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• Water is crucial for life known on Earth: 

• Great coolant during heatwaves 

• Good solvent 

• Major carrier of oxygen 

• Water helps to form planets: 

• Streaming instability around snowline (e.g., Drażkowska et al. 
2017, Schoonenberg et al. 2017)  

• Aid grain growth (Blum et al. 2008, Okuzumi et al. 2012)

Water (ice) is a key for planet formation

Nesvorny et al. 2019

Streaming instability 



Where is the water 
located in disks?

Credit: ESO/L. Calçada

Trail of star and planet formation
Does the water survive the journey from 

cloud to disks and possibly planets?

—> Inherit building blocks for life?Water ice 
forms in cloud



• ISM D/H = 2 x 10-5 
(Linsky et al. 2003) 

• H3
+ + HD               H2D+ + H2 +230 K

Layering of water isotopologues
Deuteration
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Fig. 5. Simplified reaction network illustrating the important reactions
in the deuteration of water and other molecules. The left-hand side illus-
trates the cold gas-phase chemistry, leading to high fractionation of
gaseous H2D+ and atomic D, and ultimately gaseous HDO and D2O.
The right-hand side illustrates how this enhanced D ends up on the ice
and leads to enhanced solid HDO and D2O. The bottom cartoon shows
the different ice layers on a grain: the H2O-dominated layer formed
early in the cloud evolution with low HDO/H2O < 10�3, and the CO-
dominated layer formed at higher densities which is rich in deuterated
water, with D2O/HDO>>HDO/H2O (Furuya et al. 2015).

of water as the two-phase simple SWaN models do, but differ-
ences in absolute water abundances can be introduced because
multilayer interstellar ices are inhomogenous.

To compare models with observations, not just the water
chemistry but also the water excitation and radiative transfer
need to be treated correctly. The various methods and model-
ing approaches adopted by WISH are described in Sect. 4.4 and
Appendix F.

3.3. Water deuteration

Deuterated water, HDO and D2O, is formed through the same
processes as shown in Fig. 4 but there are a number of chemical
reactions that can enhance the HDO/H2O and D2O/H2O ratios
by orders of magnitude compared with the overall [D]/[H] ratio
of 2.0⇥ 10�5 found in the local interstellar medium (Prodanović
et al. 2010). Details can be found in Taquet et al. (2014) and
Furuya et al. (2016), and in Ceccarelli et al. (2014) for deuterium
fractionation in general (see also Sect. 7.3). The processes are
illustrated in Fig. 5. The most effective water fractionation
occurs on grains, due to the fact that the relative number of
D atoms landing from the gas on the grain is enhanced com-
pared with that of H atoms. In other words, atomic D/H in cold
gas is much higher than the overall [D]/[H] ratio (Tielens 1983;
Roberts et al. 2003). This high D/H ratio landing on grains nat-
urally leads to enhanced formation of OD, HDO and D2O ice
according to the grain-surface formation routes.

The high atomic D/H ratio in the gas, in turn, arises from the
well-known fractionation reactions initiated by the H+3 + HD!
H2D+ + H2 reaction, which is exoergic by ⇠230 K and is thus
very effective at low temperatures 25 K (e.g., Watson 1976;
Aikawa & Herbst 1999; Stark et al. 1999; Sipilä et al. 2015). The

H2D+ abundance is further enhanced when the ortho-H2 abun-
dance drops (preventing the back reaction) and when the main
H+3 and H2D+ destroyer, CO, freezes out on the grains (Pagani
et al. 1992, 2009; Roberts et al. 2003; Sipilä et al. 2010). The lat-
ter processes become more important as the cloud evolves from
a lower density to a higher density phase (Dartois et al. 2003;
Pagani et al. 2013; Brünken et al. 2014; Furuya et al. 2015). Dis-
sociative recombination of H2D+ and other ions such as HD+2 ,
D+3 and DCO+ with electrons then produces enhanced atomic
D which gets incorporated in the ices (Fig. 5). As a result, the
outer ice layers, which are produced when the cloud is denser
and colder, have higher HDO/H2O ratios – by orders of magni-
tude – than the inner layers and the bulk of the ice. The enhanced
H2D+ also leads to enhanced H2DO+ and thus HDO in cold gas,
which may play a role at the lower density edge of the cloud.

Another characteristic of this layered ice chemistry is that the
D2O/HDO ratio is much higher than the HDO/H2O ratio (Furuya
et al. 2016). Moreover, the deuteration of organic molecules
formed through hydrogenation of CO ice in the later cloud stages
is generally much higher than that of water (Cazaux et al. 2011;
Taquet et al. 2014; Furuya et al. 2016).

The desorption processes – photodesorption at low ice tem-
peratures (Öberg et al. 2009; Arasa et al. 2015; Cruz-Diaz
et al. 2018) and thermal desorption at high ice temperatures –
have a small to negligible effect on the deuterium fractiona-
tion. In other words, the gaseous HDO/H2O and D2O/H2O ratios
should reflect the ice ratios following desorption if no subse-
quent gas-phase reactions are involved. It is important to note
that photodesorption is only effective in the outer few layers of
the ice, whereas thermal desorption removes the bulk ice man-
tle. This selective formation and removal of ice layers turns out
to be important in the interpretation of HIFI observations of
HDO/H2O ratios in cold versus warm gas.

In warm gas, the exchange reaction D + OH ! H + OD is
likely barrierless and can be effective in enhancing OD, espe-
cially since the reverse reaction seems to have a barrier of around
800 K (Thi et al. 2010). Photodissociation of HDO can also
enhance OD compared with OH by a factor of 2–3, which could
be a route to further fractionation. Finally, in high temperature
gas in disks the exchange reaction H2O + HD $ HDO + H2 is
often included. Similarly, there are reactions inside the ices that
can both enhance and reduce the water fractionation (Lamberts
et al. 2015, 2016) but are not considered here (see discussion in
Furuya et al. 2016).

4. Herschel water spectra and maps

In this section, we briefly summarize the main features charac-
terizing water emission observed with Herschel, largely based on
WISH+ programs. Figure 2 illustrates the complexity of individ-
ual water profiles for protostars observed with HIFI over more
than ±50 km s�1 whereas Fig. 6 shows the spatial distribution
imaged with PACS. Figure 7 presents examples of full spectral
scans with PACS with many lines detected. The main conclu-
sion from the combined analysis of the water maps, the broad
water line profiles, and its excitation, is that most of the observed
gaseous water is universally associated with warm outflowing
and shocked gas of several hundred K. All water lines observed
by Herschel within WISH show thermal emission, so nonmas-
ing, in contrast with the 22 GHz maser often associated with
star-forming regions. At least two different types of kinematic
components are involved, with water being a significant (but not
necessarily dominant) coolant. In contrast, water emission is not
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• ISM D/H = 2 x 10-5 
(Linsky et al. 2003) 

• H3
+ + HD               H2D+ + H2 +230 K 

• Layered ice structure with different 
degrees of deuteration

Layering of water isotopologues
Deuteration
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Fig. 5. Simplified reaction network illustrating the important reactions
in the deuteration of water and other molecules. The left-hand side illus-
trates the cold gas-phase chemistry, leading to high fractionation of
gaseous H2D+ and atomic D, and ultimately gaseous HDO and D2O.
The right-hand side illustrates how this enhanced D ends up on the ice
and leads to enhanced solid HDO and D2O. The bottom cartoon shows
the different ice layers on a grain: the H2O-dominated layer formed
early in the cloud evolution with low HDO/H2O < 10�3, and the CO-
dominated layer formed at higher densities which is rich in deuterated
water, with D2O/HDO>>HDO/H2O (Furuya et al. 2015).

of water as the two-phase simple SWaN models do, but differ-
ences in absolute water abundances can be introduced because
multilayer interstellar ices are inhomogenous.

To compare models with observations, not just the water
chemistry but also the water excitation and radiative transfer
need to be treated correctly. The various methods and model-
ing approaches adopted by WISH are described in Sect. 4.4 and
Appendix F.

3.3. Water deuteration

Deuterated water, HDO and D2O, is formed through the same
processes as shown in Fig. 4 but there are a number of chemical
reactions that can enhance the HDO/H2O and D2O/H2O ratios
by orders of magnitude compared with the overall [D]/[H] ratio
of 2.0⇥ 10�5 found in the local interstellar medium (Prodanović
et al. 2010). Details can be found in Taquet et al. (2014) and
Furuya et al. (2016), and in Ceccarelli et al. (2014) for deuterium
fractionation in general (see also Sect. 7.3). The processes are
illustrated in Fig. 5. The most effective water fractionation
occurs on grains, due to the fact that the relative number of
D atoms landing from the gas on the grain is enhanced com-
pared with that of H atoms. In other words, atomic D/H in cold
gas is much higher than the overall [D]/[H] ratio (Tielens 1983;
Roberts et al. 2003). This high D/H ratio landing on grains nat-
urally leads to enhanced formation of OD, HDO and D2O ice
according to the grain-surface formation routes.

The high atomic D/H ratio in the gas, in turn, arises from the
well-known fractionation reactions initiated by the H+3 + HD!
H2D+ + H2 reaction, which is exoergic by ⇠230 K and is thus
very effective at low temperatures 25 K (e.g., Watson 1976;
Aikawa & Herbst 1999; Stark et al. 1999; Sipilä et al. 2015). The

H2D+ abundance is further enhanced when the ortho-H2 abun-
dance drops (preventing the back reaction) and when the main
H+3 and H2D+ destroyer, CO, freezes out on the grains (Pagani
et al. 1992, 2009; Roberts et al. 2003; Sipilä et al. 2010). The lat-
ter processes become more important as the cloud evolves from
a lower density to a higher density phase (Dartois et al. 2003;
Pagani et al. 2013; Brünken et al. 2014; Furuya et al. 2015). Dis-
sociative recombination of H2D+ and other ions such as HD+2 ,
D+3 and DCO+ with electrons then produces enhanced atomic
D which gets incorporated in the ices (Fig. 5). As a result, the
outer ice layers, which are produced when the cloud is denser
and colder, have higher HDO/H2O ratios – by orders of magni-
tude – than the inner layers and the bulk of the ice. The enhanced
H2D+ also leads to enhanced H2DO+ and thus HDO in cold gas,
which may play a role at the lower density edge of the cloud.

Another characteristic of this layered ice chemistry is that the
D2O/HDO ratio is much higher than the HDO/H2O ratio (Furuya
et al. 2016). Moreover, the deuteration of organic molecules
formed through hydrogenation of CO ice in the later cloud stages
is generally much higher than that of water (Cazaux et al. 2011;
Taquet et al. 2014; Furuya et al. 2016).

The desorption processes – photodesorption at low ice tem-
peratures (Öberg et al. 2009; Arasa et al. 2015; Cruz-Diaz
et al. 2018) and thermal desorption at high ice temperatures –
have a small to negligible effect on the deuterium fractiona-
tion. In other words, the gaseous HDO/H2O and D2O/H2O ratios
should reflect the ice ratios following desorption if no subse-
quent gas-phase reactions are involved. It is important to note
that photodesorption is only effective in the outer few layers of
the ice, whereas thermal desorption removes the bulk ice man-
tle. This selective formation and removal of ice layers turns out
to be important in the interpretation of HIFI observations of
HDO/H2O ratios in cold versus warm gas.

In warm gas, the exchange reaction D + OH ! H + OD is
likely barrierless and can be effective in enhancing OD, espe-
cially since the reverse reaction seems to have a barrier of around
800 K (Thi et al. 2010). Photodissociation of HDO can also
enhance OD compared with OH by a factor of 2–3, which could
be a route to further fractionation. Finally, in high temperature
gas in disks the exchange reaction H2O + HD $ HDO + H2 is
often included. Similarly, there are reactions inside the ices that
can both enhance and reduce the water fractionation (Lamberts
et al. 2015, 2016) but are not considered here (see discussion in
Furuya et al. 2016).

4. Herschel water spectra and maps

In this section, we briefly summarize the main features charac-
terizing water emission observed with Herschel, largely based on
WISH+ programs. Figure 2 illustrates the complexity of individ-
ual water profiles for protostars observed with HIFI over more
than ±50 km s�1 whereas Fig. 6 shows the spatial distribution
imaged with PACS. Figure 7 presents examples of full spectral
scans with PACS with many lines detected. The main conclu-
sion from the combined analysis of the water maps, the broad
water line profiles, and its excitation, is that most of the observed
gaseous water is universally associated with warm outflowing
and shocked gas of several hundred K. All water lines observed
by Herschel within WISH show thermal emission, so nonmas-
ing, in contrast with the 22 GHz maser often associated with
star-forming regions. At least two different types of kinematic
components are involved, with water being a significant (but not
necessarily dominant) coolant. In contrast, water emission is not
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Distinguishing inheritance vs reprocessing

A&A 599, A40 (2017)

stellar UV radiation. In our model, FCRUV is constant, 104 pho-
tons cm�2 s�1, for simplicity, neglecting an attenuation e↵ect of
cosmic rays for large column densities (Umebayashi & Nakano
1981). It is worth mentioning again that the disk is heavily
shielded from the stellar UV irradiation (Fig. 1). Ft = 1, i.e.,
when the cosmic ray-induced UV dominates over the stellar UV,
corresponds to ⇠2⇥ 107 incident UV photons per one dust grain
up to tacc in our model.

Figure 7 shows the abundances of H2O ice (top) and HDO
ice (middle), and the HDO/H2O ice ratio (bottom) as functions
of Ft in the fluid parcels which are located in the disk at t = tacc.
It is clear that the cosmic ray-induced UV has a negligible impact
on the water ice abundances, while the stellar UV dominates the
water ice chemistry. An anti-correlation between the UV fluence
and the H2O ice abundance is seen especially at Ft & 500. The
dashed blue and red lines in the figure represent the expected wa-
ter ice abundances as functions of Ft when only photodesorption
is an allowed chemical process and when only photodissociation
and photodesorption are allowed, respectively,

xHXOice (Ft) = x0
HXOice

� (⌃ jb j) ⇥ Rtot
ph,HXOice

tacc, (5)

where x0
HXOice

is the abundance of HXO ice, where X is H or D,

in parcels with Ft ⇠ 1. Rtot
ph,HXOice

is similar to Eq. (2) but ngr and
FUV are replaced by the abundance of dust grains and the time-
averaged flux along a streamline, Ft ⇥ FCRUV, respectively. On
the evaluation of Eq. (5), ✓H2O was set to be 0.35 (i.e., the rest of
the ice mantle consists of other species), which comes from the
average fraction of H2O in the topmost ⇠50 MLs of the ice man-
tle at the onset of collapse (cf. Fig. 2). That is smaller than the
average fraction of H2O in the entire ice mantle, ⇠0.5, but larger
than the surface coverage of H2O ice, ⇠0.2. The parameter b j is
the branching ratio of each outcome j of H2O ice photodissoci-
ation (Arasa et al. 2015). It is clear that the photodissociation of
H2O ice is much more important for H2O ice destruction than
photodesorption. Given the warm temperature of the protostellar
envelope (&20–30 K, see Fig. 1), which reduces the probability
of hydrogenation on the grain surface upon H atom adsorption,
the reformation of H2O ice is not e�cient enough to compensate
for its photodissociation. However, considering the numerical
data are (well) above the red line, the reformation of H2O ice is
not negligible. The scatter in the H2O ice abundance at the high
fluence regime likely comes from the di↵erence in the dust tem-
perature when water ice is (partly) reformed. The reformation of
H2O ice via OHice +Hice competes with the formation of CO2 ice
via OHice + COice, the latter of which becomes more favorable
with increasing dust temperature. At higher dust temperatures
(&40–50 K), where surface chemistry is ine�cient, gaseous O2
is the dominant product of water ice destruction, which forms
via the neutral-neutral reaction in the gas phase, OH + O (see
also Drozdovskaya et al. 2016; Taquet et al. 2016).

The HDO ice abundance and the HDO/H2O ice ratio show
more complex behavior: they start to drop at Ft ⇠ 100, while
in the higher fluence regime, where H2O ice starts to be largely
destroyed and partly reformed, the HDO ice abundance and the
HDO/H2O ice ratio tend to stay constant or increase with the
fluence. The former indicates again that the HDO ice abun-
dance is more sensitive to the photochemistry than that of H2O
ice; the upper ice layers where most HDO is present are lost
prior to the lower ice layers where most H2O is present. The red
line in the middle panel shows Eq. (5) for HDO with ✓HDO of
2 ⇥ 10�3 (cf. Fig. 2). The line reproduces the numerical data at
Ft . 200. The behavior of the HDO ice abundance in the higher
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Fig. 7. H2O ice (top) and HDO ice (middle) abundances in the fluid
parcels that are located in the disk at t = tacc as functions of the
normalized UV fluence. The bottom panel shows HDO/H2O ice ratio
(black), D2O/H2O ice ratio (light gray), and the ratio of D2O/HDO to
HDO/H2O ice ratio (gray). Only the fluid parcels in which the H2O ice
abundance is larger than 10�5 are plotted. The blue and red dashed lines
depict the expected H2O (or HDO) ice abundance when only photodes-
orption is an allowed chemical process and when only photodissocia-
tion and photodesorption are included, respectively. See the main text
for more details.

fluence regime indicates that the level of deuterium fractionation
in reformed water ice is similar to or higher than that in the origi-
nal water ice (i.e., water ice before the destruction). This implies
that using the HDO/H2O ratio as a probe of the prestellar inher-
itance of H2O is limited because the HDO/H2O ratio does not
enable a distinction between the original and reformed ice. Al-
ternatively, in the bottom panel of Fig. 7, it is seen that the ratio
of D2O/HDO to HDO/H2O is di↵erent between the original and
reformed water ice. This implies that the ratio of D2O/HDO to
HDO/H2O is a better probe of the prestellar inheritance of H2O
than solely the HDO/H2O ratio. We discuss this probe of the
prestellar inheritance in more detail in Sect. 6.1.

The rationale for the high HDO/H2O ratio in the reformed
water ice is twofold: first, the photofragments are highly en-
riched in deuterium as the original ice was highly enriched in
deuterium, and, second, it takes some time for the photofrag-
ments to reach the equilibrium level (i.e., low level) of deuterium
fractionation at the warm temperatures of the envelope via gas-
phase ion-neutral chemistry. Then, if the timescale of ice ref-
ormation is shorter than the relaxation timescale of deuterium
fractionation, the fractionation in the photofragments (i.e., the
original ice) is transferred to the reformed ice. This is the case in
our model. Additionally there are pathways of deuterium frac-
tionation in the gas phase that can work even at warm gas tem-
peratures, e.g., OH + D! OD + H + 810 K (Millar et al. 1989;

A40, page 8 of 18

UV fluence = evolution

UV

Furuya et al. 2017

E. F. van Dishoeck et al.: WISH: physics and chemistry from cloud to disks probed by Herschel spectroscopy

s-D2OH2

O, OH, H2O

CR, H2

IceLow-T

H2D+

H3
+

DCO+HD2
+

  D3
+

D s-D

s-HDO

Desorption

Freeze-out

D, OD

CO

CO

e e

e

H2

H2

HD

HD

H3
+

HDO

D2O

H2O

H2D+, HD2
+

Evolution

Grain

H2O-dominated ice
Low HDO

High HDO, D2O
CO-dominated ice

Fig. 5. Simplified reaction network illustrating the important reactions
in the deuteration of water and other molecules. The left-hand side illus-
trates the cold gas-phase chemistry, leading to high fractionation of
gaseous H2D+ and atomic D, and ultimately gaseous HDO and D2O.
The right-hand side illustrates how this enhanced D ends up on the ice
and leads to enhanced solid HDO and D2O. The bottom cartoon shows
the different ice layers on a grain: the H2O-dominated layer formed
early in the cloud evolution with low HDO/H2O < 10�3, and the CO-
dominated layer formed at higher densities which is rich in deuterated
water, with D2O/HDO>>HDO/H2O (Furuya et al. 2015).

of water as the two-phase simple SWaN models do, but differ-
ences in absolute water abundances can be introduced because
multilayer interstellar ices are inhomogenous.

To compare models with observations, not just the water
chemistry but also the water excitation and radiative transfer
need to be treated correctly. The various methods and model-
ing approaches adopted by WISH are described in Sect. 4.4 and
Appendix F.

3.3. Water deuteration

Deuterated water, HDO and D2O, is formed through the same
processes as shown in Fig. 4 but there are a number of chemical
reactions that can enhance the HDO/H2O and D2O/H2O ratios
by orders of magnitude compared with the overall [D]/[H] ratio
of 2.0⇥ 10�5 found in the local interstellar medium (Prodanović
et al. 2010). Details can be found in Taquet et al. (2014) and
Furuya et al. (2016), and in Ceccarelli et al. (2014) for deuterium
fractionation in general (see also Sect. 7.3). The processes are
illustrated in Fig. 5. The most effective water fractionation
occurs on grains, due to the fact that the relative number of
D atoms landing from the gas on the grain is enhanced com-
pared with that of H atoms. In other words, atomic D/H in cold
gas is much higher than the overall [D]/[H] ratio (Tielens 1983;
Roberts et al. 2003). This high D/H ratio landing on grains nat-
urally leads to enhanced formation of OD, HDO and D2O ice
according to the grain-surface formation routes.

The high atomic D/H ratio in the gas, in turn, arises from the
well-known fractionation reactions initiated by the H+3 + HD!
H2D+ + H2 reaction, which is exoergic by ⇠230 K and is thus
very effective at low temperatures 25 K (e.g., Watson 1976;
Aikawa & Herbst 1999; Stark et al. 1999; Sipilä et al. 2015). The

H2D+ abundance is further enhanced when the ortho-H2 abun-
dance drops (preventing the back reaction) and when the main
H+3 and H2D+ destroyer, CO, freezes out on the grains (Pagani
et al. 1992, 2009; Roberts et al. 2003; Sipilä et al. 2010). The lat-
ter processes become more important as the cloud evolves from
a lower density to a higher density phase (Dartois et al. 2003;
Pagani et al. 2013; Brünken et al. 2014; Furuya et al. 2015). Dis-
sociative recombination of H2D+ and other ions such as HD+2 ,
D+3 and DCO+ with electrons then produces enhanced atomic
D which gets incorporated in the ices (Fig. 5). As a result, the
outer ice layers, which are produced when the cloud is denser
and colder, have higher HDO/H2O ratios – by orders of magni-
tude – than the inner layers and the bulk of the ice. The enhanced
H2D+ also leads to enhanced H2DO+ and thus HDO in cold gas,
which may play a role at the lower density edge of the cloud.

Another characteristic of this layered ice chemistry is that the
D2O/HDO ratio is much higher than the HDO/H2O ratio (Furuya
et al. 2016). Moreover, the deuteration of organic molecules
formed through hydrogenation of CO ice in the later cloud stages
is generally much higher than that of water (Cazaux et al. 2011;
Taquet et al. 2014; Furuya et al. 2016).

The desorption processes – photodesorption at low ice tem-
peratures (Öberg et al. 2009; Arasa et al. 2015; Cruz-Diaz
et al. 2018) and thermal desorption at high ice temperatures –
have a small to negligible effect on the deuterium fractiona-
tion. In other words, the gaseous HDO/H2O and D2O/H2O ratios
should reflect the ice ratios following desorption if no subse-
quent gas-phase reactions are involved. It is important to note
that photodesorption is only effective in the outer few layers of
the ice, whereas thermal desorption removes the bulk ice man-
tle. This selective formation and removal of ice layers turns out
to be important in the interpretation of HIFI observations of
HDO/H2O ratios in cold versus warm gas.

In warm gas, the exchange reaction D + OH ! H + OD is
likely barrierless and can be effective in enhancing OD, espe-
cially since the reverse reaction seems to have a barrier of around
800 K (Thi et al. 2010). Photodissociation of HDO can also
enhance OD compared with OH by a factor of 2–3, which could
be a route to further fractionation. Finally, in high temperature
gas in disks the exchange reaction H2O + HD $ HDO + H2 is
often included. Similarly, there are reactions inside the ices that
can both enhance and reduce the water fractionation (Lamberts
et al. 2015, 2016) but are not considered here (see discussion in
Furuya et al. 2016).

4. Herschel water spectra and maps

In this section, we briefly summarize the main features charac-
terizing water emission observed with Herschel, largely based on
WISH+ programs. Figure 2 illustrates the complexity of individ-
ual water profiles for protostars observed with HIFI over more
than ±50 km s�1 whereas Fig. 6 shows the spatial distribution
imaged with PACS. Figure 7 presents examples of full spectral
scans with PACS with many lines detected. The main conclu-
sion from the combined analysis of the water maps, the broad
water line profiles, and its excitation, is that most of the observed
gaseous water is universally associated with warm outflowing
and shocked gas of several hundred K. All water lines observed
by Herschel within WISH show thermal emission, so nonmas-
ing, in contrast with the 22 GHz maser often associated with
star-forming regions. At least two different types of kinematic
components are involved, with water being a significant (but not
necessarily dominant) coolant. In contrast, water emission is not
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Fig. 5. Simplified reaction network illustrating the important reactions
in the deuteration of water and other molecules. The left-hand side illus-
trates the cold gas-phase chemistry, leading to high fractionation of
gaseous H2D+ and atomic D, and ultimately gaseous HDO and D2O.
The right-hand side illustrates how this enhanced D ends up on the ice
and leads to enhanced solid HDO and D2O. The bottom cartoon shows
the different ice layers on a grain: the H2O-dominated layer formed
early in the cloud evolution with low HDO/H2O < 10�3, and the CO-
dominated layer formed at higher densities which is rich in deuterated
water, with D2O/HDO>>HDO/H2O (Furuya et al. 2015).

of water as the two-phase simple SWaN models do, but differ-
ences in absolute water abundances can be introduced because
multilayer interstellar ices are inhomogenous.

To compare models with observations, not just the water
chemistry but also the water excitation and radiative transfer
need to be treated correctly. The various methods and model-
ing approaches adopted by WISH are described in Sect. 4.4 and
Appendix F.

3.3. Water deuteration

Deuterated water, HDO and D2O, is formed through the same
processes as shown in Fig. 4 but there are a number of chemical
reactions that can enhance the HDO/H2O and D2O/H2O ratios
by orders of magnitude compared with the overall [D]/[H] ratio
of 2.0⇥ 10�5 found in the local interstellar medium (Prodanović
et al. 2010). Details can be found in Taquet et al. (2014) and
Furuya et al. (2016), and in Ceccarelli et al. (2014) for deuterium
fractionation in general (see also Sect. 7.3). The processes are
illustrated in Fig. 5. The most effective water fractionation
occurs on grains, due to the fact that the relative number of
D atoms landing from the gas on the grain is enhanced com-
pared with that of H atoms. In other words, atomic D/H in cold
gas is much higher than the overall [D]/[H] ratio (Tielens 1983;
Roberts et al. 2003). This high D/H ratio landing on grains nat-
urally leads to enhanced formation of OD, HDO and D2O ice
according to the grain-surface formation routes.

The high atomic D/H ratio in the gas, in turn, arises from the
well-known fractionation reactions initiated by the H+3 + HD!
H2D+ + H2 reaction, which is exoergic by ⇠230 K and is thus
very effective at low temperatures 25 K (e.g., Watson 1976;
Aikawa & Herbst 1999; Stark et al. 1999; Sipilä et al. 2015). The

H2D+ abundance is further enhanced when the ortho-H2 abun-
dance drops (preventing the back reaction) and when the main
H+3 and H2D+ destroyer, CO, freezes out on the grains (Pagani
et al. 1992, 2009; Roberts et al. 2003; Sipilä et al. 2010). The lat-
ter processes become more important as the cloud evolves from
a lower density to a higher density phase (Dartois et al. 2003;
Pagani et al. 2013; Brünken et al. 2014; Furuya et al. 2015). Dis-
sociative recombination of H2D+ and other ions such as HD+2 ,
D+3 and DCO+ with electrons then produces enhanced atomic
D which gets incorporated in the ices (Fig. 5). As a result, the
outer ice layers, which are produced when the cloud is denser
and colder, have higher HDO/H2O ratios – by orders of magni-
tude – than the inner layers and the bulk of the ice. The enhanced
H2D+ also leads to enhanced H2DO+ and thus HDO in cold gas,
which may play a role at the lower density edge of the cloud.

Another characteristic of this layered ice chemistry is that the
D2O/HDO ratio is much higher than the HDO/H2O ratio (Furuya
et al. 2016). Moreover, the deuteration of organic molecules
formed through hydrogenation of CO ice in the later cloud stages
is generally much higher than that of water (Cazaux et al. 2011;
Taquet et al. 2014; Furuya et al. 2016).

The desorption processes – photodesorption at low ice tem-
peratures (Öberg et al. 2009; Arasa et al. 2015; Cruz-Diaz
et al. 2018) and thermal desorption at high ice temperatures –
have a small to negligible effect on the deuterium fractiona-
tion. In other words, the gaseous HDO/H2O and D2O/H2O ratios
should reflect the ice ratios following desorption if no subse-
quent gas-phase reactions are involved. It is important to note
that photodesorption is only effective in the outer few layers of
the ice, whereas thermal desorption removes the bulk ice man-
tle. This selective formation and removal of ice layers turns out
to be important in the interpretation of HIFI observations of
HDO/H2O ratios in cold versus warm gas.

In warm gas, the exchange reaction D + OH ! H + OD is
likely barrierless and can be effective in enhancing OD, espe-
cially since the reverse reaction seems to have a barrier of around
800 K (Thi et al. 2010). Photodissociation of HDO can also
enhance OD compared with OH by a factor of 2–3, which could
be a route to further fractionation. Finally, in high temperature
gas in disks the exchange reaction H2O + HD $ HDO + H2 is
often included. Similarly, there are reactions inside the ices that
can both enhance and reduce the water fractionation (Lamberts
et al. 2015, 2016) but are not considered here (see discussion in
Furuya et al. 2016).

4. Herschel water spectra and maps

In this section, we briefly summarize the main features charac-
terizing water emission observed with Herschel, largely based on
WISH+ programs. Figure 2 illustrates the complexity of individ-
ual water profiles for protostars observed with HIFI over more
than ±50 km s�1 whereas Fig. 6 shows the spatial distribution
imaged with PACS. Figure 7 presents examples of full spectral
scans with PACS with many lines detected. The main conclu-
sion from the combined analysis of the water maps, the broad
water line profiles, and its excitation, is that most of the observed
gaseous water is universally associated with warm outflowing
and shocked gas of several hundred K. All water lines observed
by Herschel within WISH show thermal emission, so nonmas-
ing, in contrast with the 22 GHz maser often associated with
star-forming regions. At least two different types of kinematic
components are involved, with water being a significant (but not
necessarily dominant) coolant. In contrast, water emission is not
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The right-hand side illustrates how this enhanced D ends up on the ice
and leads to enhanced solid HDO and D2O. The bottom cartoon shows
the different ice layers on a grain: the H2O-dominated layer formed
early in the cloud evolution with low HDO/H2O < 10�3, and the CO-
dominated layer formed at higher densities which is rich in deuterated
water, with D2O/HDO>>HDO/H2O (Furuya et al. 2015).

of water as the two-phase simple SWaN models do, but differ-
ences in absolute water abundances can be introduced because
multilayer interstellar ices are inhomogenous.

To compare models with observations, not just the water
chemistry but also the water excitation and radiative transfer
need to be treated correctly. The various methods and model-
ing approaches adopted by WISH are described in Sect. 4.4 and
Appendix F.

3.3. Water deuteration

Deuterated water, HDO and D2O, is formed through the same
processes as shown in Fig. 4 but there are a number of chemical
reactions that can enhance the HDO/H2O and D2O/H2O ratios
by orders of magnitude compared with the overall [D]/[H] ratio
of 2.0⇥ 10�5 found in the local interstellar medium (Prodanović
et al. 2010). Details can be found in Taquet et al. (2014) and
Furuya et al. (2016), and in Ceccarelli et al. (2014) for deuterium
fractionation in general (see also Sect. 7.3). The processes are
illustrated in Fig. 5. The most effective water fractionation
occurs on grains, due to the fact that the relative number of
D atoms landing from the gas on the grain is enhanced com-
pared with that of H atoms. In other words, atomic D/H in cold
gas is much higher than the overall [D]/[H] ratio (Tielens 1983;
Roberts et al. 2003). This high D/H ratio landing on grains nat-
urally leads to enhanced formation of OD, HDO and D2O ice
according to the grain-surface formation routes.

The high atomic D/H ratio in the gas, in turn, arises from the
well-known fractionation reactions initiated by the H+3 + HD!
H2D+ + H2 reaction, which is exoergic by ⇠230 K and is thus
very effective at low temperatures 25 K (e.g., Watson 1976;
Aikawa & Herbst 1999; Stark et al. 1999; Sipilä et al. 2015). The

H2D+ abundance is further enhanced when the ortho-H2 abun-
dance drops (preventing the back reaction) and when the main
H+3 and H2D+ destroyer, CO, freezes out on the grains (Pagani
et al. 1992, 2009; Roberts et al. 2003; Sipilä et al. 2010). The lat-
ter processes become more important as the cloud evolves from
a lower density to a higher density phase (Dartois et al. 2003;
Pagani et al. 2013; Brünken et al. 2014; Furuya et al. 2015). Dis-
sociative recombination of H2D+ and other ions such as HD+2 ,
D+3 and DCO+ with electrons then produces enhanced atomic
D which gets incorporated in the ices (Fig. 5). As a result, the
outer ice layers, which are produced when the cloud is denser
and colder, have higher HDO/H2O ratios – by orders of magni-
tude – than the inner layers and the bulk of the ice. The enhanced
H2D+ also leads to enhanced H2DO+ and thus HDO in cold gas,
which may play a role at the lower density edge of the cloud.

Another characteristic of this layered ice chemistry is that the
D2O/HDO ratio is much higher than the HDO/H2O ratio (Furuya
et al. 2016). Moreover, the deuteration of organic molecules
formed through hydrogenation of CO ice in the later cloud stages
is generally much higher than that of water (Cazaux et al. 2011;
Taquet et al. 2014; Furuya et al. 2016).

The desorption processes – photodesorption at low ice tem-
peratures (Öberg et al. 2009; Arasa et al. 2015; Cruz-Diaz
et al. 2018) and thermal desorption at high ice temperatures –
have a small to negligible effect on the deuterium fractiona-
tion. In other words, the gaseous HDO/H2O and D2O/H2O ratios
should reflect the ice ratios following desorption if no subse-
quent gas-phase reactions are involved. It is important to note
that photodesorption is only effective in the outer few layers of
the ice, whereas thermal desorption removes the bulk ice man-
tle. This selective formation and removal of ice layers turns out
to be important in the interpretation of HIFI observations of
HDO/H2O ratios in cold versus warm gas.

In warm gas, the exchange reaction D + OH ! H + OD is
likely barrierless and can be effective in enhancing OD, espe-
cially since the reverse reaction seems to have a barrier of around
800 K (Thi et al. 2010). Photodissociation of HDO can also
enhance OD compared with OH by a factor of 2–3, which could
be a route to further fractionation. Finally, in high temperature
gas in disks the exchange reaction H2O + HD $ HDO + H2 is
often included. Similarly, there are reactions inside the ices that
can both enhance and reduce the water fractionation (Lamberts
et al. 2015, 2016) but are not considered here (see discussion in
Furuya et al. 2016).

4. Herschel water spectra and maps

In this section, we briefly summarize the main features charac-
terizing water emission observed with Herschel, largely based on
WISH+ programs. Figure 2 illustrates the complexity of individ-
ual water profiles for protostars observed with HIFI over more
than ±50 km s�1 whereas Fig. 6 shows the spatial distribution
imaged with PACS. Figure 7 presents examples of full spectral
scans with PACS with many lines detected. The main conclu-
sion from the combined analysis of the water maps, the broad
water line profiles, and its excitation, is that most of the observed
gaseous water is universally associated with warm outflowing
and shocked gas of several hundred K. All water lines observed
by Herschel within WISH show thermal emission, so nonmas-
ing, in contrast with the 22 GHz maser often associated with
star-forming regions. At least two different types of kinematic
components are involved, with water being a significant (but not
necessarily dominant) coolant. In contrast, water emission is not
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stellar UV radiation. In our model, FCRUV is constant, 104 pho-
tons cm�2 s�1, for simplicity, neglecting an attenuation e↵ect of
cosmic rays for large column densities (Umebayashi & Nakano
1981). It is worth mentioning again that the disk is heavily
shielded from the stellar UV irradiation (Fig. 1). Ft = 1, i.e.,
when the cosmic ray-induced UV dominates over the stellar UV,
corresponds to ⇠2⇥ 107 incident UV photons per one dust grain
up to tacc in our model.

Figure 7 shows the abundances of H2O ice (top) and HDO
ice (middle), and the HDO/H2O ice ratio (bottom) as functions
of Ft in the fluid parcels which are located in the disk at t = tacc.
It is clear that the cosmic ray-induced UV has a negligible impact
on the water ice abundances, while the stellar UV dominates the
water ice chemistry. An anti-correlation between the UV fluence
and the H2O ice abundance is seen especially at Ft & 500. The
dashed blue and red lines in the figure represent the expected wa-
ter ice abundances as functions of Ft when only photodesorption
is an allowed chemical process and when only photodissociation
and photodesorption are allowed, respectively,

xHXOice (Ft) = x0
HXOice

� (⌃ jb j) ⇥ Rtot
ph,HXOice

tacc, (5)

where x0
HXOice

is the abundance of HXO ice, where X is H or D,

in parcels with Ft ⇠ 1. Rtot
ph,HXOice

is similar to Eq. (2) but ngr and
FUV are replaced by the abundance of dust grains and the time-
averaged flux along a streamline, Ft ⇥ FCRUV, respectively. On
the evaluation of Eq. (5), ✓H2O was set to be 0.35 (i.e., the rest of
the ice mantle consists of other species), which comes from the
average fraction of H2O in the topmost ⇠50 MLs of the ice man-
tle at the onset of collapse (cf. Fig. 2). That is smaller than the
average fraction of H2O in the entire ice mantle, ⇠0.5, but larger
than the surface coverage of H2O ice, ⇠0.2. The parameter b j is
the branching ratio of each outcome j of H2O ice photodissoci-
ation (Arasa et al. 2015). It is clear that the photodissociation of
H2O ice is much more important for H2O ice destruction than
photodesorption. Given the warm temperature of the protostellar
envelope (&20–30 K, see Fig. 1), which reduces the probability
of hydrogenation on the grain surface upon H atom adsorption,
the reformation of H2O ice is not e�cient enough to compensate
for its photodissociation. However, considering the numerical
data are (well) above the red line, the reformation of H2O ice is
not negligible. The scatter in the H2O ice abundance at the high
fluence regime likely comes from the di↵erence in the dust tem-
perature when water ice is (partly) reformed. The reformation of
H2O ice via OHice +Hice competes with the formation of CO2 ice
via OHice + COice, the latter of which becomes more favorable
with increasing dust temperature. At higher dust temperatures
(&40–50 K), where surface chemistry is ine�cient, gaseous O2
is the dominant product of water ice destruction, which forms
via the neutral-neutral reaction in the gas phase, OH + O (see
also Drozdovskaya et al. 2016; Taquet et al. 2016).

The HDO ice abundance and the HDO/H2O ice ratio show
more complex behavior: they start to drop at Ft ⇠ 100, while
in the higher fluence regime, where H2O ice starts to be largely
destroyed and partly reformed, the HDO ice abundance and the
HDO/H2O ice ratio tend to stay constant or increase with the
fluence. The former indicates again that the HDO ice abun-
dance is more sensitive to the photochemistry than that of H2O
ice; the upper ice layers where most HDO is present are lost
prior to the lower ice layers where most H2O is present. The red
line in the middle panel shows Eq. (5) for HDO with ✓HDO of
2 ⇥ 10�3 (cf. Fig. 2). The line reproduces the numerical data at
Ft . 200. The behavior of the HDO ice abundance in the higher
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Fig. 7. H2O ice (top) and HDO ice (middle) abundances in the fluid
parcels that are located in the disk at t = tacc as functions of the
normalized UV fluence. The bottom panel shows HDO/H2O ice ratio
(black), D2O/H2O ice ratio (light gray), and the ratio of D2O/HDO to
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tion and photodesorption are included, respectively. See the main text
for more details.

fluence regime indicates that the level of deuterium fractionation
in reformed water ice is similar to or higher than that in the origi-
nal water ice (i.e., water ice before the destruction). This implies
that using the HDO/H2O ratio as a probe of the prestellar inher-
itance of H2O is limited because the HDO/H2O ratio does not
enable a distinction between the original and reformed ice. Al-
ternatively, in the bottom panel of Fig. 7, it is seen that the ratio
of D2O/HDO to HDO/H2O is di↵erent between the original and
reformed water ice. This implies that the ratio of D2O/HDO to
HDO/H2O is a better probe of the prestellar inheritance of H2O
than solely the HDO/H2O ratio. We discuss this probe of the
prestellar inheritance in more detail in Sect. 6.1.

The rationale for the high HDO/H2O ratio in the reformed
water ice is twofold: first, the photofragments are highly en-
riched in deuterium as the original ice was highly enriched in
deuterium, and, second, it takes some time for the photofrag-
ments to reach the equilibrium level (i.e., low level) of deuterium
fractionation at the warm temperatures of the envelope via gas-
phase ion-neutral chemistry. Then, if the timescale of ice ref-
ormation is shorter than the relaxation timescale of deuterium
fractionation, the fractionation in the photofragments (i.e., the
original ice) is transferred to the reformed ice. This is the case in
our model. Additionally there are pathways of deuterium frac-
tionation in the gas phase that can work even at warm gas tem-
peratures, e.g., OH + D! OD + H + 810 K (Millar et al. 1989;
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Fig. 5. Simplified reaction network illustrating the important reactions
in the deuteration of water and other molecules. The left-hand side illus-
trates the cold gas-phase chemistry, leading to high fractionation of
gaseous H2D+ and atomic D, and ultimately gaseous HDO and D2O.
The right-hand side illustrates how this enhanced D ends up on the ice
and leads to enhanced solid HDO and D2O. The bottom cartoon shows
the different ice layers on a grain: the H2O-dominated layer formed
early in the cloud evolution with low HDO/H2O < 10�3, and the CO-
dominated layer formed at higher densities which is rich in deuterated
water, with D2O/HDO>>HDO/H2O (Furuya et al. 2015).

of water as the two-phase simple SWaN models do, but differ-
ences in absolute water abundances can be introduced because
multilayer interstellar ices are inhomogenous.

To compare models with observations, not just the water
chemistry but also the water excitation and radiative transfer
need to be treated correctly. The various methods and model-
ing approaches adopted by WISH are described in Sect. 4.4 and
Appendix F.

3.3. Water deuteration

Deuterated water, HDO and D2O, is formed through the same
processes as shown in Fig. 4 but there are a number of chemical
reactions that can enhance the HDO/H2O and D2O/H2O ratios
by orders of magnitude compared with the overall [D]/[H] ratio
of 2.0⇥ 10�5 found in the local interstellar medium (Prodanović
et al. 2010). Details can be found in Taquet et al. (2014) and
Furuya et al. (2016), and in Ceccarelli et al. (2014) for deuterium
fractionation in general (see also Sect. 7.3). The processes are
illustrated in Fig. 5. The most effective water fractionation
occurs on grains, due to the fact that the relative number of
D atoms landing from the gas on the grain is enhanced com-
pared with that of H atoms. In other words, atomic D/H in cold
gas is much higher than the overall [D]/[H] ratio (Tielens 1983;
Roberts et al. 2003). This high D/H ratio landing on grains nat-
urally leads to enhanced formation of OD, HDO and D2O ice
according to the grain-surface formation routes.

The high atomic D/H ratio in the gas, in turn, arises from the
well-known fractionation reactions initiated by the H+3 + HD!
H2D+ + H2 reaction, which is exoergic by ⇠230 K and is thus
very effective at low temperatures 25 K (e.g., Watson 1976;
Aikawa & Herbst 1999; Stark et al. 1999; Sipilä et al. 2015). The

H2D+ abundance is further enhanced when the ortho-H2 abun-
dance drops (preventing the back reaction) and when the main
H+3 and H2D+ destroyer, CO, freezes out on the grains (Pagani
et al. 1992, 2009; Roberts et al. 2003; Sipilä et al. 2010). The lat-
ter processes become more important as the cloud evolves from
a lower density to a higher density phase (Dartois et al. 2003;
Pagani et al. 2013; Brünken et al. 2014; Furuya et al. 2015). Dis-
sociative recombination of H2D+ and other ions such as HD+2 ,
D+3 and DCO+ with electrons then produces enhanced atomic
D which gets incorporated in the ices (Fig. 5). As a result, the
outer ice layers, which are produced when the cloud is denser
and colder, have higher HDO/H2O ratios – by orders of magni-
tude – than the inner layers and the bulk of the ice. The enhanced
H2D+ also leads to enhanced H2DO+ and thus HDO in cold gas,
which may play a role at the lower density edge of the cloud.

Another characteristic of this layered ice chemistry is that the
D2O/HDO ratio is much higher than the HDO/H2O ratio (Furuya
et al. 2016). Moreover, the deuteration of organic molecules
formed through hydrogenation of CO ice in the later cloud stages
is generally much higher than that of water (Cazaux et al. 2011;
Taquet et al. 2014; Furuya et al. 2016).

The desorption processes – photodesorption at low ice tem-
peratures (Öberg et al. 2009; Arasa et al. 2015; Cruz-Diaz
et al. 2018) and thermal desorption at high ice temperatures –
have a small to negligible effect on the deuterium fractiona-
tion. In other words, the gaseous HDO/H2O and D2O/H2O ratios
should reflect the ice ratios following desorption if no subse-
quent gas-phase reactions are involved. It is important to note
that photodesorption is only effective in the outer few layers of
the ice, whereas thermal desorption removes the bulk ice man-
tle. This selective formation and removal of ice layers turns out
to be important in the interpretation of HIFI observations of
HDO/H2O ratios in cold versus warm gas.

In warm gas, the exchange reaction D + OH ! H + OD is
likely barrierless and can be effective in enhancing OD, espe-
cially since the reverse reaction seems to have a barrier of around
800 K (Thi et al. 2010). Photodissociation of HDO can also
enhance OD compared with OH by a factor of 2–3, which could
be a route to further fractionation. Finally, in high temperature
gas in disks the exchange reaction H2O + HD $ HDO + H2 is
often included. Similarly, there are reactions inside the ices that
can both enhance and reduce the water fractionation (Lamberts
et al. 2015, 2016) but are not considered here (see discussion in
Furuya et al. 2016).

4. Herschel water spectra and maps

In this section, we briefly summarize the main features charac-
terizing water emission observed with Herschel, largely based on
WISH+ programs. Figure 2 illustrates the complexity of individ-
ual water profiles for protostars observed with HIFI over more
than ±50 km s�1 whereas Fig. 6 shows the spatial distribution
imaged with PACS. Figure 7 presents examples of full spectral
scans with PACS with many lines detected. The main conclu-
sion from the combined analysis of the water maps, the broad
water line profiles, and its excitation, is that most of the observed
gaseous water is universally associated with warm outflowing
and shocked gas of several hundred K. All water lines observed
by Herschel within WISH show thermal emission, so nonmas-
ing, in contrast with the 22 GHz maser often associated with
star-forming regions. At least two different types of kinematic
components are involved, with water being a significant (but not
necessarily dominant) coolant. In contrast, water emission is not
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Fig. 5. Simplified reaction network illustrating the important reactions
in the deuteration of water and other molecules. The left-hand side illus-
trates the cold gas-phase chemistry, leading to high fractionation of
gaseous H2D+ and atomic D, and ultimately gaseous HDO and D2O.
The right-hand side illustrates how this enhanced D ends up on the ice
and leads to enhanced solid HDO and D2O. The bottom cartoon shows
the different ice layers on a grain: the H2O-dominated layer formed
early in the cloud evolution with low HDO/H2O < 10�3, and the CO-
dominated layer formed at higher densities which is rich in deuterated
water, with D2O/HDO>>HDO/H2O (Furuya et al. 2015).

of water as the two-phase simple SWaN models do, but differ-
ences in absolute water abundances can be introduced because
multilayer interstellar ices are inhomogenous.

To compare models with observations, not just the water
chemistry but also the water excitation and radiative transfer
need to be treated correctly. The various methods and model-
ing approaches adopted by WISH are described in Sect. 4.4 and
Appendix F.

3.3. Water deuteration

Deuterated water, HDO and D2O, is formed through the same
processes as shown in Fig. 4 but there are a number of chemical
reactions that can enhance the HDO/H2O and D2O/H2O ratios
by orders of magnitude compared with the overall [D]/[H] ratio
of 2.0⇥ 10�5 found in the local interstellar medium (Prodanović
et al. 2010). Details can be found in Taquet et al. (2014) and
Furuya et al. (2016), and in Ceccarelli et al. (2014) for deuterium
fractionation in general (see also Sect. 7.3). The processes are
illustrated in Fig. 5. The most effective water fractionation
occurs on grains, due to the fact that the relative number of
D atoms landing from the gas on the grain is enhanced com-
pared with that of H atoms. In other words, atomic D/H in cold
gas is much higher than the overall [D]/[H] ratio (Tielens 1983;
Roberts et al. 2003). This high D/H ratio landing on grains nat-
urally leads to enhanced formation of OD, HDO and D2O ice
according to the grain-surface formation routes.

The high atomic D/H ratio in the gas, in turn, arises from the
well-known fractionation reactions initiated by the H+3 + HD!
H2D+ + H2 reaction, which is exoergic by ⇠230 K and is thus
very effective at low temperatures 25 K (e.g., Watson 1976;
Aikawa & Herbst 1999; Stark et al. 1999; Sipilä et al. 2015). The

H2D+ abundance is further enhanced when the ortho-H2 abun-
dance drops (preventing the back reaction) and when the main
H+3 and H2D+ destroyer, CO, freezes out on the grains (Pagani
et al. 1992, 2009; Roberts et al. 2003; Sipilä et al. 2010). The lat-
ter processes become more important as the cloud evolves from
a lower density to a higher density phase (Dartois et al. 2003;
Pagani et al. 2013; Brünken et al. 2014; Furuya et al. 2015). Dis-
sociative recombination of H2D+ and other ions such as HD+2 ,
D+3 and DCO+ with electrons then produces enhanced atomic
D which gets incorporated in the ices (Fig. 5). As a result, the
outer ice layers, which are produced when the cloud is denser
and colder, have higher HDO/H2O ratios – by orders of magni-
tude – than the inner layers and the bulk of the ice. The enhanced
H2D+ also leads to enhanced H2DO+ and thus HDO in cold gas,
which may play a role at the lower density edge of the cloud.

Another characteristic of this layered ice chemistry is that the
D2O/HDO ratio is much higher than the HDO/H2O ratio (Furuya
et al. 2016). Moreover, the deuteration of organic molecules
formed through hydrogenation of CO ice in the later cloud stages
is generally much higher than that of water (Cazaux et al. 2011;
Taquet et al. 2014; Furuya et al. 2016).

The desorption processes – photodesorption at low ice tem-
peratures (Öberg et al. 2009; Arasa et al. 2015; Cruz-Diaz
et al. 2018) and thermal desorption at high ice temperatures –
have a small to negligible effect on the deuterium fractiona-
tion. In other words, the gaseous HDO/H2O and D2O/H2O ratios
should reflect the ice ratios following desorption if no subse-
quent gas-phase reactions are involved. It is important to note
that photodesorption is only effective in the outer few layers of
the ice, whereas thermal desorption removes the bulk ice man-
tle. This selective formation and removal of ice layers turns out
to be important in the interpretation of HIFI observations of
HDO/H2O ratios in cold versus warm gas.

In warm gas, the exchange reaction D + OH ! H + OD is
likely barrierless and can be effective in enhancing OD, espe-
cially since the reverse reaction seems to have a barrier of around
800 K (Thi et al. 2010). Photodissociation of HDO can also
enhance OD compared with OH by a factor of 2–3, which could
be a route to further fractionation. Finally, in high temperature
gas in disks the exchange reaction H2O + HD $ HDO + H2 is
often included. Similarly, there are reactions inside the ices that
can both enhance and reduce the water fractionation (Lamberts
et al. 2015, 2016) but are not considered here (see discussion in
Furuya et al. 2016).

4. Herschel water spectra and maps

In this section, we briefly summarize the main features charac-
terizing water emission observed with Herschel, largely based on
WISH+ programs. Figure 2 illustrates the complexity of individ-
ual water profiles for protostars observed with HIFI over more
than ±50 km s�1 whereas Fig. 6 shows the spatial distribution
imaged with PACS. Figure 7 presents examples of full spectral
scans with PACS with many lines detected. The main conclu-
sion from the combined analysis of the water maps, the broad
water line profiles, and its excitation, is that most of the observed
gaseous water is universally associated with warm outflowing
and shocked gas of several hundred K. All water lines observed
by Herschel within WISH show thermal emission, so nonmas-
ing, in contrast with the 22 GHz maser often associated with
star-forming regions. At least two different types of kinematic
components are involved, with water being a significant (but not
necessarily dominant) coolant. In contrast, water emission is not
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Fig. 5. Simplified reaction network illustrating the important reactions
in the deuteration of water and other molecules. The left-hand side illus-
trates the cold gas-phase chemistry, leading to high fractionation of
gaseous H2D+ and atomic D, and ultimately gaseous HDO and D2O.
The right-hand side illustrates how this enhanced D ends up on the ice
and leads to enhanced solid HDO and D2O. The bottom cartoon shows
the different ice layers on a grain: the H2O-dominated layer formed
early in the cloud evolution with low HDO/H2O < 10�3, and the CO-
dominated layer formed at higher densities which is rich in deuterated
water, with D2O/HDO>>HDO/H2O (Furuya et al. 2015).

of water as the two-phase simple SWaN models do, but differ-
ences in absolute water abundances can be introduced because
multilayer interstellar ices are inhomogenous.

To compare models with observations, not just the water
chemistry but also the water excitation and radiative transfer
need to be treated correctly. The various methods and model-
ing approaches adopted by WISH are described in Sect. 4.4 and
Appendix F.

3.3. Water deuteration

Deuterated water, HDO and D2O, is formed through the same
processes as shown in Fig. 4 but there are a number of chemical
reactions that can enhance the HDO/H2O and D2O/H2O ratios
by orders of magnitude compared with the overall [D]/[H] ratio
of 2.0⇥ 10�5 found in the local interstellar medium (Prodanović
et al. 2010). Details can be found in Taquet et al. (2014) and
Furuya et al. (2016), and in Ceccarelli et al. (2014) for deuterium
fractionation in general (see also Sect. 7.3). The processes are
illustrated in Fig. 5. The most effective water fractionation
occurs on grains, due to the fact that the relative number of
D atoms landing from the gas on the grain is enhanced com-
pared with that of H atoms. In other words, atomic D/H in cold
gas is much higher than the overall [D]/[H] ratio (Tielens 1983;
Roberts et al. 2003). This high D/H ratio landing on grains nat-
urally leads to enhanced formation of OD, HDO and D2O ice
according to the grain-surface formation routes.

The high atomic D/H ratio in the gas, in turn, arises from the
well-known fractionation reactions initiated by the H+3 + HD!
H2D+ + H2 reaction, which is exoergic by ⇠230 K and is thus
very effective at low temperatures 25 K (e.g., Watson 1976;
Aikawa & Herbst 1999; Stark et al. 1999; Sipilä et al. 2015). The

H2D+ abundance is further enhanced when the ortho-H2 abun-
dance drops (preventing the back reaction) and when the main
H+3 and H2D+ destroyer, CO, freezes out on the grains (Pagani
et al. 1992, 2009; Roberts et al. 2003; Sipilä et al. 2010). The lat-
ter processes become more important as the cloud evolves from
a lower density to a higher density phase (Dartois et al. 2003;
Pagani et al. 2013; Brünken et al. 2014; Furuya et al. 2015). Dis-
sociative recombination of H2D+ and other ions such as HD+2 ,
D+3 and DCO+ with electrons then produces enhanced atomic
D which gets incorporated in the ices (Fig. 5). As a result, the
outer ice layers, which are produced when the cloud is denser
and colder, have higher HDO/H2O ratios – by orders of magni-
tude – than the inner layers and the bulk of the ice. The enhanced
H2D+ also leads to enhanced H2DO+ and thus HDO in cold gas,
which may play a role at the lower density edge of the cloud.

Another characteristic of this layered ice chemistry is that the
D2O/HDO ratio is much higher than the HDO/H2O ratio (Furuya
et al. 2016). Moreover, the deuteration of organic molecules
formed through hydrogenation of CO ice in the later cloud stages
is generally much higher than that of water (Cazaux et al. 2011;
Taquet et al. 2014; Furuya et al. 2016).

The desorption processes – photodesorption at low ice tem-
peratures (Öberg et al. 2009; Arasa et al. 2015; Cruz-Diaz
et al. 2018) and thermal desorption at high ice temperatures –
have a small to negligible effect on the deuterium fractiona-
tion. In other words, the gaseous HDO/H2O and D2O/H2O ratios
should reflect the ice ratios following desorption if no subse-
quent gas-phase reactions are involved. It is important to note
that photodesorption is only effective in the outer few layers of
the ice, whereas thermal desorption removes the bulk ice man-
tle. This selective formation and removal of ice layers turns out
to be important in the interpretation of HIFI observations of
HDO/H2O ratios in cold versus warm gas.

In warm gas, the exchange reaction D + OH ! H + OD is
likely barrierless and can be effective in enhancing OD, espe-
cially since the reverse reaction seems to have a barrier of around
800 K (Thi et al. 2010). Photodissociation of HDO can also
enhance OD compared with OH by a factor of 2–3, which could
be a route to further fractionation. Finally, in high temperature
gas in disks the exchange reaction H2O + HD $ HDO + H2 is
often included. Similarly, there are reactions inside the ices that
can both enhance and reduce the water fractionation (Lamberts
et al. 2015, 2016) but are not considered here (see discussion in
Furuya et al. 2016).

4. Herschel water spectra and maps

In this section, we briefly summarize the main features charac-
terizing water emission observed with Herschel, largely based on
WISH+ programs. Figure 2 illustrates the complexity of individ-
ual water profiles for protostars observed with HIFI over more
than ±50 km s�1 whereas Fig. 6 shows the spatial distribution
imaged with PACS. Figure 7 presents examples of full spectral
scans with PACS with many lines detected. The main conclu-
sion from the combined analysis of the water maps, the broad
water line profiles, and its excitation, is that most of the observed
gaseous water is universally associated with warm outflowing
and shocked gas of several hundred K. All water lines observed
by Herschel within WISH show thermal emission, so nonmas-
ing, in contrast with the 22 GHz maser often associated with
star-forming regions. At least two different types of kinematic
components are involved, with water being a significant (but not
necessarily dominant) coolant. In contrast, water emission is not
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Fig. 5. Simplified reaction network illustrating the important reactions
in the deuteration of water and other molecules. The left-hand side illus-
trates the cold gas-phase chemistry, leading to high fractionation of
gaseous H2D+ and atomic D, and ultimately gaseous HDO and D2O.
The right-hand side illustrates how this enhanced D ends up on the ice
and leads to enhanced solid HDO and D2O. The bottom cartoon shows
the different ice layers on a grain: the H2O-dominated layer formed
early in the cloud evolution with low HDO/H2O < 10�3, and the CO-
dominated layer formed at higher densities which is rich in deuterated
water, with D2O/HDO>>HDO/H2O (Furuya et al. 2015).

of water as the two-phase simple SWaN models do, but differ-
ences in absolute water abundances can be introduced because
multilayer interstellar ices are inhomogenous.

To compare models with observations, not just the water
chemistry but also the water excitation and radiative transfer
need to be treated correctly. The various methods and model-
ing approaches adopted by WISH are described in Sect. 4.4 and
Appendix F.

3.3. Water deuteration

Deuterated water, HDO and D2O, is formed through the same
processes as shown in Fig. 4 but there are a number of chemical
reactions that can enhance the HDO/H2O and D2O/H2O ratios
by orders of magnitude compared with the overall [D]/[H] ratio
of 2.0⇥ 10�5 found in the local interstellar medium (Prodanović
et al. 2010). Details can be found in Taquet et al. (2014) and
Furuya et al. (2016), and in Ceccarelli et al. (2014) for deuterium
fractionation in general (see also Sect. 7.3). The processes are
illustrated in Fig. 5. The most effective water fractionation
occurs on grains, due to the fact that the relative number of
D atoms landing from the gas on the grain is enhanced com-
pared with that of H atoms. In other words, atomic D/H in cold
gas is much higher than the overall [D]/[H] ratio (Tielens 1983;
Roberts et al. 2003). This high D/H ratio landing on grains nat-
urally leads to enhanced formation of OD, HDO and D2O ice
according to the grain-surface formation routes.

The high atomic D/H ratio in the gas, in turn, arises from the
well-known fractionation reactions initiated by the H+3 + HD!
H2D+ + H2 reaction, which is exoergic by ⇠230 K and is thus
very effective at low temperatures 25 K (e.g., Watson 1976;
Aikawa & Herbst 1999; Stark et al. 1999; Sipilä et al. 2015). The

H2D+ abundance is further enhanced when the ortho-H2 abun-
dance drops (preventing the back reaction) and when the main
H+3 and H2D+ destroyer, CO, freezes out on the grains (Pagani
et al. 1992, 2009; Roberts et al. 2003; Sipilä et al. 2010). The lat-
ter processes become more important as the cloud evolves from
a lower density to a higher density phase (Dartois et al. 2003;
Pagani et al. 2013; Brünken et al. 2014; Furuya et al. 2015). Dis-
sociative recombination of H2D+ and other ions such as HD+2 ,
D+3 and DCO+ with electrons then produces enhanced atomic
D which gets incorporated in the ices (Fig. 5). As a result, the
outer ice layers, which are produced when the cloud is denser
and colder, have higher HDO/H2O ratios – by orders of magni-
tude – than the inner layers and the bulk of the ice. The enhanced
H2D+ also leads to enhanced H2DO+ and thus HDO in cold gas,
which may play a role at the lower density edge of the cloud.

Another characteristic of this layered ice chemistry is that the
D2O/HDO ratio is much higher than the HDO/H2O ratio (Furuya
et al. 2016). Moreover, the deuteration of organic molecules
formed through hydrogenation of CO ice in the later cloud stages
is generally much higher than that of water (Cazaux et al. 2011;
Taquet et al. 2014; Furuya et al. 2016).

The desorption processes – photodesorption at low ice tem-
peratures (Öberg et al. 2009; Arasa et al. 2015; Cruz-Diaz
et al. 2018) and thermal desorption at high ice temperatures –
have a small to negligible effect on the deuterium fractiona-
tion. In other words, the gaseous HDO/H2O and D2O/H2O ratios
should reflect the ice ratios following desorption if no subse-
quent gas-phase reactions are involved. It is important to note
that photodesorption is only effective in the outer few layers of
the ice, whereas thermal desorption removes the bulk ice man-
tle. This selective formation and removal of ice layers turns out
to be important in the interpretation of HIFI observations of
HDO/H2O ratios in cold versus warm gas.

In warm gas, the exchange reaction D + OH ! H + OD is
likely barrierless and can be effective in enhancing OD, espe-
cially since the reverse reaction seems to have a barrier of around
800 K (Thi et al. 2010). Photodissociation of HDO can also
enhance OD compared with OH by a factor of 2–3, which could
be a route to further fractionation. Finally, in high temperature
gas in disks the exchange reaction H2O + HD $ HDO + H2 is
often included. Similarly, there are reactions inside the ices that
can both enhance and reduce the water fractionation (Lamberts
et al. 2015, 2016) but are not considered here (see discussion in
Furuya et al. 2016).

4. Herschel water spectra and maps

In this section, we briefly summarize the main features charac-
terizing water emission observed with Herschel, largely based on
WISH+ programs. Figure 2 illustrates the complexity of individ-
ual water profiles for protostars observed with HIFI over more
than ±50 km s�1 whereas Fig. 6 shows the spatial distribution
imaged with PACS. Figure 7 presents examples of full spectral
scans with PACS with many lines detected. The main conclu-
sion from the combined analysis of the water maps, the broad
water line profiles, and its excitation, is that most of the observed
gaseous water is universally associated with warm outflowing
and shocked gas of several hundred K. All water lines observed
by Herschel within WISH show thermal emission, so nonmas-
ing, in contrast with the 22 GHz maser often associated with
star-forming regions. At least two different types of kinematic
components are involved, with water being a significant (but not
necessarily dominant) coolant. In contrast, water emission is not
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Fig. 5. Simplified reaction network illustrating the important reactions
in the deuteration of water and other molecules. The left-hand side illus-
trates the cold gas-phase chemistry, leading to high fractionation of
gaseous H2D+ and atomic D, and ultimately gaseous HDO and D2O.
The right-hand side illustrates how this enhanced D ends up on the ice
and leads to enhanced solid HDO and D2O. The bottom cartoon shows
the different ice layers on a grain: the H2O-dominated layer formed
early in the cloud evolution with low HDO/H2O < 10�3, and the CO-
dominated layer formed at higher densities which is rich in deuterated
water, with D2O/HDO>>HDO/H2O (Furuya et al. 2015).

of water as the two-phase simple SWaN models do, but differ-
ences in absolute water abundances can be introduced because
multilayer interstellar ices are inhomogenous.

To compare models with observations, not just the water
chemistry but also the water excitation and radiative transfer
need to be treated correctly. The various methods and model-
ing approaches adopted by WISH are described in Sect. 4.4 and
Appendix F.

3.3. Water deuteration

Deuterated water, HDO and D2O, is formed through the same
processes as shown in Fig. 4 but there are a number of chemical
reactions that can enhance the HDO/H2O and D2O/H2O ratios
by orders of magnitude compared with the overall [D]/[H] ratio
of 2.0⇥ 10�5 found in the local interstellar medium (Prodanović
et al. 2010). Details can be found in Taquet et al. (2014) and
Furuya et al. (2016), and in Ceccarelli et al. (2014) for deuterium
fractionation in general (see also Sect. 7.3). The processes are
illustrated in Fig. 5. The most effective water fractionation
occurs on grains, due to the fact that the relative number of
D atoms landing from the gas on the grain is enhanced com-
pared with that of H atoms. In other words, atomic D/H in cold
gas is much higher than the overall [D]/[H] ratio (Tielens 1983;
Roberts et al. 2003). This high D/H ratio landing on grains nat-
urally leads to enhanced formation of OD, HDO and D2O ice
according to the grain-surface formation routes.

The high atomic D/H ratio in the gas, in turn, arises from the
well-known fractionation reactions initiated by the H+3 + HD!
H2D+ + H2 reaction, which is exoergic by ⇠230 K and is thus
very effective at low temperatures 25 K (e.g., Watson 1976;
Aikawa & Herbst 1999; Stark et al. 1999; Sipilä et al. 2015). The

H2D+ abundance is further enhanced when the ortho-H2 abun-
dance drops (preventing the back reaction) and when the main
H+3 and H2D+ destroyer, CO, freezes out on the grains (Pagani
et al. 1992, 2009; Roberts et al. 2003; Sipilä et al. 2010). The lat-
ter processes become more important as the cloud evolves from
a lower density to a higher density phase (Dartois et al. 2003;
Pagani et al. 2013; Brünken et al. 2014; Furuya et al. 2015). Dis-
sociative recombination of H2D+ and other ions such as HD+2 ,
D+3 and DCO+ with electrons then produces enhanced atomic
D which gets incorporated in the ices (Fig. 5). As a result, the
outer ice layers, which are produced when the cloud is denser
and colder, have higher HDO/H2O ratios – by orders of magni-
tude – than the inner layers and the bulk of the ice. The enhanced
H2D+ also leads to enhanced H2DO+ and thus HDO in cold gas,
which may play a role at the lower density edge of the cloud.

Another characteristic of this layered ice chemistry is that the
D2O/HDO ratio is much higher than the HDO/H2O ratio (Furuya
et al. 2016). Moreover, the deuteration of organic molecules
formed through hydrogenation of CO ice in the later cloud stages
is generally much higher than that of water (Cazaux et al. 2011;
Taquet et al. 2014; Furuya et al. 2016).

The desorption processes – photodesorption at low ice tem-
peratures (Öberg et al. 2009; Arasa et al. 2015; Cruz-Diaz
et al. 2018) and thermal desorption at high ice temperatures –
have a small to negligible effect on the deuterium fractiona-
tion. In other words, the gaseous HDO/H2O and D2O/H2O ratios
should reflect the ice ratios following desorption if no subse-
quent gas-phase reactions are involved. It is important to note
that photodesorption is only effective in the outer few layers of
the ice, whereas thermal desorption removes the bulk ice man-
tle. This selective formation and removal of ice layers turns out
to be important in the interpretation of HIFI observations of
HDO/H2O ratios in cold versus warm gas.

In warm gas, the exchange reaction D + OH ! H + OD is
likely barrierless and can be effective in enhancing OD, espe-
cially since the reverse reaction seems to have a barrier of around
800 K (Thi et al. 2010). Photodissociation of HDO can also
enhance OD compared with OH by a factor of 2–3, which could
be a route to further fractionation. Finally, in high temperature
gas in disks the exchange reaction H2O + HD $ HDO + H2 is
often included. Similarly, there are reactions inside the ices that
can both enhance and reduce the water fractionation (Lamberts
et al. 2015, 2016) but are not considered here (see discussion in
Furuya et al. 2016).

4. Herschel water spectra and maps

In this section, we briefly summarize the main features charac-
terizing water emission observed with Herschel, largely based on
WISH+ programs. Figure 2 illustrates the complexity of individ-
ual water profiles for protostars observed with HIFI over more
than ±50 km s�1 whereas Fig. 6 shows the spatial distribution
imaged with PACS. Figure 7 presents examples of full spectral
scans with PACS with many lines detected. The main conclu-
sion from the combined analysis of the water maps, the broad
water line profiles, and its excitation, is that most of the observed
gaseous water is universally associated with warm outflowing
and shocked gas of several hundred K. All water lines observed
by Herschel within WISH show thermal emission, so nonmas-
ing, in contrast with the 22 GHz maser often associated with
star-forming regions. At least two different types of kinematic
components are involved, with water being a significant (but not
necessarily dominant) coolant. In contrast, water emission is not
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Is water inherited? 

? ?

• Observations of D2O in disks are missing

Coutens et al. 2014, Altwegg et al. 2017,  Furuya et al. 2017, Jensen et 
al. 2021, Tobin, van ’t Hoff, Leemker, et al. 2023, Leemker et al. 2025 
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Fig. 1 | Illustrations comparing a typical proto-planetary disk and the disk 
surrounding the outbursting protostar V883 Ori. a, A typical disk in which 
water and COMs are frozen out onto dust grains at most radii except the very 
inner disk. b, The case of V883 Ori in which the disk has a much larger region 
where water and COMs are sublimated from the dust grains, enabling the water 

and COM emission to be detected and resolved. Orange and red regions denote 
the warmer regions of the disk where the ices are sublimated and the light blue/
grey denotes the colder regions where the water and COMs are frozen out. The 
black points alone denote dust grains with no ice coating, whereas the black 
points with grey circles around them denote icy dust grains.
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Fig. 2 | Integrated intensity images of water and other molecular lines in 
the disk of V883 Ori. a–d, We show the HDO 225 GHz line (a), the H O2

18  203 GHz 
line (b), CH3OH (c) and C17O (d), as the colour scale, whereas the outer extent of 
the dust continuum emission is shown as a white contour; the integrated 
intensity maps were extracted from the data using the Keplerian masks whose 
outer extent are marked as dotted lines in a, b. The white cross marks the 
location of the continuum emission peak and the position of the protostar.  
The HDO and H O2

18  lines show emission that is smaller in radial extent than the 
continuum and C17O emission. The CH3OH (methanol) image shows a very 
similar structure and extent relative to the HDO and H O2

18  lines. C17O more  
fully traces the extent of the disk gas emission with its lower sublimation 

temperature of roughly 25 K, extending beyond the continuum emission.  
The central depression in emission for all lines is the result of optically thick 
continuum emission attenuating the molecular emission at radii smaller than 
roughly 40 AU (0.1″); the extent of this optically thick region is denoted with 
the dashed thick grey line in the centre of each image. The depression is  
less obvious for H O2

18  in b due to its lower signal to noise ratio and some 
contamination of its integrated intensity map from a neighbouring line.  
The ellipses in the lower right corner denote the resolution of the line 
observations (orange, roughly 0.1″) and the continuum (white, roughly  
0.08″). Dec., declination; ICRS, International Celestial Reference System; 
 RA, right ascension.
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Typical disk

at approximately 1 solar luminosity

Approximately 0.1 5 80 AU Approximately 0.1 5 80 AU

Cold disk
H2O and COMs
frozen-out on
dust grains

Dust-free
inner disk

Warm disk
with evapo-
rated H2O
and COMs

Cold disk
H2O and COMs
frozen-out on
dust grains

V883 Ori disk
at approximately 200 solar luminosities

a b

Fig. 1 | Illustrations comparing a typical proto-planetary disk and the disk 
surrounding the outbursting protostar V883 Ori. a, A typical disk in which 
water and COMs are frozen out onto dust grains at most radii except the very 
inner disk. b, The case of V883 Ori in which the disk has a much larger region 
where water and COMs are sublimated from the dust grains, enabling the water 

and COM emission to be detected and resolved. Orange and red regions denote 
the warmer regions of the disk where the ices are sublimated and the light blue/
grey denotes the colder regions where the water and COMs are frozen out. The 
black points alone denote dust grains with no ice coating, whereas the black 
points with grey circles around them denote icy dust grains.
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Fig. 2 | Integrated intensity images of water and other molecular lines in 
the disk of V883 Ori. a–d, We show the HDO 225 GHz line (a), the H O2

18  203 GHz 
line (b), CH3OH (c) and C17O (d), as the colour scale, whereas the outer extent of 
the dust continuum emission is shown as a white contour; the integrated 
intensity maps were extracted from the data using the Keplerian masks whose 
outer extent are marked as dotted lines in a, b. The white cross marks the 
location of the continuum emission peak and the position of the protostar.  
The HDO and H O2

18  lines show emission that is smaller in radial extent than the 
continuum and C17O emission. The CH3OH (methanol) image shows a very 
similar structure and extent relative to the HDO and H O2

18  lines. C17O more  
fully traces the extent of the disk gas emission with its lower sublimation 

temperature of roughly 25 K, extending beyond the continuum emission.  
The central depression in emission for all lines is the result of optically thick 
continuum emission attenuating the molecular emission at radii smaller than 
roughly 40 AU (0.1″); the extent of this optically thick region is denoted with 
the dashed thick grey line in the centre of each image. The depression is  
less obvious for H O2

18  in b due to its lower signal to noise ratio and some 
contamination of its integrated intensity map from a neighbouring line.  
The ellipses in the lower right corner denote the resolution of the line 
observations (orange, roughly 0.1″) and the continuum (white, roughly  
0.08″). Dec., declination; ICRS, International Celestial Reference System; 
 RA, right ascension.
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Image credit: 
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e.g., Cieza et 
al. 2016, van ’t 
Hoff et al. 2018, 
Leemker et al. 
2021, Tobin et 
al. 2023, Wang 
et al. 2025
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First detection of D2O in a disk

D2O observations in a disk
V883 Ori

Leemker et al. 2025



Is water inherited? Yes! 

Coutens et al. 2014, Altwegg et al. 2017,  Furuya et al. 2017, Jensen et 
al. 2021, Tobin, van ’t Hoff, Leemker, et al. 2023, Leemker et al. 2025 



Where is the water 
located in disks?

Credit: ESO/L. Calçada

Trail of star and planet formation

Does the water survive the 
journey from cloud to disks?

Yes! 
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ALMA can distinguish these water reservoirs
D2O                          HDO                          H218O                          H2O

Article

Extended Data Fig. 4 | Integrated spectra of V883 Ori centered on the HDO 
225 GHz, HDO 241 GHz, and H O2

18  203 GHz lines. Panels a, c, e show the 
spectra as observed (disk rotation causes all spectral lines to have a 
double-peaked line profile), while panels b, d, f show the stacked spectra40,41 
with the Keplerian rotation profile removed. The root mean squared (RMS) 
noise of the HDO 225 GHz, HDO 241 GHz, and H O2

18  are 0.016, 0.017, and 0.011 
Jy, respectively. The HDO lines are the brightest features around their centre 
frequencies, but both have contaminating emission from COM species nearby. 
The H O2

18  line is faint relative to its surrounding features but is still clearly 
detected. We are able to model the spectral profiles for HDO, H O2

18 , and the 

contaminating lines to measure their line fluxes using an optically-thin 
synthetic spectral model for a disk (Extended Data Fig. 5). In a, c, e, the 
observed spectrum is drawn as the black line, the model of the contaminating 
lines is drawn as an orange line, the model HDO and H O2

18  lines are drawn as 
blue lines, and the total model of contaminating lines with HDO and H O2

18  is 
drawn as a green line. The rise seen toward higher frequencies on the H O2

18  
spectrum (e) is another CH3OCH3 line that peaks outside the shown region. The 
spectra are plotted at their observed frequencies and are not corrected for the 
system local standard of rest (LSR) velocity of ~ 4.25 km s−1.
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Extended Data Fig. 4 | Integrated spectra of V883 Ori centered on the HDO 
225 GHz, HDO 241 GHz, and H O2

18  203 GHz lines. Panels a, c, e show the 
spectra as observed (disk rotation causes all spectral lines to have a 
double-peaked line profile), while panels b, d, f show the stacked spectra40,41 
with the Keplerian rotation profile removed. The root mean squared (RMS) 
noise of the HDO 225 GHz, HDO 241 GHz, and H O2

18  are 0.016, 0.017, and 0.011 
Jy, respectively. The HDO lines are the brightest features around their centre 
frequencies, but both have contaminating emission from COM species nearby. 
The H O2

18  line is faint relative to its surrounding features but is still clearly 
detected. We are able to model the spectral profiles for HDO, H O2

18 , and the 

contaminating lines to measure their line fluxes using an optically-thin 
synthetic spectral model for a disk (Extended Data Fig. 5). In a, c, e, the 
observed spectrum is drawn as the black line, the model of the contaminating 
lines is drawn as an orange line, the model HDO and H O2

18  lines are drawn as 
blue lines, and the total model of contaminating lines with HDO and H O2

18  is 
drawn as a green line. The rise seen toward higher frequencies on the H O2

18  
spectrum (e) is another CH3OCH3 line that peaks outside the shown region. The 
spectra are plotted at their observed frequencies and are not corrected for the 
system local standard of rest (LSR) velocity of ~ 4.25 km s−1.

Leemker et al. 2025, Tobin et al. 2023, Facchini et al. 2024

• Expensive 

• Inheritance vs 
reset 

• Line blending 

• Inheritance vs 
reset 

• Line blending  

• Expensive 

• Detectable



• Expensive 

• Inheritance vs 
reset 

• Line blending 

• Inheritance vs 
reset 

• Line blending  

• Expensive 

• Detectable 

• More efficient 
than H218O

ALMA can distinguish these water reservoirs
D2O                          HDO                          H218O                          H2O

Leemker et al. 2025, Tobin et al. 2023, Facchini et al. 2024
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Extended Data Fig. 4 | Integrated spectra of V883 Ori centered on the HDO 
225 GHz, HDO 241 GHz, and H O2

18  203 GHz lines. Panels a, c, e show the 
spectra as observed (disk rotation causes all spectral lines to have a 
double-peaked line profile), while panels b, d, f show the stacked spectra40,41 
with the Keplerian rotation profile removed. The root mean squared (RMS) 
noise of the HDO 225 GHz, HDO 241 GHz, and H O2

18  are 0.016, 0.017, and 0.011 
Jy, respectively. The HDO lines are the brightest features around their centre 
frequencies, but both have contaminating emission from COM species nearby. 
The H O2

18  line is faint relative to its surrounding features but is still clearly 
detected. We are able to model the spectral profiles for HDO, H O2

18 , and the 

contaminating lines to measure their line fluxes using an optically-thin 
synthetic spectral model for a disk (Extended Data Fig. 5). In a, c, e, the 
observed spectrum is drawn as the black line, the model of the contaminating 
lines is drawn as an orange line, the model HDO and H O2

18  lines are drawn as 
blue lines, and the total model of contaminating lines with HDO and H O2

18  is 
drawn as a green line. The rise seen toward higher frequencies on the H O2

18  
spectrum (e) is another CH3OCH3 line that peaks outside the shown region. The 
spectra are plotted at their observed frequencies and are not corrected for the 
system local standard of rest (LSR) velocity of ~ 4.25 km s−1.

Same transition



Spatially and/or spectrally resolved H2O in disks with ALMA
321 GHz line 
Eup = 1861 K

325 GHz line 
Eup = 470 K

183 GHz line 
Eup = 205 K

the central star, pushing the water snowline at larger radii. The wide dust cavity allows an efficient
irradiation of the dust cavity wall, which reaches temperatures well above the water sublimation
threshold, enhancing the detectability of water vapor emission (Leemker et al., 2022). Moreover,
the presence of a wide mm-dust cavity prevents optically thick dust from strongly hiding the water
emission.

Recent observations of the Herbig HD 100546 transition disk at ⇠ 0.003 show water vapor emission
at 183 GHz (Rampinelli et al. 2026, Fig. 1), making HD 100546 the first Herbig disk with water
vapor detected with ALMA. The water emission peaks just inside the inner edge of the first dust ring
(⇠ 15 au, Fig. 2), at the predicted location of the water snowline (Leemker et al., 2024). These

observations suggest that transition disks around Herbig stars are optimal sources to

directly image the water snowline in the planets’ birthplace with ALMA.

H2O was also detected in the HD 100546 disk at infrared wavelengths with Herschel (Pirovano et al.,
2022). However, these observations are spatially unresolved. Moreover, the optically thick continuum
is a major issue at infrared wavelengths, concealing a large part of the water vapor emission (Houge
et al., 2025). In this context, while transition disks around Herbig stars are the best candidates for
revealing the water snowline, they are difficult to access with JWST spectroscopic observations since
Herbig stars are too bright. This makes ALMA the only facility to reveal the water snow-

line and distribution in hot planet-forming disks, thanks to the high spatial resolution,

deep sensitivity, and extremely stable weather conditions which can be achieved at the

observing site.

Figure 2: Radial profile
of the integrated intensity
of the H2O 183 GHz line
in the HD 100546 disk
(blue, Rampinelli et al.
2026), compared to the
location of the dust ring
(yellow).
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Setting the most efficient strategy for water observations with ALMA
The H2O line at 183 GHz previously detected in the HD 100546 disk has been suggested to directly
trace thermally desorbed water at the dust cavity wall (Rampinelli et al., 2026). In particular, the
upper state energy of the transition Eup = 205 K effectively probes the typical water sublimation tem-
perature of ⇠ 150 K. However, the 183 GHz transition lies in a strong telluric line, that exponentially
increases the required integration time of these observations.

The 321 GHz H2O line targeted in this proposal has a higher Eup = 1861 K and it is expected to
efficiently trace an hotter water reservoir than the 183 GHz line. However, the efficient irradiation of
the HD 100546 disk dust cavity results in a hot dust cavity wall. In particular, the gas temperature

2

Thermally 
desorbed water 

at cavity wall
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Table 2 | Observation IDs and execution block properties, including source integration time, median PWV column, 
bandpass, flux and phase calibrators and maximum baseline

Program ID Lines Integration time (min) PWV (mm) Bandpass/flux calibrators Phase calibrators Maximum baseline (m)

2017.1.01178.S p-H2O 313–220 46 0.2 J0423-0120 J0510+1800 1,398

2017.1.01178.S p-H2O 515–422 31 0.4 J0538-4405 J0431+1731 3,637

2017.1.01178.S o-H2O 1029–936 33 0.5 J0519-4546 J0440+1437 8,547

2022.1.00905.S p-H2O 515–422 100 0.3 J0423-0120 J0431+1731 500

p-H18

2

O 515–422

1.7 mm continuum H2O 183 GHz moment 0 H2O 183 GHz moment 1

km s–1K km s–1Ka

b

c

km s–1K km s–1K

2010

1.0

0.5

0

–0.5

–1.0

1.0

0.5

0

–0.5

–1.0

1.0 0.5
∆RA (arcsec)

∆D
ec

 (a
rc

se
c)

∆RA (arcsec) ∆RA (arcsec)
–0.5 –1.0 1.0 0.5 0 –0.5 –1.0

∆RA (arcsec)
1.0 0.5 0 –0.5 –1.0

4 6 8 10

1.0 0.5 0 –0.5 –1.0

∆RA (arcsec)
1.0 0.5 0 –0.5 –1.0

0

1.0 0.5
∆RA (arcsec)

–0.5 –1.00

∆RA (arcsec)
1.0 0.5 0 –0.5 –1.0

∆RA (arcsec)
1.00.2 0 –0.1 –0.21.0 0.5

∆RA (arcsec)
–0.5 –1.00

0

20 3010080 120 160400

K
80 120 160400

108647550250

H2O 325 GHz moment 1H2O 325 GHz moment 0

H2O 321 GHz moment 0

0.94 mm continuum

0.94 mm continuum 0.94 mm continuum

∆D
ec

 (a
rc

se
c)

K
12040 800

1.0

0.5

0

–0.5

–1.0

∆D
ec

 (a
rc

se
c)

K km s–1

2001000

Fig. 1 | Continuum intensity and water vapour moment maps. a, Left, 1.7 mm 
continuum image of HL Tau. Centre, integrated intensity map of the 183 GHz water 
line. Right, intensity-weighted velocity map of the 183 GHz water line after 4σ 
clipping on individual channels, where disk rotation is clearly detected. b, Same as 
a, for the 0.94 mm continuum and the 325 GHz water line. The intensity-weighted 
velocity map in this case is computed after 3σ clipping. c, left and centre, same 
as a, for the 0.94 mm continuum and the 321 GHz water line. No moment 1 map is 

shown due to low SNR. Right, zoom-in of continuum intensity, with [4,5,6,7,8]σ 
contours of the 321 GHz line moment 0 map, with σ = 13.3 mJy beam−1 km s−1. The 
r.m.s. associated with the the integrated intensity maps of the 183 and 325 GHz 
lines are, respectively, 28.2 and 46.3 mJy beam−1 km s−1. Brightness intensity (K). 
Integrated intensity (K km s−1). Intensity weighted velocity along the line of sight 
(km s−1). Distance from the phase center in Right Ascension (Delta RA). Distance 
from the same center in Declination (Delta Dec).
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H

• Compact, unresolved component on source 

• Large column of water 

• Tb  Tsnowline  

• Water snowline @ < 6 au

≳

water snowline 
< 6 au

Two H2O components in HL Tau
1. Compact emission

Leemker et al. 2026



• Moderate resolution data of 183 GHz line: 

• Water is spatially resolved & detected out to ~75 au 

•

Two H2O components in HL Tau
2. Diffuse emission

Leemker et al. 2026



ga

• Moderate resolution data of 183 GHz line: 

• Water is spatially resolved & detected out to ~75 au 

• Rotational diagram on 183 GHz & 321 GHz lines: 

• Diffuse component is warm at ~350 K 

• Tracing the reformed water in disk surface

•

Two H2O components in HL Tau
2. Diffuse emission

Leemker et al. 2026



(Non-)LTE excitation of water?

• Some H2O lines prone to masing 

• ALMA lines much brighter than 
(F)IR lines 

• Possible causes: 

• Non-LTE excitation 

• Continuum optical depth

Riviere-Marichalar et al. 2012, Alonso-Martinez et al. 2017, 
Salyk et al. 2019,  Facchini et al. 2024, Leemker et al. 2026

HL Tau



Optically thick dust hides less water in (sub-)mm

Leemker et al. 2026

• 30-70% of all gas-phase H2O is visible in (sub-)mm, 0.02-2% in MIR-FIR 

• Much more water visible at longer wavelengths

HL Tau



• Correct each line for 

 

• Corrected (sub-)mm fluxes 
and FIR fluxes are similar 

• H2O is not strongly masing

NH2O gas above opt. thick dust

NH2O gas total

(Non-)LTE excitation of water?

Riviere-Marichalar et al. 2012, Alonso-Martinez et al. 2017, 
Salyk et al. 2019,  Facchini et al. 2024, Leemker et al. 2026

HL Tau



• Water snowline is at < 6 au in the HL Tau disk 

• Diffuse water is warm (~350 K) 

• Water is likely not strongly masing

Where is the water 
located in disks?

• Yes!  

• First detection of D2O in disk 

• Water isotopologue ratios involving 
D2O confirm inheritance of material 
traced by HDO/H2O

Leemker et al. 2026 Credit: ESO/L. Calçada

Does the water survive the 
journey from cloud to disks?

Leemker et al. 2025


