar conditions at much lower
pressures and slower warm-up rates, the phase transitions shift to lower
temperatures (see section 3.3.3). Reprinted with permission from ref 92.
Copyright 2002 European Southern Observatory.

Chemical Reviews Review

dx.doi.org/10.1021/cr4003177 | Chem. Rev. 2013, 113, 9043−90859051
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isotopologues have been detected at submillimeter and far-
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Figure 11. The OH stretching mode at 3.3 μm of a sample of pure water
ice as deposited on a quartz substrate at 12 K (dashed line), compared
with the spectra of water ice deposited on a CsI substrate (full lines): (1)
after deposition at 12 K and (2) after warm-up to 50 K, (3) to 80 K, (4)
to 120 K, and (5) to 160 K. Note the appearance of a sharp peak due to
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abundance, virtually all photons with energies above 13.6 eV are
absorbed by H and do not affect the chemistry.
If a cloud is located close to a bright star, the radiation from the

star itself can dominate over that of the general ISRF. For hot O-
and B-type stars with effective photospheric temperatures ofT∗ =
20 000−50 000 K, the shape of the radiation field is not very
different from that of the ISRF. However, cooler A-, F-, G-, K-,
andM-type stars with T∗ = 3000−10 000 K will have many fewer
FUV photons to dissociate molecules. In some sources (e.g.,
young stars, shocks), Lyman α radiation at 1216 Å dominates the
radiation field. Water has a substantial photodissociation cross
section at this wavelength, whereas other molecules like CO, N2,
and CN do not (see Tables and discussion in Bergin et al.44 and
van Dishoeck et al.45).
Dust particles attenuate the UV radiation with depth into a

cloud, thereby shielding molecules from the harshest radiation.
The dust optical depth at wavelength λ is given by37 τd(λ) =
ndCext(λ)L, where nd is the dust density in cm−3, Cext the
extinction cross section in cm2, and L the path length in cm. The

extinction is the sum of absorption and scattering processes.
Astronomers usually measure the extinction at visual wave-
lengths, AV, which is defined as 1.086 × τd at 5500 Å. The
intensity decreases as I5500 = I010

−0.4AV with depth into a cloud.
The steepness of this decline increases toward UV wavelengths
and depends on the grain properties such as size, composition,
shape, and scattering characteristics.48 The observed extinction
curve from infrared toUVwavelengths implies that there must be
a large range of grain sizes. Most of the dust mass is in ∼0.1 μm
grains, but most of the surface area is in much smaller grains,
down to 0.001 μm or less. These smaller grains dominate the
absorption and scattering of UV radiation.
For a typical interstellar grain size distribution, UV radiation

ceases to be important at AV ≈ 5 mag, when the intensity at
visible wavelengths has declined by a factor of 100 and that at UV
wavelengths by a factor of at least 104. Because the extinction
increases monotonically with path length L, AV (in units of
magnitudes) is often used as a measure of depth into a cloud.
Another quantity often used by astronomers is that of column
density in cm−2, i.e., the number density n in cm−3 of a species
integrated along a path, N = ∫ n dL. The relation between
extinction and the column density of hydrogen nuclei is found
empirically to be49,50 NH = N(H) + 2N(H2) = (1.8 × 1021)AV
cm−2, based on observations of diffuse clouds where both N(H),
N(H2), and AV are neasured directly.
Cosmic ray particles, i.e., highly energetic atomic nuclei with

>MeV energies, penetrate even the densest clouds and provide
the required level of ionization to kick-start the chemistry. The
resulting ions can react rapidly with neutral molecules down to
very low temperatures as long as the reactions are exothermic and
have no activation barrier (see section 3.1). The cosmic rays also
maintain a low level of UV radiation by interacting with
hydrogen.51 The ionization of H and H2 produces energetic
secondary electrons that can bring H2 into excited electronic
states. These states subsequently decay through spontaneous
emission, mostly in the H2 B−X Lyman and C−XWerner bands,
producing a UV spectrum consisting of discrete lines and a weak
continuum in the 900−1700 Å range.52 The flux of internally
generated UV photons is typically 104 photons cm−2 s−1 but
depends on the energy distribution of the cosmic rays (see Figure
4 of Shen et al.53).

Figure 6.Comparison of the general interstellar radiation field of Draine
(extended for λ > 2000 Å using ref 46) with various stellar radiation
fields scaled to have the same integrated intensity from 912 to 2000 Å.
The scaled stellar atmosphere model radiation field of a B9 star47 (T∗ ≈
11 000 K) is included as well (dashed−dotted). The wavelength range
where the photodissociation of H2O occurs is indicated. (The figure is
based on ref 45.)

Figure 7. Energy levels of ortho- and para-H2O, with some important transitions observed with Herschel-HIFI (in GHz) and Herschel-PACS (in μm)
indicated. Adapted with permission from ref 40. Copyright 2011 The University of Chicago Press.

Chemical Reviews Review

dx.doi.org/10.1021/cr4003177 | Chem. Rev. 2013, 113, 9043−90859049

Basic processes
• Spectroscopy

• Rotational levels JKA,KC; ortho- and para-H2O (3:1 statistical) 

• Ground state transitions: 110-101 (557 GHz/538µm), 111-000 
(1113 GHz/269µm) 

• Band 5: 313-220 (183GHz; 203 GHz for H218O)

See reviews by van Dishoeck et al. (2013, 2014)

313-220
183 GHz
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Basic processes: excitation
• H2O has large permanent dipole moment (1.86 Debye) 

• high critical densities (>108-109 cm-3): sub-thermal excitation 
even in disks 

• high opacities: partially drives back excitation to LTE 

• Strong dust thermal infrared: pumping 

• Large differences in radiative decay rates of connected levels: 
masers 

• Translating water line fluxes into column densities and 
abundances challenging

• Codes include: prodimo, lime, dali, mollie

See reviews by van Dishoeck et al. (2013, 2014) 
Woitke et al. (2009); Brinch & Hogerheijde (2010); Bruderer et al. (2012); Keto et al. (2014)
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Basic processes: chemistry
• Dictated by kinetics of two body reactions; dissociation by 

ultraviolet radiation needs to be included 

• At low temperatures

• H2+, H3+ + O → OH+, H2O+,     + H2 → H3O+,   + e → H2O 
(17%), OH (83%) 

• H2O destroyed by C+, H3+, HCO+, UV photons with λ<1800 Å 
(incl Lyα !) 

• At T>230 K, activation barrier exceeded

• O+H2→OH+H,   +H2→H2O 

• drives all available O into water unless UV strong enough to 
photodissociate. However, H2O will self-shield.

See reviews by van Dishoeck et al. (2013, 2014)
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Basic processes: chemistry

See reviews by van Dishoeck et al. (2013, 2014)

s−1 at room temperature and vary with the inverse square root of
temperature. Product channels are often dominated by
significant dissociation, such as three-body channels (e.g.,
H3O

+ + e→OH+H+H) rather than breakage of just one bond.
Ions are produced by a variety of processes, with cosmic-ray

ionization being the most universal because the cosmic rays,
traveling near the speed of light with energies ranging upward of
1 MeV to more than 1 GeV, are able to penetrate large column
densities of material, as discussed in section 1. The energy
spectrum of cosmic rays cannot be fully determined by
measurements above the Earth, however, because the solar
wind and the Earth’s magnetic field interfere with the low-energy
flux, which is the most important for ionization, since the cross
section for ionization depends inversely on the translational
energy of the cosmic rays.179−181 Using estimates for the low-
energy flux in unshielded interstellar space and the penetration
efficiency in diffuse and dense sources, combined with chemical
simulations, the first-order rate coefficient ζH for ionization of
atomic hydrogen directly by cosmic rays and secondarily by
electrons produced by cosmic-ray bombardment is found to be as
high as 10−15 s−1 in diffuse clouds and at the edge of denser
sources.182,183 The value of ζH is reduced to less than 10−16 s−1

deeper into the cloud by AV = 10 mag, and eventually drops to
∼10−17 s−1 in the interior of dense clouds.179,184 Propagation
effects associated with Alfveń waves (a magnetohydrodynamic
phenomenon) can also play a role in excluding cosmic rays from
dense cloud interiors, even for somewhat smaller shielding
column densities.
3.1.2. Low Temperature Gas-Phase Formation of H2O.

The ion−neutral synthesis of gaseous water commences with the
formation of molecular hydrogen on the surfaces of dust particles
(see section 3.3), after which H2 is either ejected immediately or
sublimates within a short period, even at temperatures as low as
10 K.185−190 The formation of H2 occurs with high efficiency
even in diffuse clouds. Indeed, in some diffuse clouds with AV < 1
mag, approximately half of the hydrogen has already been
converted from atoms to molecules.191 Ionization of H2 by
cosmic-ray protons and secondary electrons occurs with a first-

order rate coefficient ζH2
≈ 2ζH and leads primarily to the

hydrogen ion, H2
+, and electrons.179 Other products include192

H, H+, and even H−.
Once H2

+ is produced, it is rapidly converted into the triatomic
hydrogen ion by reaction with ubiquitous H2:

+ → ++ +H H H H2 2 3 (5)

with a near-Langevin rate coefficient175 of (1.7−2.1) × 10−9 cm3

s−1. At an H2 gas density of 104 cm−3, the time scale between
reactive collisions with H2 is then 14 h, which is a short time in
astronomical terms. The H3

+ ion does not react with H2 but is
destroyed more slowly by reaction with electrons (time scale
about 50 yr) and with a variety of abundant neutral atoms and
molecules.193,194 Reaction with atomic oxygen leads mainly to
the transitory OH+ ion at an overall rate coefficient of 1.2 × 10−9

cm3 s−1, with a product branching fraction of 0.70, and to the
water ion, with a branching fraction of 0.3:175

+ → + ++ + +O H OH H ; H O H3 2 2 (6)

The hydroxyl ion reacts rapidly with H2 to form the water ion

+ → ++ +OH H H O H2 2 (7)

which then reacts with H2 to form the saturated hydronium ion
(H3O

+) + H. Although the ions OH+ and H2O
+ are removed

rapidly by reaction with H2, there are many sources in which
these ions can be detected as long as the clouds have a relatively
high H/H2 fraction

195−201 (see section 4.1).
The sequence of reactions leading to the hydronium ion can

also start with protons, which undergo a slightly endothermic
charge transfer reaction with oxygen atoms202

+ → ++ +H O H O (8)

after which a reaction with H2 leads quickly to OH
+ and H. The

charge exchange route is more efficient in diffuse clouds where at
least 50% of the hydrogen is in the form of atoms and the
temperature is high enough (50−100 K) that the weak
endothermicity of 226 K can be overcome. The range of

Figure 16. Summary of the main gas-phase and solid-state chemical reactions leading to the formation and destruction of H2O. Three different chemical
regimes can be distinguished: (i) ion−neutral chemistry, which dominates gas-phase chemistry at low T (green); (ii) high-temperature neutral−neutral
chemistry (red); and (iii) solid-state chemistry (blue). s-X denotes species X on the ice surfaces. Adapted with permission from ref 40. Copyright 2011
The University of Chicago Press.

Chemical Reviews Review

dx.doi.org/10.1021/cr4003177 | Chem. Rev. 2013, 113, 9043−90859056



Michiel Hogerheijde: Water in planet forming disks - Getting ready for ALMA band 5: Synergy with APEX/SEPIA - ESO/Garching February 1-3 2017

Basic processes: chemistry
• Dictated by kinetics of two body reactions; dissociation by 

ultraviolet radiation needs to be included 

• At low temperatures
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(incl Lyα !) 
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• drives all available O into water unless UV strong enough to 
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See reviews by van Dishoeck et al. (2013, 2014)
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Basic processes: chemistry

See reviews by van Dishoeck et al. (2013, 2014)

s−1 at room temperature and vary with the inverse square root of
temperature. Product channels are often dominated by
significant dissociation, such as three-body channels (e.g.,
H3O

+ + e→OH+H+H) rather than breakage of just one bond.
Ions are produced by a variety of processes, with cosmic-ray

ionization being the most universal because the cosmic rays,
traveling near the speed of light with energies ranging upward of
1 MeV to more than 1 GeV, are able to penetrate large column
densities of material, as discussed in section 1. The energy
spectrum of cosmic rays cannot be fully determined by
measurements above the Earth, however, because the solar
wind and the Earth’s magnetic field interfere with the low-energy
flux, which is the most important for ionization, since the cross
section for ionization depends inversely on the translational
energy of the cosmic rays.179−181 Using estimates for the low-
energy flux in unshielded interstellar space and the penetration
efficiency in diffuse and dense sources, combined with chemical
simulations, the first-order rate coefficient ζH for ionization of
atomic hydrogen directly by cosmic rays and secondarily by
electrons produced by cosmic-ray bombardment is found to be as
high as 10−15 s−1 in diffuse clouds and at the edge of denser
sources.182,183 The value of ζH is reduced to less than 10−16 s−1

deeper into the cloud by AV = 10 mag, and eventually drops to
∼10−17 s−1 in the interior of dense clouds.179,184 Propagation
effects associated with Alfveń waves (a magnetohydrodynamic
phenomenon) can also play a role in excluding cosmic rays from
dense cloud interiors, even for somewhat smaller shielding
column densities.
3.1.2. Low Temperature Gas-Phase Formation of H2O.

The ion−neutral synthesis of gaseous water commences with the
formation of molecular hydrogen on the surfaces of dust particles
(see section 3.3), after which H2 is either ejected immediately or
sublimates within a short period, even at temperatures as low as
10 K.185−190 The formation of H2 occurs with high efficiency
even in diffuse clouds. Indeed, in some diffuse clouds with AV < 1
mag, approximately half of the hydrogen has already been
converted from atoms to molecules.191 Ionization of H2 by
cosmic-ray protons and secondary electrons occurs with a first-

order rate coefficient ζH2
≈ 2ζH and leads primarily to the

hydrogen ion, H2
+, and electrons.179 Other products include192

H, H+, and even H−.
Once H2

+ is produced, it is rapidly converted into the triatomic
hydrogen ion by reaction with ubiquitous H2:

+ → ++ +H H H H2 2 3 (5)

with a near-Langevin rate coefficient175 of (1.7−2.1) × 10−9 cm3

s−1. At an H2 gas density of 104 cm−3, the time scale between
reactive collisions with H2 is then 14 h, which is a short time in
astronomical terms. The H3

+ ion does not react with H2 but is
destroyed more slowly by reaction with electrons (time scale
about 50 yr) and with a variety of abundant neutral atoms and
molecules.193,194 Reaction with atomic oxygen leads mainly to
the transitory OH+ ion at an overall rate coefficient of 1.2 × 10−9

cm3 s−1, with a product branching fraction of 0.70, and to the
water ion, with a branching fraction of 0.3:175

+ → + ++ + +O H OH H ; H O H3 2 2 (6)

The hydroxyl ion reacts rapidly with H2 to form the water ion

+ → ++ +OH H H O H2 2 (7)

which then reacts with H2 to form the saturated hydronium ion
(H3O

+) + H. Although the ions OH+ and H2O
+ are removed

rapidly by reaction with H2, there are many sources in which
these ions can be detected as long as the clouds have a relatively
high H/H2 fraction

195−201 (see section 4.1).
The sequence of reactions leading to the hydronium ion can

also start with protons, which undergo a slightly endothermic
charge transfer reaction with oxygen atoms202

+ → ++ +H O H O (8)

after which a reaction with H2 leads quickly to OH
+ and H. The

charge exchange route is more efficient in diffuse clouds where at
least 50% of the hydrogen is in the form of atoms and the
temperature is high enough (50−100 K) that the weak
endothermicity of 226 K can be overcome. The range of

Figure 16. Summary of the main gas-phase and solid-state chemical reactions leading to the formation and destruction of H2O. Three different chemical
regimes can be distinguished: (i) ion−neutral chemistry, which dominates gas-phase chemistry at low T (green); (ii) high-temperature neutral−neutral
chemistry (red); and (iii) solid-state chemistry (blue). s-X denotes species X on the ice surfaces. Adapted with permission from ref 40. Copyright 2011
The University of Chicago Press.

Chemical Reviews Review

dx.doi.org/10.1021/cr4003177 | Chem. Rev. 2013, 113, 9043−90859056
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Basic processes: chemistry
• On grain surfaces

• g:O, g:O2, g:O3 + H → H2O 

• thermal desorption: Td>100-160 K 

• photodesorption: low yield, ~10-3 /UV photon 

• ~equilibrium between photodesorption and -dissociation 

• can be secondary UV generated by Xrays 

• Freeze out regulated by sticking probability (1?), density, and 
available dust grain surface 

• for MRN size distribution: tstick = 3x109/n yr (n: density in cm-3) 

• grain growth reduces available surface and increases tstick

See reviews by van Dishoeck et al. (2013, 2014)
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least 50% of the hydrogen is in the form of atoms and the
temperature is high enough (50−100 K) that the weak
endothermicity of 226 K can be overcome. The range of

Figure 16. Summary of the main gas-phase and solid-state chemical reactions leading to the formation and destruction of H2O. Three different chemical
regimes can be distinguished: (i) ion−neutral chemistry, which dominates gas-phase chemistry at low T (green); (ii) high-temperature neutral−neutral
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• photodesorption: low yield, ~10-3 /UV photon 

• ~equilibrium between photodesorption and -dissociation 

• can be secondary UV generated by Xrays 

• Freeze out regulated by sticking probability (1?), density, and 
available dust grain surface 

• for MRN size distribution: tstick = 3x109/n yr (n: density in cm-3) 

• grain growth reduces available surface and increases tstick
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Planet forming disks
• Radial and vertical structure: 

• density 

• temperature

See review by Henning & Semenov et al. (2013) 
Woitke et al. (2009); Antonellini et al (2015)

(see Figure 1). These asymmetries are likely produced by a
variety of physical processes such as magnetohydrodynamical
turbulence,30 grain growth beyond centimeter sizes,19 planet
formation, and gravitational instabilities.31 These spatial
structures immediately show that protoplanetary disks are not
static systems, but are subject to strong dynamical changes on a
time scale of several million years.12

The advent of sensitive infrared and (sub)millimeter
spectroscopic observations enabled the discovery of thermal
emission and scattered light from dust particles. In addition, a
first inventory of atomic and molecular species has been
provided, ranging from molecular hydrogen to water and more
complex molecules such as polycyclic aromatic hydrocarbons
(PAHs).32−34 At the same time, comprehensive chemical
models for protoplanetary disks have been developed by a
number of research groups (see Table 3), taking into account
the wide range of radiation fields (UV and/or X-rays),
temperatures (10 to several 1000 K), and hydrogen number
densities (104−1012 cm−3). The combination of astronomical
observations with advanced disk physical and chemical models
has provided first constraints on the thermal structure and
molecular composition of protoplanetary disks orbiting young
stars of various temperatures and masses.35−39 These models
have demonstrated that the chemistry in disks is mostly
regulated by their temperature and density structure, and stellar
and interstellar radiation fields as well as cosmic rays.40−49 A
special feature of protoplanetary disks is the very low
temperatures in the outer midplane regions, leading to a
considerable freeze-out of molecules.50,51 At the same time,
chemistry, together with grain evolution, regulates the
ionization structure of disks,43,52−56 and, thereby, influences
the magnetically driven transport of mass and angular
momentum.57 This means that disk chemistry and the physical
structure of disks are ultimately linked. The impact of radial
and/or vertical transport processes and dust evolution on disk
chemical composition has been thoroughly theoretically
investigated,54,58−68 and the predictions are being observatio-
nally confirmed.

Figure 1. Near-IR scattered light image of the protoplanetary disk
around the Herbig Ae star MWC 758 obtained with the Subaru
telescope by the Strategic Exploration of Exoplanets and Disks
(SEEDS) collaboration. Reprinted with permission from ref 18.
Copyright 2013 American Astronomical Society.

Figure 2. Sketch of the physical and chemical structure of a ∼1−5 Myr old protoplanetary disk around a Sun-like star.

Chemical Reviews Review

dx.doi.org/10.1021/cr400128p | Chem. Rev. 2013, 113, 9016−90429017
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dust grains and CO gas in the TW Hya disk. Some of the potential implications of this inconsistency

are discussed further in §5.

4.1. Dust Structure

The dust disk structure is determined following the technique outlined by Andrews et al.

(2011), with some modifications for generality. We assume the dust is spatially distributed with a

parametric two-dimensional density structure in cylindrical-polar coordinates {r, z},

ρd(r, z) =
Σd√
2πzd

exp

[

−
1

2

(

z

zd

)2
]

, (1)

where Σd and zd are surface densities and characteric heights, which both vary radially (see below).

As will be explained further in §4.3, we investigated two different models for the radial surface

density profile. First, we employed the similarity solution for simple viscous accretion disk struc-

tures (Lynden-Bell & Pringle 1974) that we have used successfully to characterize both normal and

transition disks in the past (Andrews et al. 2009, 2010a,b, 2011; Hughes et al. 2010). In that case,

Σd(r) = Σc

(

r

rc

)−γ

exp

[

−
(

r

rc

)2−γ
]

, (2)

where Σc is a normalization, rc is a characteristic scaling radius, and γ is a gradient parameter.

As an alternative, we considered a less physically motivated (but perhaps more commonly used)

model that incorporates a power-law density profile with a sharp cut-off (see Andrews et al. 2008),

Σd(r) = Σ0

(

r

r0

)−p

(if r ≤ r0; else Σd = 0), (3)

where Σ0 is a normalization, r0 is the outer edge of the disk, and p is a gradient parameter. In

either case, the surface densities at small radii are modified to account for the TW Hya disk cavity

(Calvet et al. 2002; Hughes et al. 2007). To simplify the inner disk model of Andrews et al. (2011),

we set the surface densities to a constant value Σin between the sublimation radius (rsub) and a

“gap” radius (rgap). No dust is present between that gap radius and the cavity edge, rcav. In the

vertical dimension, the dust is distributed like a Gaussian with a variance z2d. The characteristic

height varies with radius like zd = z0(r/r0)1+ψ. Following Andrews et al. (2011), we employ a

cavity “wall” to reproduce the infrared spectrum of TW Hya (no such feature was required at the

sublimation radius). The local value of zd is scaled up to zwall at rcav, and then exponentially joined

to the global zd distribution over a small radial width, ∆rwall.

This structure model has 11 parameters: three describe the base surface density profile, {Σc,

rc, γ} or {Σ0, r0, p}, five determine the cavity and inner disk properties, {Σin, rsub, rgap, rcav,

∆rwall}, and three others characterize the vertical distribution of dust, {z0, zwall, ψ}. To simplify
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Planet forming disks
• Radial and vertical structure: 

• density 

• temperature 

• Resulting distribution of gas-phase water

See review by Henning & Semenov et al. (2013) 
Woitke et al. (2009); Antonellini et al (2015)Fig. 6.— Abundance of gaseous water relative to total hy-

drogen as a function of both radial distance, r, and rela-
tive height above the midplane, z/r, for a disk around an
A-type star (T∗=8600 K). Three regions with high H2O
abundance can be distinguished. Regions 1 and 3 involve
high-temperature chemistry, whereas region 2 lies beyond
the snow line and involves photodesorption of water ice.
The white contours indicate gas temperatures of 200 and
1500 K, whereas the red contour shows the nH = 5× 1010

cm−3 density contour. Reproduced from Woitke et al.

2009b.

5. PROTOPLANETARY DISKS

Once accretion stops and the envelope has dissipated,
a pre-main sequence star is left, surrounded by a disk of
gas and dust. These protoplanetary disks form the crucial
link between material in clouds and that in planetary sys-
tems. Thanks to the new observational facilities, combined
with sophisticated disk chemistry models, the various wa-
ter reservoirs in disks are now starting to be mapped out.
Throughout this chapter, we will call the disk out of which
our own solar system formed the ‘solar nebula disk’. 3

5.1. Hot and cold water in disks: observations

With increasing wavelengths, regions further out and
deeper into the disk can be probed. The surface layers of
the inner few AU of disks are probed by near- and mid-IR
observations. Spitzer-IRS detected a surprising wealth of
highly-excited pure rotational lines of warm water at 10–
30 µm (Carr and Najita, 2008; Salyk et al., 2008), and
these lines have since been shown to be ubiquitous in disks
around low-mass T Tauri stars (Pontoppidan et al., 2010a;
Salyk et al., 2011), with line profiles consistent with a disk
origin (Pontoppidan et al., 2010b). Typical water excitation
temperatures are Tex≈450 K. Spectrally resolved ground-
based near-IR vibration-rotation lines around 3 µm show

3Alternative nomenclatures in the literature include ‘primordial disk’,
‘presolar disk’, ‘protosolar nebula’ or ‘primitive solar nebula’.

that in some sources the water originates in both a disk and
a slow disk wind (Salyk et al., 2008; Mandell et al., 2012).
Abundance ratios are difficult to extract from the observa-
tions, because the lines are highly saturated and, in the case
of Spitzer data, spectrally unresolved. Also, the IR lines
only probe down to moderate height in the disk until the
dust becomes optically thick. Nevertheless, within the more
than an order of magnitude uncertainty, abundance ratios of
H2O/CO∼1–10 [TBC] have been inferred for emitting radii
up to a few AU (Salyk et al., 2011; Mandell et al., 2012).
This indicates that the inner disks have high water abun-
dances of order ∼ 10−4 and are thus not dry, at least not
in their surface layers. The IR data show a clear dichotomy
in H2O detection rate between disks around the lower-mass
T Tauri stars and higher-mass, hotter A-type stars (Pontop-

pidan et al., 2010a; Fedele et al., 2011). Also, transition
disks with inner dust holes show a lack of water line emis-
sion. This is likely due to the more rapid photodissocia-
tion in disks around stars with higher T∗, and thus stronger
UV radiation, and in regions where the molecules are not
shielded by dust.

Moving to longer wavelengths, Herschel-PACS spectra
probe gas at intermediate radii of the disk, out to 100 AU.
Far-IR lines from warm water have been detected in a few
disks (Rivière-Marichalar et al., 2012; Meeus et al., 2012;
Fedele et al., 2012, 2013a). As for the inner disk, the abun-
dance ratios derived from these data are highly uncertain.
Sources in which both H2O and CO far-infrared lines have
been detected (only a few) indicate H2O/CO column den-
sity ratios of 10−1, suggesting a water abundance of order
10−5 at intermediate layers, but upper limits in other disks
suggest values that may be significantly less. Again the
disks around T Tauri stars appear to be richer in water than
those around A-type stars.

In principle, the pattern of water lines with wavelength
should allow the transition from the water-rich to the water-
poor (the snow line) to be probed. As shown by LTE ex-
citation disk models, the largest sensitivity to the location
of the snow line is provided by lines in the 40–60 µm re-
gion, which is exactly the wavelength range without ob-
servational facilities except for SOFIA (Meijerink et al.,
2009). For one disk, that around TW Hya, the available
shorter and longer wavelength water data have been used
to put together a water abundance profile across the entire
disk (Zhang et al., 2013). This disk has a dust hole within
4 AU, within which water is found to be depleted. The wa-
ter abundance rises sharply to a high abundance at the inner
edge of the outer disk at 4 AU, but then drops again to very
low values as water freezes out in the cold outer disk.

The cold gaseous water reservoir beyond 100 AU is
uniquely probed by Herschel-HIFI data of the ground ro-
tational transitions at 557 and 1113 GHz. Weak, but clear
detections of both lines have been obtained in two disks,
around the nearby T Tau star TW Hya (Hogerheijde et al.,
2011) and the Herbig Ae star HD 100546 (Hogerheijde et

al., in prep.) These are the deepest integrations obtained
with the HIFI instrument, with integration times up to 25 hr

9

r (au)

z/
r

1: high T gas-phase formation 
2: UV photodesorption 
3: hot surface layer
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dust grains and CO gas in the TW Hya disk. Some of the potential implications of this inconsistency

are discussed further in §5.

4.1. Dust Structure

The dust disk structure is determined following the technique outlined by Andrews et al.
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Σd(r) = Σ0

(

r

r0

)−p

(if r ≤ r0; else Σd = 0), (3)

where Σ0 is a normalization, r0 is the outer edge of the disk, and p is a gradient parameter. In

either case, the surface densities at small radii are modified to account for the TW Hya disk cavity

(Calvet et al. 2002; Hughes et al. 2007). To simplify the inner disk model of Andrews et al. (2011),

we set the surface densities to a constant value Σin between the sublimation radius (rsub) and a

“gap” radius (rgap). No dust is present between that gap radius and the cavity edge, rcav. In the

vertical dimension, the dust is distributed like a Gaussian with a variance z2d. The characteristic

height varies with radius like zd = z0(r/r0)1+ψ. Following Andrews et al. (2011), we employ a

cavity “wall” to reproduce the infrared spectrum of TW Hya (no such feature was required at the

sublimation radius). The local value of zd is scaled up to zwall at rcav, and then exponentially joined

to the global zd distribution over a small radial width, ∆rwall.

This structure model has 11 parameters: three describe the base surface density profile, {Σc,

rc, γ} or {Σ0, r0, p}, five determine the cavity and inner disk properties, {Σin, rsub, rgap, rcav,

∆rwall}, and three others characterize the vertical distribution of dust, {z0, zwall, ψ}. To simplify
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Planet forming disks
• Grain growth, settling and migration

• growth+settling: transports ice to larger 
grains near midplane 

• migration: radial transport of ices 

• Snow line 

• sintering of coagulated grains on inward 
crossing of snow line 

• accretion/luminosity outbursts move 
snow line outward 

• grain size / spectral index linked to snow 
line (?)

Krijt et al. (2016); Cieza et al. (2016); Banzatti et al. (2015) ; Okuzumi et al. (2016); Zhang et al. (2013, 1015)

7

Fig. 2.— Dust, ice, and water vapor evolution at r = 3.5 AU for ↵ = 10�3 simulated over 10 mixing times tD. The circles indicate
sizes and locations of representative particles, with the colors showing ice-to-rock mass ratio. The background color indicates the water
vapor abundance relative to H2. The horizontal markers indicate the location of the vertical snowline and the heights where the cumulative
optical depth exceeds µ0 or 1 (see text).

Here we use the methodology outlined in Sect. 3 to
model the evolution of dust, ice, and water vapor in iso-
lated columns at radii between 3 and 4.5 AU. At every
radial location, the gas surface density and (vertically
isothermal) temperature are given by Eqs. 1 and 2. The
simulations together cover both sides of the radial snow-
line, which is located at r ' 3.2 AU for our disk model.
Figures 2 and 3 show the evolution of the dust and wa-

ter (vapor and ice) over 10 mixing times (t
D

⇠ 103 yr for
this model, see Table 1) in columns at r = 3.5 AU and
4 AU for a turbulence characterized by ↵ = 10�3. The
spherical symbols show the locations, size, and ice/rock
ratio of the dust super-particles (Eq. 6), and the back-
ground color shows the water vapor abundance relative
to H2, calculated as

nH2O

nH2

=
mH2

mH2O

⇢H2O

⇢g
=

1

9

⇢H2O

⇢g
. (32)

The green marker shows the location of the vertical
snowline, defined as the location where the water va-
por density drops below 99% of ⇢

K

sat, and the yellow
and orange marker show where the cumulative optical
depth, as calculated from above, reaches µ0 and 1, re-
spectively. The vertical extent of the plot corresponds
to 4hg. The top-left panel of both figures closely re-
semble the initial conditions (see Sect. 3.1): we have
well-mixed water vapor and ice-poor grains above the
snowline, and ice-rich grains and a water abundance rel-
ative to H2 that decreases with decreasing z below the
snowline. The initial locations of the snowlines in both
figures are in good agreement with Eq. 17 when we insert
⌃H2O/⌃g = 5⇥ 10�3 (see also Table 1).
Focusing first on the time evolution of the solid com-

ponent, we see that the dust grains grow to ⇠cm sizes
on timescales of several thousand years and in general,
grains below the snowline are ice-rich while grains in the
upper parts of the disk are ice-poor. Looking at the ver-
tical locations of the various representative particles, it
is clear that gravitational settling is an important e↵ect
for grains larger than a millimeter or so, which is approx-
imately the size for which St ⇠ ↵ (e.g., Krijt & Ciesla
2016). In the next Sections, we discuss in detail the re-
sulting dust & ice distributions (Sects. 4.1 and 4.2) and
the e↵ect grain growth and settling has on the vapor con-
tent of the disk atmosphere (Sect. 4.3) and the location
of the vertical snowline (Sect. 4.4).

4.1. Dust distributions

Figure 4 shows the mass-weighted dust size distribu-
tions in di↵erent vertical regions of the column: the re-
gion above z

⌧=1, the region above zSL, and the entire
column. The area under the curves is normalized to 1,
and by plotting the quantity s ·m · n(s), the peak of the
distribution shows where most of the solid mass is lo-
cated. As in Sect. 3.1, we neglect the contribution of the
ice mantles on particle mass and size7. The vertically
integrated distributions (bottom panel) closely resemble
the coagulation/fragmentation steady-state distributions
one would expect (e.g., Birnstiel et al. 2011), with most
mass concentrated in the peak close to the maximum
size, which, for turbulence-induced fragmentation in the

7 This results in an error in the particle size of s⇤/s = (1 +
fice⇢•/⇢ice)1/3, where s⇤ is the corrected particle size that takes
into account the presence of an ice mantle with density ⇢ice =
1 g/cm3. For fice ⇠ 1 (see Sect. 4.2), this results in s⇤/s ⇠ 1.5,
which is small compared to the size range of the dust population.
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Fig. 2.— Comparison of observations to models. (a-c), The spectral index (↵), the optical

depth (⌧), and the temperature (T) that we derived from the observed data, all as a function of the

semi-major axis, a. The temperature profile, shown in red in c, is fixed to a square-root law (shown

by the black dashed line) at the radii at which ⌧ drops below 3. The uncertainties (error bars and

light blue regions) are 68% confidence intervals (see Methods). The blue dashed line corresponds

to the location of the water snow-line. ↵ and ⌧ are dimensionless. d, e, Predictions from the model

in ref. 14 for a disk viscosity of 10�4 and an optically thick inner disk.
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by the black dashed line) at the radii at which ⌧ drops below 3. The uncertainties (error bars and

light blue regions) are 68% confidence intervals (see Methods). The blue dashed line corresponds

to the location of the water snow-line. ↵ and ⌧ are dimensionless. d, e, Predictions from the model

in ref. 14 for a disk viscosity of 10�4 and an optically thick inner disk.
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Fig. 1.— ALMA observations of V883 Ori. (a) The band-6 image at 0.0300 (12 au) resolution

obtained on October 27th, 2015. (b) There is a very bright inner disk with radius ⇠0.1” (42 au),

surrounded by a much more tenuous outer disk extending out to radius ⇠0.3” (125 au). The

boundary between these two regions is sharp and probably unresolved. X and Y are the right

ascension and the declination, respectively.
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Inheritance
• Gas-phase formation in inner disk 

(>200 K), but unlikely to make it into 
(terrestrial) planets 

• Low temperature ion-molecule 
chemistry inefficient 

• Majority of ice enters the disk likely 
as ice, formed in prestellar core on 
grains 

• HDO/H2O and D2O/H2O enhanced 
in cold environments (<20 K) 

• Earth’s oceans enriched, as much 
as chondritic meteors but less than 
comets 

• No observational information (yet) 
of HDO/H2O in disks

Cleeves et al. (2014); Visser et al. (2011);  
Salum et al. (); Furuya et al. (2016); Drosdosvkaya et al. (2016)

the outgassing process (Brown et al., 2011). Either way,
the Herschel observations demonstrate that the earlier high
D/H values are not representative of all comets.

How do these solar system values compare with inter-
stellar and protostellar D/H ratios? Measured D/H ratios in
water in protostellar envelopes vary strongly. In the cold
outer envelope, D/H values for gas-phase water are as high
as 10−2 (Liu et al., 2011; Coutens et al., 2012, 2013), larger
than the upper limits in ices of <(2–5)×10−3 obtained from
infrared spectroscopy (Dartois et al., 2003; Parise et al.,
2003). In the inner warm envelope, previous discrepan-
cies for gaseous water have now been resolved in favor of
the lower values, down to (3–5)×10−4 (Jørgensen and van

Dishoeck, 2010a; Visser et al., 2013; Persson et al., 2013,
and subm.) The latter values are within a factor of two of
the cometary values.

Based on these data, the jury is still out whether the D/H
ratio in solar system water was set already by ices in the
early (pre-)collapse phase and transported largely unaltered
to the comet-forming zone, or whether further alteration of
D/H took place in the solar nebula disk along the lines de-
scribed in § 2.4.5 (see also chapter by Ceccarelli et al.). The
original D/H ratio in ices may even have been reset early
in the embedded phase by thermal cycling of material due
to accretion events onto the star (see chapter by Audard et

al.). Is the high value of 10−2 found in cold gas preserved
in the material entering the disk or are the lower values of
< 10−3 found in hot cores and ices more representative?
Regardless of the precise initial value, models have shown
that vertical and radial mixing within the solar nebula disk
reduces the D/H ratios from initial values as high as 10−2 to
values as low as 10−4 in the comet-forming zones (Willacy

and Woods, 2009; Yang et al., 2012b; Jacquet and Robert,
2013; Furuya et al., 2013).

For water on Earth, the fact that the D enrichment is a
factor ∼10 above the solar nebula value rules out the warm
thermal exchange reaction of H2O + HD → HDO + H2 in
the inner nebula (∼1 AU) as the sole cause. Mixing with
some cold reservoir with enhanced D/H at larger distances
is needed.

Figure 10 contains values for several other solar sys-
tem targets. The HD/H2 measurements in the atmo-
spheres of Uranus and Neptune indicate D/H ratios of (4.1–
4.5)×10−5, higher than the protosolar nebula values but
lower than those in icy solar system bodies (Feuchtgru-

ber et al., 2013). This is consistent with their atmospheres
being enriched in D by ice-rich planetesimal impacts. Ence-
ladus, one of Saturn’s moons with volcanic activity, has a
high D/H ratio consistent with it being built up from outer
solar system planetesimals. Some measurements indicate
that lunar water may have a factor of two higher hydrogen
isotopic ratio than the Earth’s oceans (Greenwood et al.,
2011), although this has been refuted by (?).

Mars and Venus have interestingly high D/H ratios. The
D/H ratio of water measured in the Martian atmosphere is
5.5 times VSMOW, which is interpreted to imply a signif-
icant loss of water over Martian history and associated en-

Fig. 10.— D/H ratio in water in comets and warm proto-
stellar envelopes compared to values in the Earth oceans,
the giant planets, the solar nebula disk, and the interstel-
lar medium. Values for carbonaceous meteorites (CI), the
Moon and Saturn’s moon Enceladus are presented as well.
Note that both (D/H)X, the deuterium to hydrogen ratio in
molecule X, and HDO/H2O are plotted; measured HD/H2

and HDO/H2O ratios are 2×(D/H)X. Figure by M. Pers-
son, based on Bockelée-Morvan et al. (2012) and subse-
quent measurements cited in the text. The protostellar data
refer to warm gas (Persson et al., 2013, and subm.)

hancement of deuterated water. Because D is heavier than
H, it escapes more slowly, therefore over time the atmo-
sphere is enriched in deuterated species like HDO. A time-
dependent model for the enrichment of deuterium on Mars
assuming a rough outgassing efficiency of 50% suggests
that the amount of water that Mars must have accreted is
0.04–0.4 oceans. The amount of outgassing may be tested
by Curiosity Mars rover measurements of other isotopic ra-
tios, such as 38Ar to 36Ar.

The extremely high D/H ratio for water measured in the
atmosphere of Venus, about 100 times VSMOW, is almost
certainly a result of early loss of substantial amounts of
crustal waters, regardless of whether the starting value was
equal to VSMOW or twice that value. The amount of wa-
ter lost is very uncertain because the mechanism and rate
of loss affects the deuterium fractionation (Donahue and

Hodges, 1992). Solar wind stripping, hydrodynamic es-
cape, and thermal (Jeans’) escape have very different ef-
ficiencies for the enrichment of deuterium per unit amount
of water lost. Values ranging from as little as 0.1% to one
Earth ocean have been proposed.

8.2. Water delivery to the terrestrial planet zone

8.2.1. Dry scenario

The above summary indicates at least two reservoirs of
water ice rich material in the present-day solar system with
D/H ratios consistent with that in Earth’s oceans: the outer
asteroid belt and the Kuiper belt or scattered disk (as traced
by comets 103P and 45P). As illustrated in Fig. 9, these
same reservoirs also have a high enough water mass frac-
tion to deliver the overall water content of terrestrial plan-
ets. The key question is then whether the delivery of water
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the analysis. First, comparison of ground-based and Her-

schel lines for the same source show that the high frequency
HIFI lines can be optically thick even for H2

18O and H17
2 O,

because of their much higher Einstein A coefficients. Sec-
ond, the physical structure of the envelope and embedded
disk on scales of a few hundred AU is not well understood
(Jørgensen et al., 2005), so that absolute abundances are
difficult to determine since the column of warm H2 is poorly
constrained. Compact flattened dust structures are not nec-
essarily disks in Keplerian rotation (Chiang et al., 2008)
and only a fraction of this material may be at high tempera-
tures.

Jørgensen and van Dishoeck (2010b) and Persson et al.

(2012) measure water columns and use H2 columns derived
from continuum interferometry data on the same scales
(∼1′′) to determine water abundances of few ×10−9 to a
few ×10−5 for three low-mass protostars, consistent with
the fact that the bulk of the gas on these scales is cold and
water is frozen. From a combined analysis of the interfer-
ometric and HIFI data, using C18O 9–8 and 10–9 data to
determine the warm H2 column, Visser et al. (2013) infer
water abundances of 2 × 10−5 − 2 × 10−4 in the ≥100 K
gas, as expected for the larger-scale hot cores.

The important implication of these results is that the
bulk of the water stays as ice in the inner few hundred AU
and that only a few % of the dust is at high enough tem-
peratures to thermally sublimate H2O . This small fraction
of gas passing through high-temperature conditions for ice
sublimation is consistent with 2D models of collapsing en-
velope and disk formation, which give similar fractions of
< 1 − 20%, depending on initial conditions (Visser et al.,
2009, 2011; Ilee et al., 2011; Harsono et al., 2013; Hincelin

et al., 2013).

4.4. Entering the disk: the accretion shock and history

of water in disks

The fact that only a small fraction of the material within
a few hundred AU radius is at ≥ 100 K (§ 4.3) implies that
most of the water is present as ice and is still moving in-
wards (Fig. 4). At some radius, however, the high-velocity
infalling parcels must encounter the low-velocity embed-
ded disk, resulting in a shock at the boundary. This shock
results in higher dust temperatures behind the shock front
than those achieved by stellar heating (Neufeld and Hollen-

bach 1994; see Visser et al. 2009 for a simple fitting for-
mula) and can also sputter ices. At early times, accretion
velocities are high and all ices would sublimate or experi-
ence a shock strong enough to induce sputtering. However,
this material normally ends up in the star rather than in the
disk, so it is not of interest for the current story. The bulk
of the disk is thought to be made up through layered ac-
cretion of parcels that fall in later in the collapse process,
and which enter the disk at large radii, where the shock is
much weaker (Visser et al., 2009). Indeed, the narrow line
widths of H18

2 O of only 1 km s−1 seen in the interferomet-
ric data (Jørgensen and van Dishoeck, 2010b) argue against

Fig. 5.— Schematic view of the history of H2O gas and ice
throughout a young disk at the end of the accretion phase.
The main oxygen reservoir is indicated for each zone, see
text for description of their histories. The percentages in-
dicate the fraction of disk mass contained in each zone.
Zone 1 contains pristine H2O formed prior to star formation
and never altered during the trajectory from cloud to disk.
In Zone 7, the ice has sublimated once and recondensed
again. Thus, the ice in planet- and planetesimal-forming
zones of disks is a mix of pristine and processed ice. Figure
from Visser et al. (2011).

earlier suggestions, based on Spitzer data, of large amounts
of hot water going through an accretion shock in the embed-
ded phase, or even being created through high-temperature
chemistry in such a shock (Watson et al., 2007). This view
that accretion shocks do not play a role also contrasts with
the traditional view in the solar system community that all
ices evaporate and recondense when entering the disk (Lu-

nine et al., 1991; Owen and Bar-Nun, 1993).
Figure 5 shows the history of water molecules in disks at

the end of the collapse phase at tacc = 2.5 × 105 yr for a
standard model with an initial core mass of 1 M⊙, angular
momentum Ω0 = 10−14 s−1 and sound speed cs = 0.26
km s−1 (Visser et al., 2011). The material ending up in
zone 1 is the only water ice that is completely ‘pristine’,
i.e., water formed as ice in the cloud and never sublimated,
ending up intact in the disk. Material ending up in the other
zones contains water that sublimtaed at some point along
the infalling trajectory. In zones 2, 3 and 4, close to the
outflow cavity, most of the oxygen is in atomic form due to
photodissociation, with varying degrees of subsequent ref-
ormation. In zones 5 and 6, most oxygen is in gaseous wa-
ter. Material in zone 7 enters the disk early and comes close
enough to the star to sublimate. This material does not end
up in the star, however, but is transported outward in the
disk to conserve angular momentum, re-freezing when the
temperature becomes low enough. The detailed chemistry
and fractions of water in each of these zones depend on the
adopted physical model and on whether vertical mixing is
included (e.g., Semenov and Wiebe, 2011), but the overall
picture is robust.
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Observations: ice
• Evidence for ice in disks 

• Near- and mid-IR absorption and scattered light 

• Far-IR libration mode 

• Difficult to turn into ice mass estimates

Pontoppidan et al. (2005); Honda et al. (2016); Terada et al.(2007, 2016); 
McClure et al. (2014); Bouwman et al. (in prep)

Detections of trans-Neptunian ice 5

non-detection of

VW Cha

GQ Lup

DO Tau

Haro 6-13

Fig. 3.— Determination of W63 for the three disks in this sample, plus GQ Lup from McClure et al. (2012). Continuum regions (dark
gray fill), continuum fit (red dashed line), and limits of integration (light grey fill) are indicated. Error bars in W63 are 1� uncertainties.

4.1.2. Updates

Radially, we have updated the D’Alessio code to in-
clude multiple dust populations with discrete transitions
at cut-o↵ radii (RC). A more comprehensive exploration
of the e↵ects of radial zoning is left to future work; here
we consider a two-zone model only in the event that a
the standard D’Alessio single-zone model fails to repro-
duce simultaneously the PACS ice feature and the IRS
slope. The two-zone model allows us to vary the dust
properties in the upper or lower layer population inte-
rior or exterior to RC . In any zone, radial or vertical,
the dust properties, such as the grain size distribution,
abundance, and opacity can be changed individually for
each of three main grain types: silicates, pure, solid car-
bon, and water ice. The details of the dust are described

in Section 4.1.3.
At the inner edge of the disk, we implement a vertical

dust sublimation wall with an atmosphere following the
prescription of D’Alessio et al. (2004) with the two-layer
curvature proposed by McClure et al. (2013b). To recap
briefly, there is a lower-layer, with height hwall,1 and a
rim z coordinate of zwall,1, and an upper layer of height
hwall,2 = zwall,2�zwall,1 to produce a simple box-function
shape. Each wall layer is characterized by its grain size
distribution and sublimation temperature. Beyond each
layer’s radius, Rwall defined by those two properties, dust
is present. We allow the dust properties of the wall layers
to vary independently of those in the disk to simulate the
e↵ects of a radial gradient in the inner disk mineralogy.

4.1.3. Opacities

to disk accretion. The cooling process is the radiative transfer,
which finally emits energy from the disk to outer space by
means of radiation. The surface density distribution is provided
as a model parameter, and the gas density distribution along the
vertical direction with respect to the disk is determined so that
the hydrostatic equilibrium is achieved. The temperature in the
disk and the shape of the disk surface affect each other, because
the angle between the direction of the light from the central star

and the disk surface determines the radiative energy received
by the disk surface, and the inclination of the disk surface is a
function of the temperature distribution. Thus, the temperature

Figure 3. Extracted spectra along the major (SE-NW) and minor (SW-NE) axes at positions of 0 360, 0 522, 0 684, 0 846, and 1 008 from the central star shown
in Figure 2. The size of each extracted area is a square region with 0 162 (9 pixels) on the side. In the spectra of almost all of the regions, a shallow dip at 3.06 μm is
seen, likely due to water ice absorption.

Table 2
Measured Surface Brightness and Optical Depth τ along the Disk Major Axis

Distance(au) IK
obs a IH O

obs
2

a IL
obs
¢

a τ

SE
104 17.5±3.5 10.0±2.0 39.0±7.8 1.06±0.39
87 31.3±6.3 18.4±3.7 65±13 0.99±0.39
70 60±12 35.3±7.1 111±22 0.92±0.39
54 126±25 71±14 210±42 0.90±0.39
37 304±61 223±45 485±97 0.61±0.39
NW
104 18.9±3.8 10.8±2.2 37.5±7.5 0.99±0.39
87 31.4±6.3 22.8±4.6 63±13 0.76±0.39
70 52±10 39.7±7.9 109±22 0.74±0.39
54 106±21 92±18 219±44 0.59±0.39
37 250±50 237±47 506±100 0.50±0.39

Note.
a In mJy arcsec−2.

Figure 4. H2Ot map derived from our data. Since the inner region (r<0 22)
suffered from saturation and the outer region (r>1 26) has a low signal-to-
noise ratio, these regions are masked.

4
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Gas-phase water in the inner disk

• Near- and mid-IR detections 

• 2.9-33 µm 

• excitation temperature ~500 K 

• inner few au 

• CO/H2O~1 

• impact of UV photodissociation: largely absent in A,B stars; 50% 
of GM stars; 67% of K stars 

• During EX Lup outburst: water column density and emitting area 
increased

Carr & Najita (2008, 2011); Pontoppidan et al. (2010a,b);  
Salyk et al. (2008, 2011, 2015); Banzetti et al. (2012, 2015, 2016)
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Gas-phase water in the outer disk
• Ground state rotational emission detected 

in very few disks 

• 557, 1113 GHz: Herschel 

• TW Hya, HD100546, DG Tau, 
(LkCa15+DMTau+MWC480) & upper 
limits 

• traces water vapor released by 
photodesorption 

• low detection statistics suggests ice may 
have settled to midplane, where it is 
shielded from UV

Hogerheijde et al. (2011, in prep); Salinas et al. (2016); 
Podio et al. (2013); Du et al. (2015, submitted)

Detection of the Water Reservoir in a
Forming Planetary System
Michiel R. Hogerheijde,1* Edwin A. Bergin,2 Christian Brinch,1 L. Ilsedore Cleeves,2

Jeffrey K. J. Fogel,2 Geoffrey A. Blake,3 Carsten Dominik,4 Dariusz C. Lis,5

Gary Melnick,6 David Neufeld,7 Olja Panić,8 John C. Pearson,9 Lars Kristensen,1

Umut A. Yıldız,1 Ewine F. van Dishoeck1,10

Icy bodies may have delivered the oceans to the early Earth, yet little is known about water in
the ice-dominated regions of extrasolar planet-forming disks. The Heterodyne Instrument for the
Far-Infrared on board the Herschel Space Observatory has detected emission lines from both spin
isomers of cold water vapor from the disk around the young star TW Hydrae. This water vapor
likely originates from ice-coated solids near the disk surface, hinting at a water ice reservoir
equivalent to several thousand Earth oceans in mass. The water’s ortho-to-para ratio falls well
below that of solar system comets, suggesting that comets contain heterogeneous ice mixtures
collected across the entire solar nebula during the early stages of planetary birth.

Water in the solar nebula is thought to
have been frozen out onto dust grains
outside ∼3 astronomical units (AU)

(1, 2). Stored in icy bodies, this water provided a
reservoir for impact delivery of oceans to the
Earth (3). In planet-forming disks, water vapor is
thought to be abundant only in the hot (>250 K)
inner regions, where ice sublimates and gas-phase
chemistry locks up all oxygen in H2O. Emission
from hot (>250 K) water has been detected from
several disks around young stars (4, 5). In the
cold (∼20 K) outer disk, water vapor freezes out,
evidenced by spectral features of water ice in a
few disks (6, 7). However, (inter)stellar ultravi-
olet radiation penetrating the upper disk layers
desorbs a small fraction of water ice molecules
back into the gas phase (8), suggesting that cold
(<100K)water vapor exists throughout the radial
extent of the disk. The detection of this water
vapor would signal the presence of a hidden ice
reservoir.

We report detection of ground-state rotation-
al emission lines of both spin isomers of water
(JKAKC110-101 from ortho-H2O and 111-000 from
para-H2O) from the disk around the pre–main-

sequence star TW Hydrae (TW Hya) using the
Heterodyne Instrument for the Far-Infrared (HIFI)
spectrometer (9) on board the Herschel Space
Observatory (10) (Fig. 1) (11, 12). TW Hya is
a 0.6 M⊙ (solar mass), 10-million-year-old T
Tauri star (13) 53.7 T 6.2 pc away from Earth. Its
196-AU-radius disk is the closest protoplanetary
disk to Earth with strong gas emission lines. The
disk’smass is estimated at 2× 10−4 to 6× 10−4M⊙
in dust and, using different tracers and assump-
tions, between 4×10−5 and 0.06M⊙ in gas (14–16).
The velocity widths of the H2O lines (0.96 to
1.17 km s−1) (table S1) exceed by ∼40% those of
cold CO (14). These correspond to CO emission

from the full 196-AU-radius rotating disk inclined
at∼7°with only little (<65m s−1) turbulence (17).
The wider H2O lines suggest that the water emis-
sion extends to ∼115 AU, where the gas orbits
the star at higher velocities compared with
196 AU.

To quantify the amount of water vapor traced
by the detected lines, we performed detailed sim-
ulations of the water chemistry and line for-
mation using a realistic disk model matching
previous observations (12, 18). We adopted a
conservatively low dust mass of 1.9 × 10−4 M⊙
and, using a standard gas-to-dust mass ratio of
100, a gas mass of 1.9 × 10−2 M⊙. We explored
the effects of much lower gas-to-dust ratios. We
followed the penetration of the stellar ultraviolet
and x-ray radiation into the disk; calculated the
resulting photodesorption of water and ensuing
gas-phase chemistry, including photodissociation;
and solved the statistical-equilibrium excitation
and line formation. The balance of photodesorption
of water ice and photodissociation of water vapor
results in an equilibrium column of water H2O
vapor throughout the disk (Fig. 2). Consistent
with other studies (19), we find a layer of max-
imum water vapor abundance of 0.5 × 10−7 to
2 × 10−7 relative to H2 at an intermediate height in
the disk. Above this layer, water is photodis-
sociated; below it, little photodesorption occurs
andwater is frozen out, with an ice abundance, set
by available oxygen, of 10−4 relative to H2.

In our model, the 100- to 196-AU region
dominates the line emission, which exceeds ob-
servations in strength by factors of 5.3 T 0.2 for
H2O 110-101 and 3.3 T 0.2 for H2O 111-000. A
lower gas mass does not decrease the line in-
tensities, if we assume that the water ice, from
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Fig. 1. Spectra of para-H2O
111-000 (A) and ortho-H2O 110-
101 (B) obtained with HIFI on
the Herschel Space Observatory
toward the protoplanetary disk
around TWHya after subtraction
of the continuum emission. The
vertical dotted lines show the
system’s velocity of +2.8 km s−1

relative to the Sun’s local en-
vironment (local standard of
rest).
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Gas-phase water across the disk
• H2O line disappear as RCO increases

Banzatti et al. (2016); Zhang et al. 2013); Blevins et al. (2016); Meijerink et al. 2009); 
Fedele et al. (2011, 2012, 2013); Riviere-Marichalar et al. (2012, 2015, 2016)
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size of datapoints is proportional to the stellar mass as shown, and disks where dust gaps have been found in previous work are marked
with a black circle. Bottom: Three steps along the CO and H

2

O depletion sequence are visualized using averaged Spitzer spectra: i) water
emission is strong at 2.9–33µm in disks when R
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. 0.1, ii) water emission is weaker but still detected at 25–33µm in disks when
0.1 .R
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/R
snow

. 1, and iii) water emission is undetected at all infrared wavelengths 2.9–33µm when R
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/R
snow

& 1. The averaged
Spitzer spectrum of disks around low-mass stars (M? < 0.2 M�) is shown at the bottom for comparison. Some prominent water and OH
emission lines are marked respectively with dashed and dotted lines for reference.

a and g). By fitting the measured line ratios, we find the
following linear relation (using Kelly 2007):

Flux(CO)/Flux(H
2

O) = 1.0± 0.4 + (R
co

/R
snow

)0.4±0.2

(4)
These trends are further analyzed and discussed in Sec-
tion 5.3.

5. DISCUSSION

5.1. Water vapor and the depletion of inner disks

Water emission from protoplanetary disks has been de-
tected by the Spitzer -IRS in over 60 disks (see Section
1.1). This sample revealed two major trends: 1) wa-
ter line fluxes increase with increasing stellar luminosity
(and mass, see Figures 1 and 20, and Salyk et al. 2011a),
and, in contrast with the first trend, 2) the water va-
por frequency is much higher in disks around stars of
0.2 < M

?

< 1.5M� (with a frequency of 60–80%) than
in disks around stars of M

?

> 1.5M� (with a frequency
of < 20%; see Table 1, Figure 10, and Pontoppidan et
al. 2010a). Recent chemical modeling of the molecular

content of inner disks by Walsh et al. (2015), while able
to reproduce the luminosity trend, was still unable to re-
produce the absence of water emission in disks around
intermediate-mass stars. We have demonstrated above
that the strength of the infrared water spectrum is linked
to an inside-out depletion scenario in disks, by finding: 1)
a similar emitting region and detection frequency for the
high-energy H

2

O lines at 2.9µm and the innermost CO
gas (the broad component), 2) a wavelength-dependent
decrease of water line fluxes, where hotter emission (as
probed at 2.9µm) decreases before colder emission (as
probed at 33µm), and 3) a correlation between the de-
crease of water line fluxes at 2.9–33µm and the increase
in size of an inner molecular hole measured from CO
emission.
One major implication of this analysis is that the

low frequency of water vapor detections in disks around
M

?

> 1.5M� is found to be linked to inner holes that
have depleted the molecular content of their disks out to
close to or beyond the snow line, contrary to most disks
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Gas-phase water across the disk
• Significant abundance drop outside ~au: snow line

Banzatti et al. (2016); Zhang et al. 2013); Blevins et al. (2016); Meijerink et al. 2009); 
Fedele et al. (2011, 2012, 2013); Riviere-Marichalar et al. (2012, 2015, 2016)

8

14

16

18

20

22
24

a
1e-5
1e-6
1e-7

14

16

18

20

22
24

b
2.5e-3
2.5e-4
2.5e-5

14

16

18

20

22
24

c
3.5e-10
3.5e-11
3.5e-12

2 4 6 8
r(AU)

14

16

18

20

22
24

d

a1 a2 a3 a4 a5

0
0.1

0.3

0.5

0.7

0

a6
p-H2O
111-000

269µm

b1 b2 b3 b4 b5

0
0.1

0.3

0.5

0.7

0

b6

c1 c2 c3 c4 c5

0
0.1

0.3

0.5

0.7

0

c6

λ(µm)

d1

17.2017.30
λ(µm)

d2

23.7 24.0
λ(µm)

d3

30.5 30.8
λ(µm)

d4

63.3 63.4
λ(µm)

d5

179.4179.8
v (km/s)

0
0.1

0.3

0.5

0.7

0

d6

0 1 2 3 4 5 6

W
at

er
 C

ol
um

n 
De

ns
ity

  L
og

(c
m

-2
)

Norm
alized Flux

IRS SH IRS LH IRS LH    PACS   PACS   HIFI

Figure 6. The sensitivity of selected water line fluxes to variations in the water vapor column density distribution. The first column
shows the model water vapor distributions. The best-fit model is the solid red curve, while the green and blue curves are models calculated
to illustrate the sensitivity of the various lines to changes in the water abundance at different disk radii. The numbers in the first column
indicate the fractional (per hydrogen molecule) water abundance in (a) the optically thin inner disk, (b) the ring at the transition radius
and (c) the outer disk. The final (d) panel shows the sensitivity of the model to the radius of the snow line. The following six columns
show model line spectra compared to the observed spectra for TW Hya. The ladder crossed line in the 30µm column is OH, which is not
discussed in this paper. Please see Fig. 5 for additional OH line identifications.

provided by slightly higher-lying transitions in the PACS
range, in particular the 179.5µm transition. The low
water vapor content of the outer disk is consistent with
the analysis of Hogerheijde et al. (2011) and the HIFI
non-detection of water lines in another transitional disk,
DM Tau (Bergin et al. 2010). Specifically, our Xouter

is comparable to the global disk-averaged value derived
by Hogerheijde et al. (2011) – 7.3×1021 g of water in a
1.9×10−2 M⊙ disk, or XH2O=2.2×10−11 – but as these
authors stress there is likely significant vertical structure
in the water vapor abundance and a large ice reservoir
beyond 4-5 AU.

5. DISCUSSION

From an analysis of the water emission lines from the
TW Hya disk over the 10− 567 µm interval, both warm
(∼220 K) and cold water vapor are found to be present.
The warm water emission most likely originates in a nar-
row ring region between 4–4.2 AU where abundant water
vapor carries much of the cosmically available oxygen,

XH2O ∼ 10−4. Outside of 4.2 AU, the vertically aver-
aged water vapor column density decreases dramatically
over a radial distance less than 0.5 AU, marking the loca-
tion of the disk’s surface snow line. Each of the datasets
included in this study uniquely constrain one aspect of
the distribution profile, and so we demonstrate the im-
portance of the use of multi-wavelength datasets. Here
we discuss some implications of our results.

5.1. The origin of the surface water vapor

How does this study inform the origin of the observed
water vapor, and of water in protoplanetary disks in gen-
eral? There are two potential sources of water: One is in
situ gas-phase formation, while the other is grain surface
formation in a cold reservoir – which could be the disk
itself or the primordial protostellar cloud. In the second
case, a mechanism is needed to transport the ice inwards
and upwards to a location where it can either thermally
evaporate or be photodesorbed and observed in the form
of vapor (see, for example, Supulver & Lin 2000).
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Prospects for ALMA Band 5
• Band 5 covers

• H2O 313-220 at 183 GHz 

• H2
18O 313-220 at 203 GHz 

• Upper level energies ~ 200 K 

• HD100546 model for H2O ground-state lines:  

• H2O 313-220 (@0.5’’): 1.1 mJy bm-1 km s-1. 

• Would take 60 days to detect at 183 GHz; 
1.5 days at 203 GHz. 

• Adding a ~10 au >200 K region boosts 
signal by factor 10-100. 

• HDO 101-000 and 111-000 are at 465 and 894 
GHz (Bands 8,10) 

• Upper level energies ~ 20, 40 K Jørgensen et al. (2010): H218O 313-220 
detected to an embedded disk,at 50 
mJy/beam level (0.5” beam)

No. 1, 2010 WATER VAPOR IN THE INNER 25 AU OF A YOUNG DISK L73

Figure 1. Continuum image of IRAS4B and IRAS4B′ from the IRAM PdBI
observations (contours shown in logarithmic steps from 0.015 to 0.25 Jy beam−1

overlaid on the Spitzer Space Telescope mid-infrared image (Jørgensen et al.
2006; Gutermuth et al. 2008) with 4.5 µm emission shown in blue, 8.0 µm in
green, and 24 µm in red.

Table 1
Parameters for IRAS4B and IRAS4B′ from Elliptical Gaussian Fits to Their

Continuum Emission

Parameter IRAS4B IRAS4B′

Flux 0.586 Jy 0.128 Jy
R.A. (J2000) 03:29:12.01 03:29:12.84
Decl. (J2000) 31:13:08.07 31:13:06.93
Extenta 0.′′80 × 0.′′54 (−65◦) 0.′′56 × 0.′′45 (−86◦)

Note. a Size of Gaussian from fit in the (u, v) plane (i.e., deconvolved full
width at half-maximum (FWHM) size) and position angle of major axes (in
parentheses).

the complex gains by regular observations of the nearby quasar
J0336+323 (approximately 0.8 Jy at 1.45 mm). Integrations with
clearly deviating amplitudes and/or phases were flagged, and
the continuum was subtracted prior to Fourier transformation of
the line data. With natural weighting, the resulting beam size
is 0.′′67 × 0.′′55 at a position angle of 36.◦7; the field of view
is 25′′ (half-power beamwidth) at 1.45 mm. The resulting rms
noise level is 11 mJy beam−1 channel−1 for the line data using
natural weighting. The continuum sensitivity is limited by the
dynamical range of the interferometer and the resulting rms
noise level is a few mJy beam−1.

3. RESULTS

Figure 1 shows the continuum image of the observed region
around IRAS4B. As seen, both IRAS4B and its nearby compan-
ion IRAS4B′ are clearly detected in the image. Table 1 lists the
results of elliptical Gaussian fits to the two sources: both are re-
solved with fluxes in agreement with the results from Jørgensen
et al. (2007b) assuming that it has its origin in thermal dust con-
tinuum emission with Fν ∝ να with α ≈ 2.5–3. The continuum
peak is clearly offset by 5′′–7′′ from the emission at 3.6–24 µm
seen in the Spitzer Space Telescope images of IRAS4B; an indi-
cation that the Spitzer emission has its origin in material heated
by the protostellar outflow even at 24 µm (see also Jørgensen
et al. 2007a, and Figure 2 of Allen et al. 2007).

Figure 2 shows the spectrum toward the continuum peak
of IRAS4B. A number of lines are clearly detected as listed
in Table 2—including the targeted H18

2 O 31,3–22,0 line. For
the line identification, we used the JPL (Pickett et al. 1998)
and CDMS (Müller et al. 2001, 2005) databases and cross-
checked those with the online Splatalogue compilation. Since
all of the lines are narrow, little line-blending occurs, in contrast
to high-mass star-forming regions. Also, all the assigned lines
are centered within 0.1–0.2 km s−1 of the systemic velocity of
7.0 km s−1 of IRAS4B. Most prominent in the spectrum are lines
of dimethyl ether, CH3OCH3, with five identified transitions. In
addition, lines of sulfur dioxide, SO2, and water, H18

2 O, are

Figure 2. Left: integrated emission of the H18
2 O line (contours in steps of 5 mJy beam−1 km s−1 starting at 10 mJy beam−1 km s−1) plotted over the continuum

emission (gray scale). Right: spectrum extracted in the central 0.′′6 × 0.′′5 beam toward the continuum position for IRAS4B. The detected lines are indicated at the
position of their catalog rest frequency corrected for the 7.0 km s−1 systemic velocity of IRAS4B. The spectrum has been binned to twice the observed resolution.
The inset shows a blow-up of the H18

2 O line at the original resolution.
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Conclusion
• Water likely enters disks as ice formed during prestellar stage 

• Water ice has been detected in disks; mass estimates have caveats 

• Water vapor detected across the disk 

• large columns in the inner few au 

• low columns beyond a few au 

• Consistent with 

• efficient gas-phase formation in >200 K gas in inner disk 

• inefficient photodesorption off icy grains in outer disk 

• latter requires significant settling of large(r) icy ices to midplane 

• ALMA B5 183 GHz H2O line (& 203 GHz) diagnostic of >200 K gas


