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Introduction

• Water omnipresent in the interstellar medium (hot cores, low-mass protostars, 
shocks, prestellar cores, protoplanetary disks, ...)

• Important species :
- in the process of star formation through the cooling of warm gas
- chemistry of O-bearing species both in the gas phase and on the grain surfaces
- crucial ingredient for the emergence of Life

• Delivery of water on Earth 
by comets and/or asteroids 
through impacts
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Fig. 3. D/H ratios in different objects of the solar system. Data are 
from (1, 2, 5–7, 26–28) and references therein. Diamonds represent data 
obtained by in-situ mass spectrometry measurements, and circles refer 
to data obtained by astronomical methods. 
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Fig. 2.— Summary of the main gas-phase and solid-state
chemical reactions leading to the formation and destruction
of H2O under non-equilibrium conditions. Three different
chemical regimes can be distinguished: (i) ion-molecule
chemistry, which dominates gas-phase chemistry at low
T ; (ii) high-temperature neutral-neutral chemistry; and (iii)
solid state chemistry. e stands for electron, ν for photon
and s−X indicates that species X is on the grains. Simpli-
fied version of figure by van Dishoeck et al. (2011).

cycle between water vapor and ice in dense clouds. Count-
ing up all the forms of detected oxygen in diffuse clouds,
the sum is less than the overall elemental oxygen abudance.
Thus, a fraction of oxygen is postulated to be in some yet
unknown refractory form, called UDO (‘unknown depleted
oxygen’), whose fraction may increase from 20% in diffuse
clouds up to 50% in dense star-forming regions (Whittet,
2010). For comparison, the abundances of elemental car-
bon and nitrogen are 3 × 10−4 and 1 × 10−4, respectively,
with about 2/3 of the carbon thought to be locked up in solid
carbonaceous material.

For a gas in thermodynamic equilibrium (TE), the frac-
tional abundance of water is simply determined by the el-
emental composition of the gas and the stabilities of the
molecules and solids that can be produced from it. For
standard interstellar abundances2 with [O]/[C]> 1, there
are two molecules in which oxygen can be locked up: CO
and H2O. At high pressures in TE, the fraction of CO re-
sults from the equilibrium between CO and CH4, with CO
favored at higher temperatures. For the volatile elemen-
tal abundances quoted above, this results in an H2O frac-
tional abundance of (2 − 3) × 10−4 with respect to to-
tal hydrogen, if the CO fractional abundance ranges from
(0 − 1) × 10−4. With respect to H2, the water abundance
would then be (5− 6)× 10−4 assuming that the fraction of
hydrogen in atomic form is negligible (the density of hydro-
gen nuclei nH = n(H) + 2n(H2)). Equilibrium chemistry

2The notation [X] indicates the overall abundance of element X in all forms,
be it atoms, molecules or solids.

is established at densities above roughly 1013 cm−3, when
three body processes become significant. Such conditions
are found in planetary atmospheres and in the shielded mid-
planes of the inner few AU of protoplanetary disks.

Under most conditions in interstellar space, however, the
densities are too low for equilibrium chemistry to be es-
tablished. Also, strong UV irradiation drives the chem-
istry out of equilibrium, even in high-density environments,
such as the upper atmospheres of planets and disks. Under
these conditions, the fractional abundances are determined
by the kinetics of the two-body reactions between the vari-
ous species in the gas. Figure 2 summarizes the three routes
to water formation that have been identified. Each of these
routes dominates in a specific environment.

2.4.2. Low temperature gas-phase chemistry

In diffuse and translucent interstellar clouds with den-
sities less than ∼ 104 cm−3 and temperatures below 100
K, water is formed largely by a series of ion-molecule re-
actions (e.g., Herbst and Klemperer, 1973). The network
starts with the reactions O + H+

3 and O+ + H2 leading to
OH+. The H+

3 ion is produced by interactions of energetic
cosmic-ray particles with the gas, producing H+

2 and H+,
with the subsequent fast reaction of H+

2 + H2 leading to H+
3 .

The cosmic ray ionization rate of atomic hydrogen denoted
by ζH can be as high as 10−15 s−1 in some diffuse clouds,
but drops to 10−17 s−1 in denser regions (Indriolo and Mc-

Call, 2012; Rimmer et al., 2012). The ionization rate of H2

is ζH2
≈ 2ζH.

A series of rapid reactions of OH+ and H2O+ with H2

lead to H3O+, which can dissociatively recombine to form
H2O and OH with branching ratios of ∼0.17 and 0.83, re-
spectively (Buhr et al., 2010). H2O is destroyed by pho-
todissociation and by reactions with C+, H+

3 and other ions
such as HCO+. Photodissociation of H2O starts to be effec-
tive shortward of 1800 Å and continues down to the ioniza-
tion threshold at 983 Å (12.61 eV), including Ly α at 1216
Å. Its lifetime in the general interstellar radiation field, as
given by Draine (1978), is only 40 yr.

2.4.3. High-temperature gas-phase chemistry

At temperatures above 230 K, the energy barriers for re-
actions with H2 can be overcome and the reaction O + H2

→ OH + H becomes the dominant channel initiating wa-
ter formation (Elitzur and Watson, 1978). OH subsequently
reacts with H2 to form H2O, a reaction which is exother-
mic, but has an energy barrier of ∼2100 K (Atkinson et al.,
2004). This route drives all the available gas-phase oxygen
into H2O, unless strong UV or a high atomic H abundance
convert some water back to OH and O. High-temperature
chemistry dominates the formation of water in shocks, in
the inner envelopes around protostars, and in the warm sur-
face layers of protoplanetary disks.
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Fig. 2.— Summary of the main gas-phase and solid-state
chemical reactions leading to the formation and destruction
of H2O under non-equilibrium conditions. Three different
chemical regimes can be distinguished: (i) ion-molecule
chemistry, which dominates gas-phase chemistry at low
T ; (ii) high-temperature neutral-neutral chemistry; and (iii)
solid state chemistry. e stands for electron, ν for photon
and s−X indicates that species X is on the grains. Simpli-
fied version of figure by van Dishoeck et al. (2011).

cycle between water vapor and ice in dense clouds. Count-
ing up all the forms of detected oxygen in diffuse clouds,
the sum is less than the overall elemental oxygen abudance.
Thus, a fraction of oxygen is postulated to be in some yet
unknown refractory form, called UDO (‘unknown depleted
oxygen’), whose fraction may increase from 20% in diffuse
clouds up to 50% in dense star-forming regions (Whittet,
2010). For comparison, the abundances of elemental car-
bon and nitrogen are 3 × 10−4 and 1 × 10−4, respectively,
with about 2/3 of the carbon thought to be locked up in solid
carbonaceous material.

For a gas in thermodynamic equilibrium (TE), the frac-
tional abundance of water is simply determined by the el-
emental composition of the gas and the stabilities of the
molecules and solids that can be produced from it. For
standard interstellar abundances2 with [O]/[C]> 1, there
are two molecules in which oxygen can be locked up: CO
and H2O. At high pressures in TE, the fraction of CO re-
sults from the equilibrium between CO and CH4, with CO
favored at higher temperatures. For the volatile elemen-
tal abundances quoted above, this results in an H2O frac-
tional abundance of (2 − 3) × 10−4 with respect to to-
tal hydrogen, if the CO fractional abundance ranges from
(0 − 1) × 10−4. With respect to H2, the water abundance
would then be (5− 6)× 10−4 assuming that the fraction of
hydrogen in atomic form is negligible (the density of hydro-
gen nuclei nH = n(H) + 2n(H2)). Equilibrium chemistry

2The notation [X] indicates the overall abundance of element X in all forms,
be it atoms, molecules or solids.

is established at densities above roughly 1013 cm−3, when
three body processes become significant. Such conditions
are found in planetary atmospheres and in the shielded mid-
planes of the inner few AU of protoplanetary disks.

Under most conditions in interstellar space, however, the
densities are too low for equilibrium chemistry to be es-
tablished. Also, strong UV irradiation drives the chem-
istry out of equilibrium, even in high-density environments,
such as the upper atmospheres of planets and disks. Under
these conditions, the fractional abundances are determined
by the kinetics of the two-body reactions between the vari-
ous species in the gas. Figure 2 summarizes the three routes
to water formation that have been identified. Each of these
routes dominates in a specific environment.

2.4.2. Low temperature gas-phase chemistry

In diffuse and translucent interstellar clouds with den-
sities less than ∼ 104 cm−3 and temperatures below 100
K, water is formed largely by a series of ion-molecule re-
actions (e.g., Herbst and Klemperer, 1973). The network
starts with the reactions O + H+

3 and O+ + H2 leading to
OH+. The H+

3 ion is produced by interactions of energetic
cosmic-ray particles with the gas, producing H+

2 and H+,
with the subsequent fast reaction of H+

2 + H2 leading to H+
3 .

The cosmic ray ionization rate of atomic hydrogen denoted
by ζH can be as high as 10−15 s−1 in some diffuse clouds,
but drops to 10−17 s−1 in denser regions (Indriolo and Mc-

Call, 2012; Rimmer et al., 2012). The ionization rate of H2

is ζH2
≈ 2ζH.

A series of rapid reactions of OH+ and H2O+ with H2

lead to H3O+, which can dissociatively recombine to form
H2O and OH with branching ratios of ∼0.17 and 0.83, re-
spectively (Buhr et al., 2010). H2O is destroyed by pho-
todissociation and by reactions with C+, H+

3 and other ions
such as HCO+. Photodissociation of H2O starts to be effec-
tive shortward of 1800 Å and continues down to the ioniza-
tion threshold at 983 Å (12.61 eV), including Ly α at 1216
Å. Its lifetime in the general interstellar radiation field, as
given by Draine (1978), is only 40 yr.

2.4.3. High-temperature gas-phase chemistry

At temperatures above 230 K, the energy barriers for re-
actions with H2 can be overcome and the reaction O + H2

→ OH + H becomes the dominant channel initiating wa-
ter formation (Elitzur and Watson, 1978). OH subsequently
reacts with H2 to form H2O, a reaction which is exother-
mic, but has an energy barrier of ∼2100 K (Atkinson et al.,
2004). This route drives all the available gas-phase oxygen
into H2O, unless strong UV or a high atomic H abundance
convert some water back to OH and O. High-temperature
chemistry dominates the formation of water in shocks, in
the inner envelopes around protostars, and in the warm sur-
face layers of protoplanetary disks.
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chemical reactions leading to the formation and destruction
of H2O under non-equilibrium conditions. Three different
chemical regimes can be distinguished: (i) ion-molecule
chemistry, which dominates gas-phase chemistry at low
T ; (ii) high-temperature neutral-neutral chemistry; and (iii)
solid state chemistry. e stands for electron, ν for photon
and s−X indicates that species X is on the grains. Simpli-
fied version of figure by van Dishoeck et al. (2011).

cycle between water vapor and ice in dense clouds. Count-
ing up all the forms of detected oxygen in diffuse clouds,
the sum is less than the overall elemental oxygen abudance.
Thus, a fraction of oxygen is postulated to be in some yet
unknown refractory form, called UDO (‘unknown depleted
oxygen’), whose fraction may increase from 20% in diffuse
clouds up to 50% in dense star-forming regions (Whittet,
2010). For comparison, the abundances of elemental car-
bon and nitrogen are 3 × 10−4 and 1 × 10−4, respectively,
with about 2/3 of the carbon thought to be locked up in solid
carbonaceous material.

For a gas in thermodynamic equilibrium (TE), the frac-
tional abundance of water is simply determined by the el-
emental composition of the gas and the stabilities of the
molecules and solids that can be produced from it. For
standard interstellar abundances2 with [O]/[C]> 1, there
are two molecules in which oxygen can be locked up: CO
and H2O. At high pressures in TE, the fraction of CO re-
sults from the equilibrium between CO and CH4, with CO
favored at higher temperatures. For the volatile elemen-
tal abundances quoted above, this results in an H2O frac-
tional abundance of (2 − 3) × 10−4 with respect to to-
tal hydrogen, if the CO fractional abundance ranges from
(0 − 1) × 10−4. With respect to H2, the water abundance
would then be (5− 6)× 10−4 assuming that the fraction of
hydrogen in atomic form is negligible (the density of hydro-
gen nuclei nH = n(H) + 2n(H2)). Equilibrium chemistry

2The notation [X] indicates the overall abundance of element X in all forms,
be it atoms, molecules or solids.

is established at densities above roughly 1013 cm−3, when
three body processes become significant. Such conditions
are found in planetary atmospheres and in the shielded mid-
planes of the inner few AU of protoplanetary disks.

Under most conditions in interstellar space, however, the
densities are too low for equilibrium chemistry to be es-
tablished. Also, strong UV irradiation drives the chem-
istry out of equilibrium, even in high-density environments,
such as the upper atmospheres of planets and disks. Under
these conditions, the fractional abundances are determined
by the kinetics of the two-body reactions between the vari-
ous species in the gas. Figure 2 summarizes the three routes
to water formation that have been identified. Each of these
routes dominates in a specific environment.

2.4.2. Low temperature gas-phase chemistry

In diffuse and translucent interstellar clouds with den-
sities less than ∼ 104 cm−3 and temperatures below 100
K, water is formed largely by a series of ion-molecule re-
actions (e.g., Herbst and Klemperer, 1973). The network
starts with the reactions O + H+

3 and O+ + H2 leading to
OH+. The H+

3 ion is produced by interactions of energetic
cosmic-ray particles with the gas, producing H+

2 and H+,
with the subsequent fast reaction of H+

2 + H2 leading to H+
3 .

The cosmic ray ionization rate of atomic hydrogen denoted
by ζH can be as high as 10−15 s−1 in some diffuse clouds,
but drops to 10−17 s−1 in denser regions (Indriolo and Mc-

Call, 2012; Rimmer et al., 2012). The ionization rate of H2

is ζH2
≈ 2ζH.

A series of rapid reactions of OH+ and H2O+ with H2

lead to H3O+, which can dissociatively recombine to form
H2O and OH with branching ratios of ∼0.17 and 0.83, re-
spectively (Buhr et al., 2010). H2O is destroyed by pho-
todissociation and by reactions with C+, H+

3 and other ions
such as HCO+. Photodissociation of H2O starts to be effec-
tive shortward of 1800 Å and continues down to the ioniza-
tion threshold at 983 Å (12.61 eV), including Ly α at 1216
Å. Its lifetime in the general interstellar radiation field, as
given by Draine (1978), is only 40 yr.

2.4.3. High-temperature gas-phase chemistry

At temperatures above 230 K, the energy barriers for re-
actions with H2 can be overcome and the reaction O + H2

→ OH + H becomes the dominant channel initiating wa-
ter formation (Elitzur and Watson, 1978). OH subsequently
reacts with H2 to form H2O, a reaction which is exother-
mic, but has an energy barrier of ∼2100 K (Atkinson et al.,
2004). This route drives all the available gas-phase oxygen
into H2O, unless strong UV or a high atomic H abundance
convert some water back to OH and O. High-temperature
chemistry dominates the formation of water in shocks, in
the inner envelopes around protostars, and in the warm sur-
face layers of protoplanetary disks.
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Origin of water in Solar System objects

‣ Where does the water contained in comets and asteroids come from?
‣ How and when did this water form?

Formation in the protoplanetary disk (ion-molecule reactions) ?
OR

Earlier formation in the molecular cloud or in the protostellar envelope?

Prestellar core Class 0 
protostar

Class I 
protostar

Class II 
protostar

Protoplanetary 
disk

Star formation
Spitzer Science Center IR Compendium

1. Theoretical models
2. Observations
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“If the solar system’s formation was typical, abundant interstellar ices are available to all 
nascent planetary systems.”

• Aim: Identifying the source of 
Earth’s (and other solar system 
objects) water

• Test with a chemical network if it 
is possible to reach the terrestrial 
HDO/H2O ratio in a disk using an 
initial (D/H)H2 = 2 × 10-5 (solar nebula 
value)

• Results: The ion-driven deuterium 
pathways are inefficient in the disk.
A part of interstellar ice survived the 
formation of solar system and was 
incorporated into planetesimal 
bodies. 

To computemolecular abundances, we compile
a simplified deuterium-reaction network designed
to robustly predict theD/H inwater resulting from
gas-phase and grain-surface chemistry (17). We
include both ion-neutral and the hot-phase
neutral-neutral water chemistry (26), as well as
self-shielding by HD and D2, in addition to the
standard chemical network (17). We include an
updated treatment of the inherently surface-
dependent CO freeze-out process, motivated by
new laboratory data on CO ice-binding energies
(17). CO freeze-out is important for the present
study, as CO regulates the amount of oxygen
present in gas above T > 17 K and available for
new water formation. We place the majority of
volatile carbon in CO and the rest of the oxygen
not in CO in water ice (15) [see supplementary
materials for additional runs (17)]. We examine
the final D/H of water ice after 1 million years of
chemical evolution, i.e., the approximate lifetime
of the gas-rich disk and, correspondingly, the
duration over which the disk is able to build up
deuterated water (see Fig. 3). The ions are most
abundant in the upper, x-ray–dominated surface
layers, whose temperatures are too warm for
substantial deuterium enrichment in ½D=H"H þ

3
.

The bulk ice mass is closest to the cold midplane,
where only a meager amount (per unit volume) of
H þ

3 and H2D
+ remain in the gas, a consequence

of low ionization rates and high densities.

In addition to spatial abundances, we provide
ratios of the vertically integrated column den-
sities of both ions and ices (Fig. 3, bottom). The
choice of VSMOW as a benchmark is somewhat
arbitrary, considering that comets exceed D/H in
VSMOW by factors of one to three times and
meteorites have typically lower values, a factor
~2 less (Fig. 1). The column-derived ½D=H"H þ

3
approaches—but does not reach—VSMOW after
1 million years at the outer edge of the disk.
Moreover, most of the molecules that contribute
to the column density ratio of ½D=H"H þ

3
arise in

an intermediate layer of cold (Tgas ~ 30 to 40 K)
gas, where x-ray photons are still present. How-
ever, it is readily apparent that this enrichment
does not translate into ½D=H"H2O

. The most
deuterium-enriched water, ½D=H"H2O

¼ 3% 10−5,
is colocated with the enriched layer of ½D=H"H þ

3
;

however, the water is considerably less enriched
than the ions. Over the lifetime of the disk, the
gas-phase and grain-surface chemical pathways
donot producedeuteratedwater ices in substantial
quantities. Water production is low because of a
combination of (i) a lack of sufficient ionization to
maintain large amounts of H2D

+ in the gas and (ii)
a lack of atomic oxygen in the gas, lockedup in ices.
We do find a superdeuterated layer of water at
the disk surface (½D=H"H2O

¼ 5% 10−3). This layer
is a direct consequence of selective self-shielding of
HDrelative toH2,which leads to anoverabundance

of atomic D relative to H. Selective self-shielding is
also the cause of the fall of ½D=H"Hþ

3
below the

initial bulk gas value inside ofR< 40AU. This layer
does not, however, contribute substantially to the
vertically integrated ½D=H"H2O

(Fig. 3, bottom).
In summary, using a detailed physical ioniza-

tion model, updated treatment of oxygen-bearing
(CO) ice chemistry, and a simplified deuterium
chemical network,we find that chemical processes
in disks are not efficient at producing noteworthy
levels of highly deuterated water. Our model
predicts that disk chemistry can only produce a
volume-integrated ½D=H"H2O

≲ 2:1% 10−5, which
is only slightly enriched from the bulk solar value
(2 × 10–5). In terms of column density, we find
that, even in the most radially distant (coldest)
regions, water only attains ½D=H"H2O

≲ 2:5% 10−5.
This finding implies that ion chemistry within the
disk cannot create the deuterium-enriched water
present during the epoch of planet formation.
When we begin our models with interstellar
½D=H"H2O ∼ 10−3, however, it is hard to “erase”
D/H ratios with low-temperature disk chemistry
alone. A number of studies have invoked tur-
bulent mixing of gas in the radial and/or ver-
tical directions, which can reduce inner-disk
deuterium enrichments in water (24, 25, 27).
Moreover, a common feature of such models is
that they begin with high levels of deuterated
water, as high as ½D=H"H2O ∼ 10−2. In general,mix-
ing in the vertical direction transports highly
deuterium–enriched ices from the shielded mid-
plane into the x-ray– and ultraviolet-irradiated
warm surface layers (28, 29), where they can be
reprocessed to lower D/H. Ices transported ra-
dially inward, either entrained by gas accretion
or subjected to radial migration, evaporate in the
warm and dense inner disk and isotopically re-
equilibrate with H2 or ion-neutral chemistry in
hot (T > 100 K) gas. With our updated disk ion-
ization model, we can now exclude chemical pro-
cesses within the disk as an enrichment source
term and conclude that the solar nebula accreted
and retained some amount of pristine interstellar
ices. One potential explanation is that during the
formation of the disk, there was an early high-
temperature episode followed by continued infall
from deuterium-enriched interstellar ices (16). If
we ignore the negligible contribution to deuter-
ated water formation from the disk, we can esti-
mate the fraction of water in a particular solar
systembody,X, that is presolar, fISM = (D/HX –D/
H⨀)/(D/HISM – D/H⨀), where D/HX refers to
½D=H"H2O

in X and D/H⨀ = 2 × 10–5. Water in the
ISMranges froma limit of ½D=H"H2O < 2% 10−3 in
interstellar ice (11) to ½D=H"H2O ¼ ð3 to 5Þ % 10−4

for low-mass protostars, i.e., analogs to the Sun’s
formation environment (14). If the former, higher
value reflects the ices accreted by the solar nebular
disk, then, at the very least, terrestrial oceans and
comets should contain ≳7% and ≳14% interstellar
water, respectively. If the low-mass protostellar
values are representative, the numbers become 30
to 50% for terrestrial oceans and 60 to 100% for
comets. Thus, a considerable fraction of the solar
system’s water predates the Sun. These findings
imply that some amount of interstellar ice survived

1592 26 SEPTEMBER 2014 • VOL 345 ISSUE 6204 sciencemag.org SCIENCE

Fig. 3. Chemical abundances and column densities for the drivers of the deuterium enrichment,
the ions; and the corresponding products, the ices. (Top) Volume densities (cm–3) of all labeled iso-
topologues for H3

+ (left) and water (right) in filled purple contours. Solid contour lines indicate local D/H
and are as labeled.The color scale applies to both the left and right halves of the plot. (Insets) Enlarged
inner disk with the same axis units. (Bottom) Plots of the vertically integrated D/H ratio of column
densities versus radius.The bulk gas (protosolar) value is labeled by the red dashed line, and Earth’s ocean
value (VSMOW) is labeled with the black dotted line.
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Theoretical study: Cleeves et al. 2014

Origin of water in Solar System objects
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Compact emission
consistent with thermal desorption in the hot corino (T > 100 K)

High angular resolution observations of water in a disk

First spatially and spectrally 
resolved images of water vapor 
around young solar-type stars 
through millimeter wavelength 
observations of the H218O 
isotopologue.

!
Jørgensen & van Dishoeck, 2010

First spatially and spectrally 
resolved image of water vapor 
around a Class 0 protostar
(NGC 1333 IRAS 4B) through 
millimeter wavelength 
observations of the H2

18O 
isotopologue with the PdBI 
(Jørgensen & van Dishoeck 2010)

Jørgensen & van Dishoeck (2010)

Water in the inner regions 
of solar-type protostars
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sition of continuum peaks. Contours start at 41.1 mJy km s�1 (5� steps
for H18

2 O and 20� for HDO) for IRAS 2A, 50.1 mJy km s�1 (2� steps)
for IRAS 4A, and 29.8 mJy km s�1 (2� steps) for IRAS 4B, dashed
contours represent negative values.

at vlsr ⇡ 1.5 km s�1 a line from methyl formate (CH3OCHO,
Eu = 36.3 K) is seen toward IRAS 4A and IRAS 4B (Fig. 1).
The targeted HDO line is strong in all the sources. Just as with
the H18

2 O line, no HDO is detected toward IRAS 4A-SE.
As noted in Jørgensen & van Dishoeck (2010a) and Persson

et al. (2012, 2013) the H18
2 O lines are not found to be masing

in these sources on the observed scales. This is in contrast to
the 31,3�22,0 transition of the main isotopologue, H16

2 O, which is
masing in many sources on single-dish scales (Cernicharo et al.
1994). The narrow widths of all detected H18

2 O and HDO lines
presented here demonstrate that the lines do not originate from
any outflow in these sources, where the lines have been observed
to have broader widths (i.e., >5 km s�1 Kristensen et al. 2010).

Figure 3 shows the continuum subtracted intensity maps for
all three sources and water lines. For IRAS 2A Fig. 4 shows the
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Fig. 4. Integrated intensity maps for the 31,2�22,1 (225 GHz)
and 21,1�21,2 (241 GHz) transitions of HDO toward IRAS 2A, in the
interval vline ±FWHM. The beam is shown in the lower right corner and
the red crosses show the position of continuum peaks. Contours start
at 39.6 mJy km s�1 (steps of 20�), dashed contours represent negative
values.
Table 3. Results from fits to the spectra and the (u,v)-plane.

Source Intensity FWHM Sizea

[Jy km s�1] [km s�1] [arcsec]
HDO 31,2�22,1

I2A 3.98 ± 0.80 4.1 ± 0.1 0.004 ± 0.1
I4A-NW 1.97 ± 0.39 3.7 ± 0.2 1.006 ± 0.1
I4B 0.36 ± 0.07 2.5 ± 0.2 0.005 ± 0.1

HDO 21,1�21,2
I2A 3.88 ± 0.78 4.0 ± 0.1 0.005 ± 0.1

H18
2 O 31,3�22,0

I2A 0.98 ± 0.2 4.0 ± 0.2 0.008 ± 0.1
I4A-NW 0.27 ± 0.05 2.9 ± 0.3 0.006 ± 0.1
I4B 0.09 ± 0.02 0.9 ± 0.1 0.002 ± 0.1

Notes. The errors in the FWHM and size are from the statistical fits,
while the uncertainty in intensity is assumed to be 20%. (a) FWHM of
circular Gaussian fit in the (u,v)-plane.

additional HDO line at 241.6 GHz together with the 225.9 GHz
line. The intensity maps for each source are plotted on the same
scale, i.e., the contour lines indicate the same intensities.

Circular Gaussian profiles were fitted to the emission of each
line in the (u,v)-plane after integrating over channels correspond-
ing to vlsr ±FWHM. Table 3 lists the FWHM of the 1D Gaussian
fitted in the spectra, and size and intensity from fits in the (u,v)-
plane of the integrated intensity for all the lines. The line widths
roughly agree between the lines, being slightly wider in the
HDO spectra (see Table 3).

4. Analysis

4.1. Spectra and maps

The spectra show similar characteristics for the observed sources
and lines. The emission is compact and traces the warm wa-
ter within 150 AU of the central sources. The integrated map
for the IRAS 4A protobinary shows extended emission, partly
aligned with the southern, blue-shifted outflow (Jørgensen et al.
2007). In contrast, the south-west outflow of IRAS 2A seen in
H18

2 O is not detected in either of the two HDO lines. The ra-
tio between the HDO line(s) and the H18

2 O line is similar for
IRAS 2A and IRAS 4B, with HDO showing stronger emission
than that of H18

2 O by a factor of four. In IRAS 4A-NW, the
HDO 31,2�22,1 line is even brighter – about seven times stronger
than the H18

2 O line. Methyl formate (CH3OCHO) is clearly seen
toward IRAS 4A-NW and IRAS 4B in the 225 GHz spectra,
while it is absent in the spectrum toward IRAS 2A. All lines
toward IRAS 4B show very compact emission.

A74, page 4 of 9

Persson et al. (2014)

• LTE modeling used to derive the
    HDO/H2O ratio 

• HDO detected in the warm 
inner regions of Class 0 
protostars (Codella et al. 2010, 
Persson et al. 2013, 2014, Taquet 
et al. 2013, Coutens et al. 2014) 
with interferometers

• Compact emission as seen for 
H218O

• Assuming H216O/H218O ~ 500 
(Solar System value)

HDO in the inner regions of solar-type protostars
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Relative abundances of HDO and H2O

Persson+ (2014)

Cosmic D/H
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Persson et al. (2014)

The HDO/H2O ratios in the inner 
regions of solar-type protostars
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Figure 1. Left: integrated intensity maps for the para-D2O 11,0–10,1 and HDO 54,2–63,3 lines. The reference position (0,0) is α2000=03h28m55.s58, δ2000=+31◦14′37.′′1.
The beam is shown in the lower left corner. The red cross shows the position of the peak of the continuum. Contours start at 50 mJy km s−1 (5σ ) with steps of
150 mJy km s−1. The integrated intensity map of D2O is obtained using the three-Gaussian decomposition of the line profile. Right: continuum subtracted spectra of
the para-D2O 11,0–10,1 and HDO 54,2–63,3 lines (in black). The red line shows the results of the Gaussian fit.
(A color version of this figure is available in the online journal.)

Table 2
Parameters of the D2O, HDO, and H18

2 O Observed Linesa

Transition Frequency Eup Aij Beam Fluxb Sizec FWHMd Referencese

(GHz) (K) (s−1) (′′ × ′′) (Jy km s−1) (′′) (km s−1)

p-D2O 11,0–10,1 316.7998 15 6.4 × 10−4 0.9 × 0.8 0.74 ± 0.15 · · ·e 3.8 ± 0.2 1

HDO 54,2–63,3 317.1512 691 2.7 × 10−5 0.9 × 0.8 1.10 ± 0.22 · · ·e 5.3 ± 0.2 1
HDO 42,2–42,3 143.7272 319 2.8 × 10−6 2.2 × 1.8 0.67 ± 0.13 0.6 ± 0.2 6.7 ± 0.5 2
HDO 31,2–22,1 225.8967 168 1.3 × 10−5 1.3 × 1.0 3.98 ± 0.80 0.4 ± 0.1 4.1 ± 0.1 3
HDO 21,1–21,2 241.5616 95 1.2 × 10−5 1.2 × 0.9 3.88 ± 0.78 0.5 ± 0.1 4.0 ± 0.1 3

p-H18
2 O 31,3–22,0 203.4075 204 4.8 × 10−6 0.9 × 0.7 0.98 ± 0.20 0.8 ± 0.1 4.0 ± 0.1 4

Notes.
a The HDO, D2O, and H18

2 O spectroscopic parameters come from the JPL and CDMS databases (Pickett et al. 1998; Müller et al. 2005).
b An observational uncertainty of 20% is assumed for each line. The data used in Taquet et al. (2013a) were reprocessed and the line flux
re-measured.
c FWHM of the circular Gaussian fit in the (u, v) plane.
d FWHM measured toward the pixel showing the peak in emission. The higher FWHM for the HDO lines at 143.7 and 317.2 GHz are due to
the lower spectral resolution of the WIDEX data (1.95 MHz).
e The (u, v) plane is best fitted by a point source.
References. (1) This study; (2) Taquet et al. (2013a); (3) Persson et al. (2014); (4) Persson et al. (2012).

method, as the collisional coefficients (with ortho and para-H2)
are only determined for the transitions with Eup ! 444 K (Faure
et al. 2012). The derived HDO and H18

2 O column densities are
similar to the LTE values presented earlier. The D2O column
density cannot, however, be determined with a non-LTE code,
as the collisional coefficients available for D2O (Faure et al.
2012) are only calculated with para-H2 for the first six energy
levels (Eup < 112 K). They are thus not suited for estimates in
warm regions (T " 100 K).

4. DISCUSSION

4.1. High D2O/HDO Ratio versus Low HDO/H2O Ratio

Statistically, the replacement of a H atom by a D atom
would lead to a D2O/HDO ratio four times lower than the
HDO/H2O ratio. Surprisingly, we derived, in the inner region
of NGC 1333 IRAS2A, a D2O/HDO ratio a factor seven
higher than the HDO/H2O ratio. Even considering the estimated

3

Coutens et al. (2014, ApJL)

• First interferometric 
detection of D2O towards the 
Class 0 protostar NGC1333 
IRAS2A with the PdBI 
(Coutens et al. 2014)

• D2O/HDO ~ 1.2 × 10-2

•  HDO/H2O ~ 1.7 × 10-3

D2O/HDO ~ 7 × HDO/H2O 

• LTE modeling (HDO, D2O, 
H218O)

Detection of D2O in the inner region 
of a solar-type protostar
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D2O/HDO ~ 7 × HDO/H2O 

• Statistically we would expect D2O/HDO ~ 1/4 × HDO/H2O

• Surface grain chemical models also predict D2O/HDO ≲ HDO/H2O

Two scenarios :

• Missing ingredient in the understanding of the surface deuteration 
process ?

• Thermal desorption + important production of H2O at high temperature ?

✓  Thermal desorption of the grain mantles : high D2O/HDO ratio

✓ Water formed in the gas phase at high temperature (> 230 K) : decrease 
of the HDO/H2O ratio 

High D2O/HDO ratio in the inner region 
of a solar-type protostar
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• ALMA Cycle 2 program accepted to study water deuteration in IRAS 16293 
(binary source, A and B)

• Partially observed: 6 HDO, 1 D2O and 1 H218O transitions 

• Waiting for additional observations of D2O and H218O transitions

• Resolution of 0.3’’ (~35 AU): possible to study the dynamics with spatially 
resolved lines

ALMA observations of IRAS 16293
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Preliminary results for 
the water D/H ratios

IRAS16293 B

IRAS16293 A

Source B (2 different positions): 
First detection of deuterated water in this 
source
HDO/H2O ~ 2 x 10-3

D2O/HDO ~ 5 x 10-2

Source A:
HDO/H2O ≳ 2 x 10-3 

D2O/HDO ≲ 8 x 10-2 

The water deuterium fractionation 
in IRAS16293 seems to be similar 
to NGC1333 IRAS2A.

15

ALMA observations of IRAS 16293



Deuterated water in the cold envelope of protostars
A. Coutens et al.: A study of deuterated water in the low-mass protostar IRAS 16293-2422

10 100 1000 10000
radius (AU)

105

106

107

108

109

1010

n(
H

2)
 (

cm
-3
)

10

100

1000

T
em

pe
ra

tu
re

 (
K

)

n(H2)

T

ice evaporation freeze-out photo-
desorption

Xin

Xout

Xphd

e

e

e

e6000
e

e

e

?

Fig. 2. H2 density (solid line) and gas temperature (dashed line) struc-
ture of IRAS 16293 determined by Crimier et al. (2010). The expected
abundance profile of water is added (dashed-dotted line) on an arbitrary
Y-scale. In the colder envelope (T < 100 K), the water molecules are
trapped on the grain mantles, whereas in the inner part of the envelope,
they are released in gas phase by thermal heating, leading to an en-
hancement of the abundance. In the outer part of the molecular cloud
(AV ∼ 1–4), the water abundance can also increase by photodesorption
mechanisms. A freeze-out timescale much longer than the protostellar
lifetime can also lead to an enhanced abundance when the density is
low (∼104 cm−3).

the assumption of a 1D modeling centered on source A seems
quite reasonable. Because the IRAM observations were pointed
on the IRAS 16293 B source and not on core A and the beam is
quite small (∼11′′) at 226 and 242 GHz, we carefully convolved
the resulting map with the telescope beam profile centered on
core B to get the model spectra.

To fit the continuum observed with HIFI from band 1 to
band 4, the dust opacity as function of the frequency has to be
constrained by a power-law emissivity model:

κ = κ0

(
ν

ν0

)β
(3)

with β = 1.8, κ0 = 15 cm2/gdust, and ν0 = 1012 Hz, which has
been used as input in the RATRAN modeling. Using this emis-
sivity model and the source structure described above, the con-
tinuum of the HDO 10,1−00,0 fundamental line at 465 GHz is pre-
dicted at ∼1 K. The continuum determination at this frequency
is essential for the modeling because this line shows a deep
and narrow self-absorption. The modeled continuum is shown
in Figs. 3 and 4 for the two HDO absorption lines, whereas
it has been subtracted for all the lines that only present emis-
sion. The profiles obtained are resampled at the spectral reso-
lution of the observations. Smoothing was applied on some ob-
servations when the line is undetected or weakly detected (see
Figs. 4 and 10). For the determination of the best-fit parameters
by χ2 minimization (see Sect. 3.3), the spectra are also resam-
pled to a same spectral resolution for all the lines (0.7 km s−1 for
HDO and 0.6 km s−1 for H18

2 O, H17
2 O, and HD18O, which corre-

spond to the lowest spectral resolution of the HIFI data).
Previous studies (e.g. van Kempen et al. 2008) have shown

that in protostellar envelopes, the dust can become optically
thick, preventing water emission from deep in the envelope to
escape. The dust continuum could therefore hide the higher fre-
quencies HDO and H18

2 O lines coming from the hot corino, de-
pending on the source structure and the dust emissivity model

HDO 11,1-00,0 893.63869 GHz
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Fig. 3. In black: HDO 11,1−00,0 and 11,0−00,0 absorption lines observed
at 894 GHz with HIFI and at 465 GHz with JCMT, respectively. In
red: HDO modeling without adding the absorbing layer. In green:
HDO modeling when adding an absorbing layer with a HDO column
density of ∼2.3 × 1013 cm−2. The continuum for both the 894 GHz and
465 GHz lines refers to SSB data.

chosen. In fact, we notice here that the dust optical depth is al-
ways lower than 1 for all the frequencies lower than 1500 GHz.
For the transitions quoted in Table 1 with frequencies higher
than 1500 GHz, the dust opacity only exceeds 1 for temperatures
well over 100 K. Consequently, in the case of IRAS 16293, the
dust opacity should not hide the higher frequencies HDO and
H18

2 O lines as the dust opacity only becomes thick in the very
deep part of the inner envelope.

3.2. HDO collisional rate coefficients

The HDO collisional rates used in this study have recently
been computed by Faure et al. (2012) for para-H2(J2 = 0, 2)
and ortho-H2 (J2 = 1) in the temperature range 5−300 K,
and for all the transitions with an upper energy level less than
444 K. The methodology used by Faure et al. (2012) is de-
scribed in detail in Scribano et al. (2010) and Wiesenfeld et al.
(2011). These authors present detailed comparisons between
the three water-hydrogen isotopologues H2O-H2, HDO-H2, and
D2O-H2. Significant differences were observed in the cross sec-
tions and rates and were attributed to symmetry, kinematics, and
intramolecular (monomer) geometry effects. Moreover, in the
case of HDO, rate coefficients with H2 were found to be sig-
nificantly larger, by up to three orders of magnitude, than the
(scaled) H2O-He rate coefficients of Green (1989), which are
currently employed in astronomical models (see Fig. 2 of Faure
et al. 2012). A significant impact of the new HDO rate coeffi-
cients is thus expected in the determination of interstellar HDO
abundances, as examined in Sect. 3.3. In the following, we as-
sume that the ortho-to-para ratio of H2 is at local thermodynamic
equilibrium (LTE) in each cell of the envelope. The collisional
rates for para-H2 were also summed and averaged by assuming
a thermal distribution of J2 = 0, 2.

3.3. Determination of the HDO abundance

In a first step, we ran a grid of models with one abundance
jump at 100 K, in the so-called hot corino (Ceccarelli et al. 1996,
2000b). The abundance of water is expected to be higher in the
hot corino than in the colder envelope, since the water molecules
contained in the icy grain mantles are released in gas phase,
when the temperature is higher than the sublimation temperature
of water, ∼100 K (Fraser et al. 2001). Thereafter, the inner abun-
dance (T ≥ 100 K) will be designated by Xin and the outer abun-
dance (T < 100 K) by Xout. Both are free parameters and their
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Coutens et al. (2012)

• Fundamental HDO lines at 894 GHz and 
465 GHz detected with Herschel/HIFI and 
JCMT show deep absorption.

• 3 fundamental D2O lines detected in 
absorption towards IRAS16293 with 
Herschel/HIFI (Vastel et al. 2010, Coutens et 
al. 2013) and the JCMT (Butner et al. 2007)

Probe of the cold regions

Coutens A. et al.: Study of deuterated water in the low-mass protostar IRAS16293-2422

The observations were obtained in March 2010 and February
2011, using the HIFI Spectral Scan Double Beam Switch (DBS)
fast chop mode with optimization of the continuum. Twelve
HDO lines and fifteen H18

2 O lines have been observed in these
bands. Table 1 lists, for all transitions, the observed parameters.
The HIFI Wide Band Spectrometer (WBS) was used, provid-
ing a spectral resolution of 1.1 MHz (0.69 km s�1 at 490 GHz
and 0.18 km s�1 at 1800 GHz) over an instantaneous bandwidth
of 4⇥1 GHz. The targeted coordinates were �2000 = 16h 32m

22.s75, ⇥2000 = � 24⌅ 28⌃ 34.2⌃⌃, a position at equal distance of
IRAS16293 A and B, to measure the emission of both com-
ponents. The DBS reference positions were situated approxi-
mately 3⌃ East and West of the source. The forward e⇥ciency is
about 0.96 at all frequencies. The main beam e⇥ciencies used
are shown on Table 1 and are the recommended values from
Roelfsema et al. (submitted).

The data have been processed using the standard HIFI
pipeline up to frequency and amplitude calibrations (level 2)
with the ESA-supported package HIPE 5.1 (Ott 2010) for all
the bands except band 3a, processed with the package HIPE 5.2.
In the selected observing mode, all lines have been observed at
least four times (if they are on a receiver band edge), but gener-
ally eight times (four in LSB and four in USB) for each polar-
ization. To produce the final spectra, all observations have been
exported to the GILDAS/CLASS4 software. Using this package,
the H and V polarizations at the line frequencies have been av-
eraged, weighting by the observed noise for each spectra. We
verified, for all spectra, that no emission from other species was
present in the image band.

2.2. IRAM data

The IRAS16293 Millimeter and Submillimeter Spectral Survey
(TIMASSS) was performed between 2004 and 2007 at the
IRAM-30m telescope in the frequency range 80-280 GHz, and at
the JCMT-15m telescope in the frequency range 328-368 GHz.
The observations were centered on the IRAS16293 B source
at �2000 = 16h 32m 22.s6, ⇥2000= � 24⌅ 28⌃ 33⌃⌃. In this survey,
four HDO lines were detected but only three of them (80.578,
225.897 and 241.561 GHz) have been used in this paper, as
the fourth transition at 266.161 GHz lies in a part of the sur-
vey where the calibration uncertainty is very high (Caux et al.
2011). The spectral resolution is 0.31 MHz (⇧1.2 km s�1) at 81
GHz and 1 MHz (⇧1.3 km s�1) at 226 GHz and 242 GHz.

2.3. JCMT data

The fundamental transition of HDO at 464.924 GHz has been
previously observed by Stark et al. (2004) on the IRAS16293
A source (�2000 = 16h 32m 22.s85, ⇥2000= � 24⌅ 28⌃ 35.5⌃⌃) and
by Parise et al. (2005) on the IRAS16293 B source. The JCMT
beam at this frequency is about 11⌃⌃. Despite the di�erent point-
ings, the profiles and the intensities of the line obtained are sim-
ilar. This line shows both a wide emission and a narrow deep
absorption (see Fig. 3). The observations are not optimized for
an accurate continuum determination. However, the continuum
level is a crucial parameter in the following modeling. We will
see thereafter that we can estimate it at about 1 K thanks to the
modeling and the dust emissivity model chosen. It consequently
means that the narrow self-absorption completely absorbs the
continuum.

4 http://www.iram.fr/IRAMFR/GILDAS/

Fig. 1. Energy level diagram of the HDO lines. In red, IRAM-30m ob-
servations; in green, JCMT observation; in blue, HIFI observations. The
solid arrows show the detected transitions whereas the dashed arrows
show the non-detected transitions. The frequencies are written in GHz.

The antenna temperatures of the observations were converted
to the Tmb scale, using the values of the main beam (Be�) and for-
ward e⇥ciencies (Fe�) given in Table 1 with the usual relation:

Tmb = T ⇤A ⇥
Fe�

Be�
(1)

Table 1 and the energy level diagram in Fig. 1 summarize the
HDO, H18

2 O and H17
2 O transitions observed towards IRAS16293

with their flux or upper limit. The 3⌅ upper limits on the inte-
grated line intensity are derived following the relation

3⌅ (K.km s�1) = 3 ⇥ rms ⇥
⌥

2 ⇥ dv ⇥ FWHM (2)

with rms (root mean square) in K, dv, the channel width, in
km s�1 and FWHM (Full Width at Half Maximum) in km s�1.
We assume FWHM = 5 km s�1, which is the average emission
linewidth. The FWHM given in Table 1 have been determined
with the CASSIS5 software by fitting the detected lines with a
Gaussian.

Using the available spectroscopic databases JPL (Pickett
et al. 1998) and CDMS (Müller et al. 2001, 2005), we carefully
checked that none of our lines are contaminated by other species.

3. Modeling and results

3.1. Modeling

The spherical Monte Carlo 1D radiative transfer code RATRAN
(Hogerheijde & van der Tak 2000) is employed to compute the
intensity of the molecular lines and the dust continuum. An input
model describing the molecular H2 density, gas temperature and
velocity field profiles is required, in order to define the spherical
region into many radial cells. The code applies a Monte Carlo
method to iterately converge on the mean radiation field, J⇤.
Level populations of HDO, H18

2 O, H17
2 O and HD18O can then be

calculated, once J⇤ is determined for every cell. These level pop-
ulations are required to map the emission distribution throughout
the cloud.

5 CASSIS (http://cassis.cesr.fr) has been developed by IRAP-
UPS/CNRS.
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1.3. L’Observatoire Spatial Herschel

25

Figure 1.11 – Le satellite Herschel

(Crédit : ESA/AOES Medialab). Figure 1.12 – Les cinq points de Lagrange du sys-

tème Terre-Soleil.

Figure 1.13 – Les trois instruments

du satellite Herschel : HIFI, PACS et

SPIRE (Crédit : ESA). Figure 1.14 – Le spectromètre HIFI (Source : her-

schel.fr).défini par Vs = As sin(2⇡⌫st). La fonction non-linéaire du mélangeur peut être décomposée

en une série de puissances : F (V ) = aV + bV 2+ cV 3+ ...

Le signal obtenu en sortie du mélangeur sera donc égal à :

Vm = F (Vol + Vs) = a [Aol sin(2⇡⌫olt) +As sin(2⇡⌫st)]

+ b [A2
ol sin2(2⇡⌫olt) +A2

s sin2(2⇡⌫st) + 2A0As sin(2⇡⌫0t) sin(2⇡⌫st)] + ... (1.17)
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Fig. 2. H2 density (solid line) and gas temperature (dashed line) struc-
ture of IRAS 16293 determined by Crimier et al. (2010). The expected
abundance profile of water is added (dashed-dotted line) on an arbitrary
Y-scale. In the colder envelope (T < 100 K), the water molecules are
trapped on the grain mantles, whereas in the inner part of the envelope,
they are released in gas phase by thermal heating, leading to an en-
hancement of the abundance. In the outer part of the molecular cloud
(AV ∼ 1–4), the water abundance can also increase by photodesorption
mechanisms. A freeze-out timescale much longer than the protostellar
lifetime can also lead to an enhanced abundance when the density is
low (∼104 cm−3).

the assumption of a 1D modeling centered on source A seems
quite reasonable. Because the IRAM observations were pointed
on the IRAS 16293 B source and not on core A and the beam is
quite small (∼11′′) at 226 and 242 GHz, we carefully convolved
the resulting map with the telescope beam profile centered on
core B to get the model spectra.

To fit the continuum observed with HIFI from band 1 to
band 4, the dust opacity as function of the frequency has to be
constrained by a power-law emissivity model:

κ = κ0

(
ν

ν0

)β
(3)

with β = 1.8, κ0 = 15 cm2/gdust, and ν0 = 1012 Hz, which has
been used as input in the RATRAN modeling. Using this emis-
sivity model and the source structure described above, the con-
tinuum of the HDO 10,1−00,0 fundamental line at 465 GHz is pre-
dicted at ∼1 K. The continuum determination at this frequency
is essential for the modeling because this line shows a deep
and narrow self-absorption. The modeled continuum is shown
in Figs. 3 and 4 for the two HDO absorption lines, whereas
it has been subtracted for all the lines that only present emis-
sion. The profiles obtained are resampled at the spectral reso-
lution of the observations. Smoothing was applied on some ob-
servations when the line is undetected or weakly detected (see
Figs. 4 and 10). For the determination of the best-fit parameters
by χ2 minimization (see Sect. 3.3), the spectra are also resam-
pled to a same spectral resolution for all the lines (0.7 km s−1 for
HDO and 0.6 km s−1 for H18

2 O, H17
2 O, and HD18O, which corre-

spond to the lowest spectral resolution of the HIFI data).
Previous studies (e.g. van Kempen et al. 2008) have shown

that in protostellar envelopes, the dust can become optically
thick, preventing water emission from deep in the envelope to
escape. The dust continuum could therefore hide the higher fre-
quencies HDO and H18

2 O lines coming from the hot corino, de-
pending on the source structure and the dust emissivity model

HDO 11,1-00,0 893.63869 GHz

-10 -5 0 5 10 15
vLSR (km s-1)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

T m
b 

(K
)

HDO 10,1-00,0 464.92452 GHz

-10 -5 0 5 10 15
vLSR (km s-1)

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

T m
b 

(K
)

Fig. 3. In black: HDO 11,1−00,0 and 11,0−00,0 absorption lines observed
at 894 GHz with HIFI and at 465 GHz with JCMT, respectively. In
red: HDO modeling without adding the absorbing layer. In green:
HDO modeling when adding an absorbing layer with a HDO column
density of ∼2.3 × 1013 cm−2. The continuum for both the 894 GHz and
465 GHz lines refers to SSB data.

chosen. In fact, we notice here that the dust optical depth is al-
ways lower than 1 for all the frequencies lower than 1500 GHz.
For the transitions quoted in Table 1 with frequencies higher
than 1500 GHz, the dust opacity only exceeds 1 for temperatures
well over 100 K. Consequently, in the case of IRAS 16293, the
dust opacity should not hide the higher frequencies HDO and
H18

2 O lines as the dust opacity only becomes thick in the very
deep part of the inner envelope.

3.2. HDO collisional rate coefficients

The HDO collisional rates used in this study have recently
been computed by Faure et al. (2012) for para-H2(J2 = 0, 2)
and ortho-H2 (J2 = 1) in the temperature range 5−300 K,
and for all the transitions with an upper energy level less than
444 K. The methodology used by Faure et al. (2012) is de-
scribed in detail in Scribano et al. (2010) and Wiesenfeld et al.
(2011). These authors present detailed comparisons between
the three water-hydrogen isotopologues H2O-H2, HDO-H2, and
D2O-H2. Significant differences were observed in the cross sec-
tions and rates and were attributed to symmetry, kinematics, and
intramolecular (monomer) geometry effects. Moreover, in the
case of HDO, rate coefficients with H2 were found to be sig-
nificantly larger, by up to three orders of magnitude, than the
(scaled) H2O-He rate coefficients of Green (1989), which are
currently employed in astronomical models (see Fig. 2 of Faure
et al. 2012). A significant impact of the new HDO rate coeffi-
cients is thus expected in the determination of interstellar HDO
abundances, as examined in Sect. 3.3. In the following, we as-
sume that the ortho-to-para ratio of H2 is at local thermodynamic
equilibrium (LTE) in each cell of the envelope. The collisional
rates for para-H2 were also summed and averaged by assuming
a thermal distribution of J2 = 0, 2.

3.3. Determination of the HDO abundance

In a first step, we ran a grid of models with one abundance
jump at 100 K, in the so-called hot corino (Ceccarelli et al. 1996,
2000b). The abundance of water is expected to be higher in the
hot corino than in the colder envelope, since the water molecules
contained in the icy grain mantles are released in gas phase,
when the temperature is higher than the sublimation temperature
of water, ∼100 K (Fraser et al. 2001). Thereafter, the inner abun-
dance (T ≥ 100 K) will be designated by Xin and the outer abun-
dance (T < 100 K) by Xout. Both are free parameters and their
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1.3. L’Observatoire Spatial Herschel
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Figure 1.11 – Le satellite Herschel

(Crédit : ESA/AOES Medialab). Figure 1.12 – Les cinq points de Lagrange du sys-

tème Terre-Soleil.

Figure 1.13 – Les trois instruments

du satellite Herschel : HIFI, PACS et

SPIRE (Crédit : ESA). Figure 1.14 – Le spectromètre HIFI (Source : her-

schel.fr).défini par Vs = As sin(2⇡⌫st). La fonction non-linéaire du mélangeur peut être décomposée

en une série de puissances : F (V ) = aV + bV 2+ cV 3+ ...

Le signal obtenu en sortie du mélangeur sera donc égal à :

Vm = F (Vol + Vs) = a [Aol sin(2⇡⌫olt) +As sin(2⇡⌫st)]

+ b [A2
ol sin2(2⇡⌫olt) +A2

s sin2(2⇡⌫st) + 2A0As sin(2⇡⌫0t) sin(2⇡⌫st)] + ... (1.17)

• Spherical non-LTE modeling of the HDO lines 
show that a very rich water layer surrounds the 
protostars (Coutens et al. 2012, 2013)

• Probably formed by photodesorption by the 
(external/cosmic ray induced) UV field

• High HDO/H2O ratio ~ 5% and D2O/HDO ~ 
11% for the outermost regions of the protostar 
IRAS 16293

Xin

Abundance

Radius

Xout

hot 
corino

Cold envelope

~1’’

Xabs

Decreasing water D/H ratio towards the inner regions
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Decrease of the water D/H ratios from the cold outer 
regions to the warm inner regions

Possible explanations: 

• additional formation of water in the gas phase at high temperature
• partially thermally reprocessed
• gradient of water D/H ratios in the grain mantles (Taquet et al. 2014)

Molecular 
cloud

Prestellar 
envelope

Cold outer 
envelope

Warm inner 
regions

hν

hν hν

hν

high water 
D/H ratio

low water 
D/H ratio

T > 100 K
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Conclusion

•Water deuteration helpful to follow the evolution of water during 
the star formation process and to constrain the water formation 
mechanisms

• Interferometric detection of D2O towards NGC1333 IRAS2A
➡ D2O/HDO > HDO/H2O
➡ Thermal desorption of grain mantles + extra production 

of H2O in the gas phase at high temperature ?

• Similar results for IRAS16293 (ALMA preliminary results)

• Decrease of the water deuterium fractionation from the cold outer 
regions to the warm inner regions

• Inner HDO/H2O ratios consistent in some cases with cometary 
values
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Future

Prestellar core Class 0 
protostar

Class I 
protostar

Class II 
protostar

Star formation
Spitzer Science Center IR Compendium

• Measurements of the HDO/H2O ratios at different stages would 
help us to follow the evolution of water. 

• Water is supposed to be on the grains in the disk mid-plane:
it could be challenging to detect the deuterated water form.

? ?
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