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detectable efficiency, the dash-dotted arrows correspond to
reactions that proceed below the detection limit, and the
dotted arrows indicate reactions which were observed to
proceed, but of which the efficiency could not be determined
in this study. In the remainder of this section we will discuss
each reaction indicated in Fig. 5 separately.

4.1 Co-deposition experiments

We first focus on the formation of OH. In the original reaction
scheme (black arrows in Fig. 5), OH is only formed in the last
reaction step. However, as mentioned before, the fact that
OH is observed for low H/O2 ratios and follows the H2O2

behaviour suggests a common formation route. Indeed in the
gas phase, the reaction of atomic hydrogen with HO2 is known
not only to lead to H2O2 through reaction (2a)

H + HO2 - H2O2, (2a)

but also to result in:

H + HO2 - 2OH, (2b)

H + HO2 - H2O + O, (2c)

and

H + HO2 - H2 + O2. (2d)

In the gas phase branching ratios of 0.90 ! 0.04, 0.08 ! 0.04,
and 0.02 ! 0.02 are found for channels 2b–2d, respectively.33

Channel 2a is very unlikely in the gas phase without the

presence of a third body. This channel is however allowed in
the solid phase. If all four reaction channels would proceed,
OH could be formed directly through channel 2b or indirectly
through channel 2c after O has reacted to OH or to O3 which
can further react to OH.
In all experiments with H/O2 r 2, the ratio between the

produced OH and H2O2 abundance is constant. This already
suggests that OH is mainly formed directly through channel
2b, since OH production through subsequent hydrogenation
after channel 2c would lead to an OH production as function
of time differently from the H2O2 production.
Assuming that all detected OH is indeed formed through

channel 2b, the branching ratios between the OH and H2O2

formation channels in the solid phase can be obtained. The
2OH channel (2b) is found to be 1.6 ! 0.2 times more likely
than the H2O2 channel (2a), provided that the OH-stretch
bandstrength per molecule of H2O2 is twice as large as that of
an OH radical. Another possibility could be that H2O2 is not
formed directly through reaction (2a) but that in (38 ! 5)% of
the cases two OH molecules immediately react and form H2O2

(reaction (10)). Since OH is still abundantly observed and since
most OH is formed through reaction (2b) which results in two
OH radicals in close vicinity of each other, this reaction will
proceed with some barrier. It is therefore indicated by a
dashed light gray arrow in Fig. 5; the double arrow coming
from OH reflects the two OH molecules that are needed in the
reaction.
Unfortunately, we cannot quantify channel 2d (H2+O2)

since both products are not infrared detectable and the change
in the water-induced O2 feature at 1550 cm"1 caused by this
reaction will be too small to derive a reliable branching ratio.
The branching ratio of the channel leading to H2O and O

(channel 2c) is also hard to quantify, since O atoms can only
be detected indirectly by the production of ozone. In the
low H/O2 regime, the OH-stretch modes which are used to
quantify the branching ratios for the 2OH and H2O2 channels
cannot be used for H2O, since the OH-stretch modes for water
in O2 are below the detection limit. However, using this
detection limit, the reactive rate for channel 2c can be con-
strained to an upper limit of 0.2 times the value of the H2O2

channel. This upper limit is 0.08 with respect to combined rate
of channels 2a and 2b, close to the gas phase branching ratio.
The low upper limit further justifies our assumption that OH is
mostly formed through channel 2b, since only a limited
amount of atomic oxygen, needed for the O and O3 routes,
is formed through channel 2c.
The light gray arrows in Fig. 5 indicate the four different

channels for the H + HO2 reaction. In section 3.3.1 we have
argued that reaction (1) is barrierless. This reaction is therefore
represented by solid arrows. Since in Paper I, HO2 is not
observed for T o 25 K, the reaction of H+HO2 is probably
effectively barrierless as well, which is in agreement with gas
phase data where no barrier is observed between 245–300 K.33

The main channel, 2b, is therefore also represented by solid
light gray arrows. Channels 2a and 2d cannot be measured
directly as discussed above and are therefore represented by
dotted arrows. For channel 2c only an upper limit is deter-
mined and is therefore represented by a dash-dotted light
gray arrow.

Fig. 5 A schematic representation of the reaction network as

obtained from the present study. Four types of reactions are distin-

guished: efficient, effectively barrierless, reactions (solid), reactions

with a barrier but with detectable efficiency (dashed), reactions of

which the efficiency is below the detection limit (dash-dotted), and

reactions of which the efficiency could not be determined in this study

(dotted). The light gray arrows indicate the same entering channel but

with different outgoing channels, and the black arrows the reactions

which were in the original reaction scheme.
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Cuppen et al. 2010 

Water formation in cold gas: 
 
     O + H3

+ ! OH+ 
     O+ + H2 ! OH+

 
     OH+ + H2 ! H2O+

 
     H2O+ + H2 ! H3O+

 
     H3O+ + e-  ! H2O 
 
Water formation in hot gas:  
     
     OH + H2 ! H2O + H 
 
Water formation on dust surfaces: 
 
 
 

   Water formation in the ISM? 
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Bérengère Parise – School of Physics and Astronomy – Cardiff University 

First detection of H2O2 in the interstellar medium  
   with the APEX telescope, towards Oph A  
(Bergman, Parise, Liseau et al. 2011) 
 
 
 
 
 

   Water formation constrained in one particular environment 
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Bérengère Parise – School of Physics and Astronomy – Cardiff University 

First detection of H2O2 in the interstellar medium  
   with the APEX telescope, towards Oph A  
(Bergman, Parise, Liseau et al. 2011) 
 
 
 
 
Relevance to the chemistry of water. 
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detectable efficiency, the dash-dotted arrows correspond to
reactions that proceed below the detection limit, and the
dotted arrows indicate reactions which were observed to
proceed, but of which the efficiency could not be determined
in this study. In the remainder of this section we will discuss
each reaction indicated in Fig. 5 separately.

4.1 Co-deposition experiments

We first focus on the formation of OH. In the original reaction
scheme (black arrows in Fig. 5), OH is only formed in the last
reaction step. However, as mentioned before, the fact that
OH is observed for low H/O2 ratios and follows the H2O2

behaviour suggests a common formation route. Indeed in the
gas phase, the reaction of atomic hydrogen with HO2 is known
not only to lead to H2O2 through reaction (2a)

H + HO2 - H2O2, (2a)

but also to result in:

H + HO2 - 2OH, (2b)

H + HO2 - H2O + O, (2c)

and

H + HO2 - H2 + O2. (2d)

In the gas phase branching ratios of 0.90 ! 0.04, 0.08 ! 0.04,
and 0.02 ! 0.02 are found for channels 2b–2d, respectively.33

Channel 2a is very unlikely in the gas phase without the

presence of a third body. This channel is however allowed in
the solid phase. If all four reaction channels would proceed,
OH could be formed directly through channel 2b or indirectly
through channel 2c after O has reacted to OH or to O3 which
can further react to OH.
In all experiments with H/O2 r 2, the ratio between the

produced OH and H2O2 abundance is constant. This already
suggests that OH is mainly formed directly through channel
2b, since OH production through subsequent hydrogenation
after channel 2c would lead to an OH production as function
of time differently from the H2O2 production.
Assuming that all detected OH is indeed formed through

channel 2b, the branching ratios between the OH and H2O2

formation channels in the solid phase can be obtained. The
2OH channel (2b) is found to be 1.6 ! 0.2 times more likely
than the H2O2 channel (2a), provided that the OH-stretch
bandstrength per molecule of H2O2 is twice as large as that of
an OH radical. Another possibility could be that H2O2 is not
formed directly through reaction (2a) but that in (38 ! 5)% of
the cases two OH molecules immediately react and form H2O2

(reaction (10)). Since OH is still abundantly observed and since
most OH is formed through reaction (2b) which results in two
OH radicals in close vicinity of each other, this reaction will
proceed with some barrier. It is therefore indicated by a
dashed light gray arrow in Fig. 5; the double arrow coming
from OH reflects the two OH molecules that are needed in the
reaction.
Unfortunately, we cannot quantify channel 2d (H2+O2)

since both products are not infrared detectable and the change
in the water-induced O2 feature at 1550 cm"1 caused by this
reaction will be too small to derive a reliable branching ratio.
The branching ratio of the channel leading to H2O and O

(channel 2c) is also hard to quantify, since O atoms can only
be detected indirectly by the production of ozone. In the
low H/O2 regime, the OH-stretch modes which are used to
quantify the branching ratios for the 2OH and H2O2 channels
cannot be used for H2O, since the OH-stretch modes for water
in O2 are below the detection limit. However, using this
detection limit, the reactive rate for channel 2c can be con-
strained to an upper limit of 0.2 times the value of the H2O2

channel. This upper limit is 0.08 with respect to combined rate
of channels 2a and 2b, close to the gas phase branching ratio.
The low upper limit further justifies our assumption that OH is
mostly formed through channel 2b, since only a limited
amount of atomic oxygen, needed for the O and O3 routes,
is formed through channel 2c.
The light gray arrows in Fig. 5 indicate the four different

channels for the H + HO2 reaction. In section 3.3.1 we have
argued that reaction (1) is barrierless. This reaction is therefore
represented by solid arrows. Since in Paper I, HO2 is not
observed for T o 25 K, the reaction of H+HO2 is probably
effectively barrierless as well, which is in agreement with gas
phase data where no barrier is observed between 245–300 K.33

The main channel, 2b, is therefore also represented by solid
light gray arrows. Channels 2a and 2d cannot be measured
directly as discussed above and are therefore represented by
dotted arrows. For channel 2c only an upper limit is deter-
mined and is therefore represented by a dash-dotted light
gray arrow.

Fig. 5 A schematic representation of the reaction network as

obtained from the present study. Four types of reactions are distin-

guished: efficient, effectively barrierless, reactions (solid), reactions

with a barrier but with detectable efficiency (dashed), reactions of

which the efficiency is below the detection limit (dash-dotted), and

reactions of which the efficiency could not be determined in this study

(dotted). The light gray arrows indicate the same entering channel but

with different outgoing channels, and the black arrows the reactions

which were in the original reaction scheme.
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Grain surface chemistry formation of water 
(Cuppen et al. 2010) 

   Water formation constrained in one particular environment 
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Bérengère Parise – School of Physics and Astronomy – Cardiff University 

First detection of H2O2 in the interstellar medium  
   with the APEX telescope, towards Oph A  
(Bergman, Parise, Liseau et al. 2011) 
 
 
 
 
Relevance to the chemistry of water. 
 
Astrochemical modeling of the abundance of H2O2, O2, 
and other molecules predicted the abundance and 
detectability of a new molecule: HO2 
(Du, Parise & Bergman, 2012) 
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detectable efficiency, the dash-dotted arrows correspond to
reactions that proceed below the detection limit, and the
dotted arrows indicate reactions which were observed to
proceed, but of which the efficiency could not be determined
in this study. In the remainder of this section we will discuss
each reaction indicated in Fig. 5 separately.

4.1 Co-deposition experiments

We first focus on the formation of OH. In the original reaction
scheme (black arrows in Fig. 5), OH is only formed in the last
reaction step. However, as mentioned before, the fact that
OH is observed for low H/O2 ratios and follows the H2O2

behaviour suggests a common formation route. Indeed in the
gas phase, the reaction of atomic hydrogen with HO2 is known
not only to lead to H2O2 through reaction (2a)

H + HO2 - H2O2, (2a)

but also to result in:

H + HO2 - 2OH, (2b)

H + HO2 - H2O + O, (2c)

and

H + HO2 - H2 + O2. (2d)

In the gas phase branching ratios of 0.90 ! 0.04, 0.08 ! 0.04,
and 0.02 ! 0.02 are found for channels 2b–2d, respectively.33

Channel 2a is very unlikely in the gas phase without the

presence of a third body. This channel is however allowed in
the solid phase. If all four reaction channels would proceed,
OH could be formed directly through channel 2b or indirectly
through channel 2c after O has reacted to OH or to O3 which
can further react to OH.
In all experiments with H/O2 r 2, the ratio between the

produced OH and H2O2 abundance is constant. This already
suggests that OH is mainly formed directly through channel
2b, since OH production through subsequent hydrogenation
after channel 2c would lead to an OH production as function
of time differently from the H2O2 production.
Assuming that all detected OH is indeed formed through

channel 2b, the branching ratios between the OH and H2O2

formation channels in the solid phase can be obtained. The
2OH channel (2b) is found to be 1.6 ! 0.2 times more likely
than the H2O2 channel (2a), provided that the OH-stretch
bandstrength per molecule of H2O2 is twice as large as that of
an OH radical. Another possibility could be that H2O2 is not
formed directly through reaction (2a) but that in (38 ! 5)% of
the cases two OH molecules immediately react and form H2O2

(reaction (10)). Since OH is still abundantly observed and since
most OH is formed through reaction (2b) which results in two
OH radicals in close vicinity of each other, this reaction will
proceed with some barrier. It is therefore indicated by a
dashed light gray arrow in Fig. 5; the double arrow coming
from OH reflects the two OH molecules that are needed in the
reaction.
Unfortunately, we cannot quantify channel 2d (H2+O2)

since both products are not infrared detectable and the change
in the water-induced O2 feature at 1550 cm"1 caused by this
reaction will be too small to derive a reliable branching ratio.
The branching ratio of the channel leading to H2O and O

(channel 2c) is also hard to quantify, since O atoms can only
be detected indirectly by the production of ozone. In the
low H/O2 regime, the OH-stretch modes which are used to
quantify the branching ratios for the 2OH and H2O2 channels
cannot be used for H2O, since the OH-stretch modes for water
in O2 are below the detection limit. However, using this
detection limit, the reactive rate for channel 2c can be con-
strained to an upper limit of 0.2 times the value of the H2O2

channel. This upper limit is 0.08 with respect to combined rate
of channels 2a and 2b, close to the gas phase branching ratio.
The low upper limit further justifies our assumption that OH is
mostly formed through channel 2b, since only a limited
amount of atomic oxygen, needed for the O and O3 routes,
is formed through channel 2c.
The light gray arrows in Fig. 5 indicate the four different

channels for the H + HO2 reaction. In section 3.3.1 we have
argued that reaction (1) is barrierless. This reaction is therefore
represented by solid arrows. Since in Paper I, HO2 is not
observed for T o 25 K, the reaction of H+HO2 is probably
effectively barrierless as well, which is in agreement with gas
phase data where no barrier is observed between 245–300 K.33

The main channel, 2b, is therefore also represented by solid
light gray arrows. Channels 2a and 2d cannot be measured
directly as discussed above and are therefore represented by
dotted arrows. For channel 2c only an upper limit is deter-
mined and is therefore represented by a dash-dotted light
gray arrow.

Fig. 5 A schematic representation of the reaction network as

obtained from the present study. Four types of reactions are distin-

guished: efficient, effectively barrierless, reactions (solid), reactions

with a barrier but with detectable efficiency (dashed), reactions of

which the efficiency is below the detection limit (dash-dotted), and

reactions of which the efficiency could not be determined in this study

(dotted). The light gray arrows indicate the same entering channel but

with different outgoing channels, and the black arrows the reactions

which were in the original reaction scheme.
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Bérengère Parise – School of Physics and Astronomy – Cardiff University 

First detection of H2O2 in the interstellar medium  
   with the APEX telescope, towards Oph A  
(Bergman, Parise, Liseau et al. 2011) 
 
 
 
 
Relevance to the chemistry of water. 
 
Astrochemical modeling of the abundance of H2O2, O2, 
and other molecules predicted the abundance and 
detectability of a new molecule: HO2  
(Du, Parise & Bergman, 2012) 
 
 
 
First detection of HO2 with the APEX and IRAM 
telescopes and validation of the prediction of the 
astrochemical model 
(Parise, Bergman & Du 2012) 
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detectable efficiency, the dash-dotted arrows correspond to
reactions that proceed below the detection limit, and the
dotted arrows indicate reactions which were observed to
proceed, but of which the efficiency could not be determined
in this study. In the remainder of this section we will discuss
each reaction indicated in Fig. 5 separately.

4.1 Co-deposition experiments

We first focus on the formation of OH. In the original reaction
scheme (black arrows in Fig. 5), OH is only formed in the last
reaction step. However, as mentioned before, the fact that
OH is observed for low H/O2 ratios and follows the H2O2

behaviour suggests a common formation route. Indeed in the
gas phase, the reaction of atomic hydrogen with HO2 is known
not only to lead to H2O2 through reaction (2a)

H + HO2 - H2O2, (2a)

but also to result in:

H + HO2 - 2OH, (2b)

H + HO2 - H2O + O, (2c)

and

H + HO2 - H2 + O2. (2d)

In the gas phase branching ratios of 0.90 ! 0.04, 0.08 ! 0.04,
and 0.02 ! 0.02 are found for channels 2b–2d, respectively.33

Channel 2a is very unlikely in the gas phase without the

presence of a third body. This channel is however allowed in
the solid phase. If all four reaction channels would proceed,
OH could be formed directly through channel 2b or indirectly
through channel 2c after O has reacted to OH or to O3 which
can further react to OH.
In all experiments with H/O2 r 2, the ratio between the

produced OH and H2O2 abundance is constant. This already
suggests that OH is mainly formed directly through channel
2b, since OH production through subsequent hydrogenation
after channel 2c would lead to an OH production as function
of time differently from the H2O2 production.
Assuming that all detected OH is indeed formed through

channel 2b, the branching ratios between the OH and H2O2

formation channels in the solid phase can be obtained. The
2OH channel (2b) is found to be 1.6 ! 0.2 times more likely
than the H2O2 channel (2a), provided that the OH-stretch
bandstrength per molecule of H2O2 is twice as large as that of
an OH radical. Another possibility could be that H2O2 is not
formed directly through reaction (2a) but that in (38 ! 5)% of
the cases two OH molecules immediately react and form H2O2

(reaction (10)). Since OH is still abundantly observed and since
most OH is formed through reaction (2b) which results in two
OH radicals in close vicinity of each other, this reaction will
proceed with some barrier. It is therefore indicated by a
dashed light gray arrow in Fig. 5; the double arrow coming
from OH reflects the two OH molecules that are needed in the
reaction.
Unfortunately, we cannot quantify channel 2d (H2+O2)

since both products are not infrared detectable and the change
in the water-induced O2 feature at 1550 cm"1 caused by this
reaction will be too small to derive a reliable branching ratio.
The branching ratio of the channel leading to H2O and O

(channel 2c) is also hard to quantify, since O atoms can only
be detected indirectly by the production of ozone. In the
low H/O2 regime, the OH-stretch modes which are used to
quantify the branching ratios for the 2OH and H2O2 channels
cannot be used for H2O, since the OH-stretch modes for water
in O2 are below the detection limit. However, using this
detection limit, the reactive rate for channel 2c can be con-
strained to an upper limit of 0.2 times the value of the H2O2

channel. This upper limit is 0.08 with respect to combined rate
of channels 2a and 2b, close to the gas phase branching ratio.
The low upper limit further justifies our assumption that OH is
mostly formed through channel 2b, since only a limited
amount of atomic oxygen, needed for the O and O3 routes,
is formed through channel 2c.
The light gray arrows in Fig. 5 indicate the four different

channels for the H + HO2 reaction. In section 3.3.1 we have
argued that reaction (1) is barrierless. This reaction is therefore
represented by solid arrows. Since in Paper I, HO2 is not
observed for T o 25 K, the reaction of H+HO2 is probably
effectively barrierless as well, which is in agreement with gas
phase data where no barrier is observed between 245–300 K.33

The main channel, 2b, is therefore also represented by solid
light gray arrows. Channels 2a and 2d cannot be measured
directly as discussed above and are therefore represented by
dotted arrows. For channel 2c only an upper limit is deter-
mined and is therefore represented by a dash-dotted light
gray arrow.

Fig. 5 A schematic representation of the reaction network as

obtained from the present study. Four types of reactions are distin-

guished: efficient, effectively barrierless, reactions (solid), reactions

with a barrier but with detectable efficiency (dashed), reactions of

which the efficiency is below the detection limit (dash-dotted), and

reactions of which the efficiency could not be determined in this study

(dotted). The light gray arrows indicate the same entering channel but

with different outgoing channels, and the black arrows the reactions

which were in the original reaction scheme.
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Grain surface chemistry formation of water 
(Cuppen et al. 2010) 

In this environment (~20K), the O2 route to water is dominant 

   Water formation constrained in one particular environment 
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Bérengère Parise – School of Physics and Astronomy – Cardiff University 

  Follow-up search for H2O2 towards a sample of sources 

•  Using the APEX telescope, search for H2O2 towards a sample of 10 sources, including low-mass 
protostars, IRDCs, massive YSOs, ! 

•  No detection obtained, with upper limits on H2O2 abundance (much) lower than abundance in Oph A 

•  Similarity with the O2 search  
 
•  Oph A seems to be a unique example of a source where conditions are about right (~ 20-30 K) for 

the O2 route to be dominant in the formation of water. This particularity may result from external 
heating by the “S1” source. 

•  The abundance of H2O2 may thus be used to constrain the physical conditions during the source 
evolution. 
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Bérengère Parise – School of Physics and Astronomy – Cardiff University 

   Other approach to constrain water formation: isotopic study 

Measuring the deuterium fractionation of water  

 
 
 
 
 
 
 

•  The deuterium content of water has been observed to be low compared to that of other 
molecules also formed on dust surfaces (e.g. CH3OH) for over a decade now   

        [e.g. Parise et al. 2005] 
 
•  The number of observational studies deriving HDO/H2O has been booming with the Herschel 

Space Observatory, and all confirm the lower deuterium fractionation of water  
        [e.g. Liu et al. 2011, Coutens et al. 2013]  
 
•  The HDO/H2O directly measured in ices is also low (< 1%, Parise et al. 2003, Dartois et al. 2003)  
 
!  Apparent problem for astrochemical models, but new generation of models propose different  

explanations (Cazaux et al. 2011, Taquet et al 2013, Du et al. in prep.) 
 
!  Add more observational constraints: search for OD  
 

F.-C. Liu et al.: Water deuterium fractionation in NGC1333-IRAS2A

Table 3. Comparison of HDO fractional abundance between NGC 1333-IRAS2A and IRAS 16293–2422.

Source Best fit Confidence interval (3σ) HDO
H2O

HDCO
H2CO

b CH2DOH
CH3OH

b

xHDO
in xHDO

out xHDO
in xHDO

out Inner outer (3σ) – –

IRAS2Aa 8 × 10−8 7 × 10−10 6.6 × 10−8–1.0 × 10−7 9 × 10−11–1.8 × 10−9 ≥ 0.01c 0.07+0.11c
−0.06 0.17+0.12

−0.08 0.62+0.71
−0.33

IRAS 16293d 1 × 10−7 1.5 × 10−10 7 × 10−8–1.3 × 10−7 ≤1.0 × 10−9 0.03 ≤ 0.002 0.15 ± 0.07 0.37+0.38
−0.19

Orion KL ... ... ... ... 0.02e 0.14 f 0.04g

Notes. (a) The HDO fractional abundance was derived with M = 0.07 M%. (b) Parise et al. (2006). (c) The fractional abundances of water taken
here are xH2O

in ≤1 × 10−5 and xH2O
out = 1 × 10−8, as constrained by Visser et al. in prep. from the 111−000, 202−111, and 211−202 H16

2 O lines and
the upper-limit on the 111−000 H18

2 O line presented in Kristensen et al. (2010). (d) Parise et al. (2005a). (e) Bergin et al. (2010). ( f ) Turner (1990).
(g) Jacq et al. (1993).

-0.2
-0.1
 0

 0.1
 0.2
 0.3
 0.4
 0.5

-40 -20  0  20  40
VLSR (km/s)

Tm
b 
(K

)

HDO 225 GHz (with intensity x 2.2)
H2O  987 GHz transition, as observed
H2O  987 GHz transition, outflow removed

Fig. 5. Comparison of the HDO emission with H2O emission
with/without wing. The red line indicates the emission line of the HDO
transition at 225 GHz. The black and blue line show the line emission
of the H2O transition at 987 GHz with and without outflow component.
The H2O data are taken from Kristensen et al. (2010).

the deuterium enrichment in water is significantly lower than in
methanol. On the other hand, the similar HDO/H2O ratio and the
one order magnitude higher CH2DOH/CH3OH ratio of IRAS2A
and Orion KL suggest that the environment plays a role in the
chemistry.

The HDO/H2O ratio in the inner envelope is found to be
more than one order of magnitude higher than the ratio measured
in comets, as for IRAS 16293−2422. If this high deuterium en-
richment of water is typical of low-mass protostellar envelopes,
and if the HDO/H2O ratio measured in the cometary coma is
representative of the cometary ice composition, then this would
imply that the deuterium fractionation of water is reprocessed at
some point between the protostellar envelope and the cometary
ice. Reprocessing of the gas in the hot corino warm environ-
ment is expected to reduce the deuterium fractionation on typi-
cal timescales of 105 yrs in environments of density ∼106 cm−3

(Charnley et al. 1997). However, in this case, re-condensation of
the gas on the grains would be required. Isotopologue exchanges
are also possible at the surface of the grains (see e.g. Ratajczak
et al. 2009), without requiring evaporation. This may however
not be enough to deplete the deuterium level in water, because
water is the main component of water ices. A mechanism to get
rid of deuterons from the grain surface would need to be invoked.
Because of the high abundance of water, this mechanism should
involve efficient exchange reactions. A suggestion would be to
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Fig. 6. Model predictions for the chosen H18
2 O lines. Xin and Xout repre-

sent the water (H2O) abundance in the inner warm (>100 K) and outer
cold (≤100 K) envelope. A standard ortho/para ratio of three was as-
sumed.

study in the laboratory the possibility of deuteron exchange be-
tween HDO and H2 at the grain surfaces.

Improving the observational constraints on the HDO/H2O ra-
tio in protostellar envelopes is essential to allow us to understand
the implications in terms of chemical evolution in the protoso-
lar nebula. Figure 6 shows the RATRAN modeling prediction
for two H18

2 O lines, for a set of reasonable water abundances.
We made the assumption that the standard ortho/para ratio is 3
and the 18O/16O ratio is 2.05 × 10−3. Figure 6b shows that the
H18

2 O 1189 GHz line emission is much more sensitive to the in-
ner fractional abundance of water than the H18

2 O 1101 GHz line.
This line is therefore a good candidate to target with the Herschel
telescope to further constrain the inner water abundance.
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Table 3. Comparison of HDO fractional abundance between NGC 1333-IRAS2A and IRAS 16293–2422.

Source Best fit Confidence interval (3σ) HDO
H2O

HDCO
H2CO

b CH2DOH
CH3OH

b

xHDO
in xHDO

out xHDO
in xHDO

out Inner outer (3σ) – –

IRAS2Aa 8 × 10−8 7 × 10−10 6.6 × 10−8–1.0 × 10−7 9 × 10−11–1.8 × 10−9 ≥ 0.01c 0.07+0.11c
−0.06 0.17+0.12

−0.08 0.62+0.71
−0.33

IRAS 16293d 1 × 10−7 1.5 × 10−10 7 × 10−8–1.3 × 10−7 ≤1.0 × 10−9 0.03 ≤ 0.002 0.15 ± 0.07 0.37+0.38
−0.19

Orion KL ... ... ... ... 0.02e 0.14 f 0.04g

Notes. (a) The HDO fractional abundance was derived with M = 0.07 M%. (b) Parise et al. (2006). (c) The fractional abundances of water taken
here are xH2O

in ≤1 × 10−5 and xH2O
out = 1 × 10−8, as constrained by Visser et al. in prep. from the 111−000, 202−111, and 211−202 H16

2 O lines and
the upper-limit on the 111−000 H18

2 O line presented in Kristensen et al. (2010). (d) Parise et al. (2005a). (e) Bergin et al. (2010). ( f ) Turner (1990).
(g) Jacq et al. (1993).
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of the H2O transition at 987 GHz with and without outflow component.
The H2O data are taken from Kristensen et al. (2010).

the deuterium enrichment in water is significantly lower than in
methanol. On the other hand, the similar HDO/H2O ratio and the
one order magnitude higher CH2DOH/CH3OH ratio of IRAS2A
and Orion KL suggest that the environment plays a role in the
chemistry.

The HDO/H2O ratio in the inner envelope is found to be
more than one order of magnitude higher than the ratio measured
in comets, as for IRAS 16293−2422. If this high deuterium en-
richment of water is typical of low-mass protostellar envelopes,
and if the HDO/H2O ratio measured in the cometary coma is
representative of the cometary ice composition, then this would
imply that the deuterium fractionation of water is reprocessed at
some point between the protostellar envelope and the cometary
ice. Reprocessing of the gas in the hot corino warm environ-
ment is expected to reduce the deuterium fractionation on typi-
cal timescales of 105 yrs in environments of density ∼106 cm−3

(Charnley et al. 1997). However, in this case, re-condensation of
the gas on the grains would be required. Isotopologue exchanges
are also possible at the surface of the grains (see e.g. Ratajczak
et al. 2009), without requiring evaporation. This may however
not be enough to deplete the deuterium level in water, because
water is the main component of water ices. A mechanism to get
rid of deuterons from the grain surface would need to be invoked.
Because of the high abundance of water, this mechanism should
involve efficient exchange reactions. A suggestion would be to
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Fig. 6. Model predictions for the chosen H18
2 O lines. Xin and Xout repre-

sent the water (H2O) abundance in the inner warm (>100 K) and outer
cold (≤100 K) envelope. A standard ortho/para ratio of three was as-
sumed.

study in the laboratory the possibility of deuteron exchange be-
tween HDO and H2 at the grain surfaces.

Improving the observational constraints on the HDO/H2O ra-
tio in protostellar envelopes is essential to allow us to understand
the implications in terms of chemical evolution in the protoso-
lar nebula. Figure 6 shows the RATRAN modeling prediction
for two H18

2 O lines, for a set of reasonable water abundances.
We made the assumption that the standard ortho/para ratio is 3
and the 18O/16O ratio is 2.05 × 10−3. Figure 6b shows that the
H18

2 O 1189 GHz line emission is much more sensitive to the in-
ner fractional abundance of water than the H18

2 O 1101 GHz line.
This line is therefore a good candidate to target with the Herschel
telescope to further constrain the inner water abundance.
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   Search for OD in the ISM 

 
Previous attempts:  
 
•  Allen et al. 1974 at 310 MHz towards 

Galactic Center 
 
•  OD recently detected towards comet 

C/2002 T7 (LINEAR) via coaddition of 
30 lines of UV fluorescence spectrum 
(Hutsemekers et al. 2008) 

       OD/OH ~ 3.5 10-4 , result of photo-  
       dissociation of HDO and H2O 
 
•  Our search: ground-state transition 

with SOFIA  

A&A 542, L5 (2012)

Fig. 1. Lowest energy levels of the OD radical. The arrow shows the
observed line at 1391.5 GHz. Each rotational level on this figure is split
to first order into a Λ-type doublet (l = ±1), each l level is then split
again into hyperfine sublevels (see Fig. 5).

and isotopologues (HDCO and D2CO) as well as methanol
(CH3OH) and isotopologues (CH2DOH, etc.) in a sample of
low-mass protostars has shown that methanol is mainly formed
on dust surfaces by hydrogenation of CO, whereas a significant
fraction of formaldehyde must be formed in the gas phase (Parise
et al. 2006). Another promising example is the study of the NH
and ND radicals with the aim to understand the formation of
NH3 and isotopologues (Bacmann et al. 2010).

Water formation on dust surfaces is believed to proceed via
the hydrogenation of either OH or HOOH, the latter case lead-
ing to the production of an additional OH. The abundance of
H2O and OH should be therefore tightly linked if grain processes
are dominant. The deuterium fractionation of water in hot cori-
nos (i.e. in the gas enriched from evaporation of dust mantles
in low-mass protostars) is found to be anomalously low in com-
parison with other molecules (e.g., Parise et al. 2005; Liu et al.
2011), and the reason for this is not yet understood. Therefore,
observations of the OD/OH ratio in these same regions will
help to understand the peculiarity of water chemistry in young
stellar objects. In the present study, we target OD towards the
low-mass protostar IRAS 16293−2422 (hereafter IRAS 16293),
where the distribution of deuterated water has been previously
studied (Parise et al. 2005). We note that the OD/OH ratio is pre-
dicted to be relatively high if it is formed exclusively in the gas
phase (more than ∼0.1 at T = 10 K and nH = 104 cm−3, Roberts
et al. 2002).

OD has been searched to date unsuccessfully towards the
Galactic Centre, by means of the observation of the ∆F =
0 Λ-doublet transitions of the 2Π3/2, J = 3/2 state around
310 MHz (Allen et al. 1974). This non-detection may now be
explained by the lower D/H ratios observed in general towards
the Galactic Centre, due to astration (destruction of deuteron nu-
clei in stellar interiors). OD has been recently detected in the
comet C/2002 T7 (LINEAR) via the co-addition of 30 lines of
its ultraviolet fluorescence spectrum, with a ratio [OD]/[OH] =
(3.5±1.0)× 10−4 (Hutsemékers et al. 2008). These observations,
interpreted as the result of photodissociation of HDO and H2O,
lead to an estimate of the water fractionation of the same order
as in other comets, a factor of 10 lower than observed in hot
corinos.

The present paper is organised as follows. Section 2 briefly
describes the spectroscopy of OD. Section 3 presents the ob-
servations, which are analysed in Sect. 4. Results are discussed
in Sect. 5.

2. OD spectroscopy
Figure 1 shows the lower energy levels of the OD molecule.
Owing to the unbalanced electronic spin and orbital angular mo-
menta, the spectrum of the OD radical shows Λ-type doubling,

Fig. 2. OD J = 5/2 → 3/2, l = −1 → +1 transition observed towards
IRAS 16293. The reference frequency is that of the main hfs compo-
nent. The spectrum is smoothed to 0.79 km s−1 resolution. The contin-
uum level is twice the true continuum because of DSB calibration.

similar to that of the OH radical. Each rotational level is split into
a Λ-type doublet. Each component of the doublet is further split
by the magnetic hyperfine structure (hfs) due to the deuterium
atom into components characterised by the total angular momen-
tum F(= J + I). F takes values of J − 1, J and J + 1 (Dousmanis
et al. 1955). The selection rule of ∆F = 0,±1 leads to six hfs
lines (Fig. 5). We use here the transitions tabulated in the JPL
database2 (Pickett et al. 1998). These predictions are based on
the laboratory measurements of Beaudet & Poynter (1978) and
Brown & Schubert (1982).

3. Observations
Using the GREAT instrument3 (Heyminck et al. 2012) on
board SOFIA, we observed the OD 2Π3/2 J = 5/2 →
3/2, l = −1 →+1 line multiplet towards the low-mass proto-
star IRAS 16293 at the coordinates α(2000) = 16h32m22.s90,
δ(2000) = −24◦28′36.′′3. The double-sideband (DSB) re-
ceiver was tuned in the upper sideband at the frequency
1391494.71 MHz of the strongest hfs component. The receiver
was connected to a digital FFT spectrometer (Klein et al. 2012)
providing a spectral resolution of 0.04 km s−1, and a bandwidth
of 1.5 GHz. Two setups were observed with different LSR veloc-
ities (−2 km s−1 and+8 km s−1) to disentangle any contamination
from the image sideband. We used the double-beam switch mode
chopping in E-W direction with an amplitude of 70′′ and a phase
time of 0.5 s. The atmospheric transmission was fit with special
care during the calibration process to remove a residual telluric
line at 30 km s−1. Part of the data suffer from a pointing error in
the second phase of our double-beam observations. Because the
OD line is observed in absorption against the continuum of the
source, which is likely compact at this frequency compared with
the SOFIA beam (20.′′4 at the OD frequency), a pointing off-
set should only result in a different coupling of the signal with
the telescope beam. We therefore scaled all ON-OFF cycles to
the brightest continuum level and averaged them. The resulting
spectrum is obtained with 11 min on-source integration time. An
additional standing-wave in the signal was removed by killing
the appropriate peak at ∼0.05 MHz−1 in the Fourier plane of the
signal. The resulting spectrum is presented in Fig. 2. The beam
efficiency is taken to be 0.54 (Heyminck et al. 2012). The OD
feature clearly appears in absorption, with a peak signal-to-noise
ratio of 6 at the resolution of 0.79 km s−1, the rest of the band be-
ing free of any emission or absorption. The DSB-continuum is
2.7 ± 0.2 K at the same resolution.

2 http://spec.jpl.nasa.gov/
3 GREAT is a development by the MPI für Radioastronomie and
the KOSMA/Universität zu Köln, in cooperation with the MPI für
Sonnensystemforschung and the DLR Institut für Planetenforschung.
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Fig. 5. Hyperfine structure of the 1391.5 GHz transition. The spacing between the different hyperfine levels was increased for visibility, and the
overall separation between the J = 5/2 and 3/2 levels is not to scale. The transitions J = 5/2 → 3/2, l = +1 → −1 at 1390.6 GHz, difficult to
observe from SOFIA because of residual atmospheric absorption, are not shown.
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Fig. 1. Lowest energy levels of the OD radical. The arrow shows the
observed line at 1391.5 GHz. Each rotational level on this figure is split
to first order into a Λ-type doublet (l = ±1), each l level is then split
again into hyperfine sublevels (see Fig. 5).

and isotopologues (HDCO and D2CO) as well as methanol
(CH3OH) and isotopologues (CH2DOH, etc.) in a sample of
low-mass protostars has shown that methanol is mainly formed
on dust surfaces by hydrogenation of CO, whereas a significant
fraction of formaldehyde must be formed in the gas phase (Parise
et al. 2006). Another promising example is the study of the NH
and ND radicals with the aim to understand the formation of
NH3 and isotopologues (Bacmann et al. 2010).

Water formation on dust surfaces is believed to proceed via
the hydrogenation of either OH or HOOH, the latter case lead-
ing to the production of an additional OH. The abundance of
H2O and OH should be therefore tightly linked if grain processes
are dominant. The deuterium fractionation of water in hot cori-
nos (i.e. in the gas enriched from evaporation of dust mantles
in low-mass protostars) is found to be anomalously low in com-
parison with other molecules (e.g., Parise et al. 2005; Liu et al.
2011), and the reason for this is not yet understood. Therefore,
observations of the OD/OH ratio in these same regions will
help to understand the peculiarity of water chemistry in young
stellar objects. In the present study, we target OD towards the
low-mass protostar IRAS 16293−2422 (hereafter IRAS 16293),
where the distribution of deuterated water has been previously
studied (Parise et al. 2005). We note that the OD/OH ratio is pre-
dicted to be relatively high if it is formed exclusively in the gas
phase (more than ∼0.1 at T = 10 K and nH = 104 cm−3, Roberts
et al. 2002).

OD has been searched to date unsuccessfully towards the
Galactic Centre, by means of the observation of the ∆F =
0 Λ-doublet transitions of the 2Π3/2, J = 3/2 state around
310 MHz (Allen et al. 1974). This non-detection may now be
explained by the lower D/H ratios observed in general towards
the Galactic Centre, due to astration (destruction of deuteron nu-
clei in stellar interiors). OD has been recently detected in the
comet C/2002 T7 (LINEAR) via the co-addition of 30 lines of
its ultraviolet fluorescence spectrum, with a ratio [OD]/[OH] =
(3.5±1.0)× 10−4 (Hutsemékers et al. 2008). These observations,
interpreted as the result of photodissociation of HDO and H2O,
lead to an estimate of the water fractionation of the same order
as in other comets, a factor of 10 lower than observed in hot
corinos.

The present paper is organised as follows. Section 2 briefly
describes the spectroscopy of OD. Section 3 presents the ob-
servations, which are analysed in Sect. 4. Results are discussed
in Sect. 5.

2. OD spectroscopy
Figure 1 shows the lower energy levels of the OD molecule.
Owing to the unbalanced electronic spin and orbital angular mo-
menta, the spectrum of the OD radical shows Λ-type doubling,

Fig. 2. OD J = 5/2 → 3/2, l = −1 → +1 transition observed towards
IRAS 16293. The reference frequency is that of the main hfs compo-
nent. The spectrum is smoothed to 0.79 km s−1 resolution. The contin-
uum level is twice the true continuum because of DSB calibration.

similar to that of the OH radical. Each rotational level is split into
a Λ-type doublet. Each component of the doublet is further split
by the magnetic hyperfine structure (hfs) due to the deuterium
atom into components characterised by the total angular momen-
tum F(= J + I). F takes values of J − 1, J and J + 1 (Dousmanis
et al. 1955). The selection rule of ∆F = 0,±1 leads to six hfs
lines (Fig. 5). We use here the transitions tabulated in the JPL
database2 (Pickett et al. 1998). These predictions are based on
the laboratory measurements of Beaudet & Poynter (1978) and
Brown & Schubert (1982).

3. Observations
Using the GREAT instrument3 (Heyminck et al. 2012) on
board SOFIA, we observed the OD 2Π3/2 J = 5/2 →
3/2, l = −1 →+1 line multiplet towards the low-mass proto-
star IRAS 16293 at the coordinates α(2000) = 16h32m22.s90,
δ(2000) = −24◦28′36.′′3. The double-sideband (DSB) re-
ceiver was tuned in the upper sideband at the frequency
1391494.71 MHz of the strongest hfs component. The receiver
was connected to a digital FFT spectrometer (Klein et al. 2012)
providing a spectral resolution of 0.04 km s−1, and a bandwidth
of 1.5 GHz. Two setups were observed with different LSR veloc-
ities (−2 km s−1 and+8 km s−1) to disentangle any contamination
from the image sideband. We used the double-beam switch mode
chopping in E-W direction with an amplitude of 70′′ and a phase
time of 0.5 s. The atmospheric transmission was fit with special
care during the calibration process to remove a residual telluric
line at 30 km s−1. Part of the data suffer from a pointing error in
the second phase of our double-beam observations. Because the
OD line is observed in absorption against the continuum of the
source, which is likely compact at this frequency compared with
the SOFIA beam (20.′′4 at the OD frequency), a pointing off-
set should only result in a different coupling of the signal with
the telescope beam. We therefore scaled all ON-OFF cycles to
the brightest continuum level and averaged them. The resulting
spectrum is obtained with 11 min on-source integration time. An
additional standing-wave in the signal was removed by killing
the appropriate peak at ∼0.05 MHz−1 in the Fourier plane of the
signal. The resulting spectrum is presented in Fig. 2. The beam
efficiency is taken to be 0.54 (Heyminck et al. 2012). The OD
feature clearly appears in absorption, with a peak signal-to-noise
ratio of 6 at the resolution of 0.79 km s−1, the rest of the band be-
ing free of any emission or absorption. The DSB-continuum is
2.7 ± 0.2 K at the same resolution.

2 http://spec.jpl.nasa.gov/
3 GREAT is a development by the MPI für Radioastronomie and
the KOSMA/Universität zu Köln, in cooperation with the MPI für
Sonnensystemforschung and the DLR Institut für Planetenforschung.
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Fig. 3. HDO 11,1–00,0 and OD line profiles observed towards
IRAS 16293. The HDO spectrum was shifted by –2.9 K along the
y-axis. The OD spectrum was smoothed to 0.39 km s−1. The hyperfine
intensity structure of the OD line is shown as red bars. Note that the
OD observation is DSB while the HDO observation is SSB. The green
curve shows the two-Gaussian fit of the HDO profile (see Table 1).

Table 1. Fitting results.

Molecular line Fit type
∫

Tmb dv FWHM vlsr

(K km s−1) (km s−1) (km s−1)
HDO 11,1 – 00,0 two-Gauss +4.4± 0.6 5.9± 1.0 4.5± 0.3

−2.4± 0.3 1.0± 0.1 4.2± 0.1
OD 5/2→3/2, –1→+1 one-Gauss −4.1± 0.5 2.9± 0.3 –
OD 5/2→3/2, –1→+1 hfs – 1.3± 0.6 4.2± 0.2

We also present here observations of the HDO 11,1–00,0 line
obtained with the CHAMP+ receiver at APEX. The observa-
tions were performed on 2010, September 6 and 7, under very
stable atmospheric conditions (PWV= 0.35− 0.40 mm). The
CHAMP+ high-frequency channel was tuned to 893.639 GHz,
while the low-frequency channel was tuned on CO(6–5). The fo-
cus was checked on Venus, and the local pointing was checked
every 1 to 1.5 h with CO(6–5) line pointing on NGC 6334I.
Pointing corrections were found to be of the order of 3′′. The an-
gular resolution of the HDO observations is 7′′. The receiver was
connected to the AFFTS, providing a resolution of 0.06 km s−1,
and a bandwidth of 1.5 GHz. The continuum is 2.9 ± 0.2 K
(Tmb scale) at resolution 0.37 km s−1.

4. Analysis
Figure 3 presents the OD spectrum observed with SOFIA (black
curve), as well as the HDO line observed towards the same
source with APEX. The OD spectrum is characterised by a
broad absorption (2.9 km s−1, see Table 1), compared with the
HDO line (1.0 km s−1). This broadening is due to the hyperfine
structure of the OD line. An hfs fit using the CLASS software4

provides an intrinsic linewidth of 1.3± 0.6 km s−1, which is con-
sistent with the width of the HDO absorption within the error
bars.

Collision rate coefficients for the OD molecule are not avail-
able. However, an estimate of the critical density of the upper
level of the transition can be obtained by looking at the critical
density of the corresponding line of OH (at 2514 GHz). Using
the values of the Einstein coefficient for spontaneous emission
and the collision rates tabulated in the LAMDA database5, we
find that the critical density of the corresponding OH upper level
is about 1010 cm−3 at 60 K. The critical density of the 894 GHz
HDO line has a similar value in the 50–100 K range. We can
therefore reasonably assume that both absorptions occur in the
same gas, and that the excitation temperature of the lines will

4 http://iram.fr/IRAMFR/GILDAS/
5 http://www.strw.leidenuniv.nl/∼moldata/

Table 2. Column densities inferred from the XCLASS modelling.

Tex (K) NOD (cm−2) NHDO (cm−2) OD/HDO

2.7 (3.5± 1.5)× 1013 (6.0± 1.5)× 1011 60 ± 30
5.0 (5.0± 2.0)× 1013 (1.2± 0.3)× 1012 45 ± 20
10.0 (1.0± 0.3)× 1014 (4.0± 1.0)× 1012 27 ± 10

be extremely low, as the density of the IRAS 16293 envelope is
several orders of magnitude lower than this critical value.

We assume that each hyperfine component of OD has
an intrinsic line width similar to that of the HDO absorp-
tion (1 km s−1), and we model the global absorption using the
XCLASS software6. The OD line is close to saturation, as al-
ready visible in Fig. 3, where the depth of the absorption is about
half that of the DSB continuum (i.e. the line absorbs the total-
ity of the continuum in the signal sideband, leaving the image
sideband continuum unabsorbed). The saturation remains lim-
ited (τ < 4), as no line broadening (except for that due to hyper-
fine structure) is observed. The signal-to-noise ratio of the ob-
servation is not high enough, however, to infer the optical depth
from the comparison of the depth of the three main hyperfine
components. The OD and HDO column densities inferred from
the XCLASS modelling averaged over the extent of their respec-
tive continuum for different assumed Tex are tabulated in Table 2.
The uncertainties are estimated by comparing by eye the obser-
vation with the synthetic model. Because both lines are seen
in absorption against the source continuum, and the absorbing
layer is likely to be more extended than the continuum in each
case, we can compare the two column densities without beam
dilution hindrance. With these assumptions, the abundance ratio
OD/HDO is found to be in the range 17–90, if we assume that
the OD and HDO absorptions come from the same region of the
envelope, and are described by the same excitation temperature,
uniform along the line-of-sight.

5. Discussion
Ideally, we would like to measure the OD/OH ratio in the en-
velope of IRAS 16293 to compare it on the one hand with the
HDO/H2O ratio in the same environment, with the aim to con-
strain astrochemical models describing the synthesis of water
and its deuterium fractionation, and on the other hand with the
OD/OH ratio in more evolved environments, e.g. in comets, to
infer the amount of chemical reprocessing during the formation
of a solar-type star. To our knowledge, no column density for
OH in the absorbing envelope of IRAS 16293 has been reported
so far. Although Herschel/HIFI could provide a high-resolution
observation of the OH 2Π1/2 J = 3/2 → 1/2 line at 1.83 THz,
this line has an upper energy level too high to be directly com-
pared to the OD line presented here. A more promising perspec-
tive in the future will be to observe the corresponding OH line
(2Π3/2J = 5/2 → 3/2) at 2.5 THz with the upgraded GREAT
instrument.

In the meantime, we discuss here the value of the OD/HDO
column density ratio inferred in Sect. 4. In the absence of
a differential fractionation in OH and water, one expects the
OD/HDO ratio to be close to the OH/H2O abundance ratio.

Du et al. (2012) have presented a chemical model that in-
cludes processes in the gas-phase and on the grains, to describe
the formation of water. We use the same model here, consid-
ering constant physical conditions, in the range T = 10–30 K
and nH = 104–106 cm−3 (see Fig. 4, left panel). Except at the
very early times (t < 10 yr), the gas-phase OH/H2O ratio is
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Fig. 3. HDO 11,1–00,0 and OD line profiles observed towards
IRAS 16293. The HDO spectrum was shifted by –2.9 K along the
y-axis. The OD spectrum was smoothed to 0.39 km s−1. The hyperfine
intensity structure of the OD line is shown as red bars. Note that the
OD observation is DSB while the HDO observation is SSB. The green
curve shows the two-Gaussian fit of the HDO profile (see Table 1).

Table 1. Fitting results.

Molecular line Fit type
∫

Tmb dv FWHM vlsr

(K km s−1) (km s−1) (km s−1)
HDO 11,1 – 00,0 two-Gauss +4.4± 0.6 5.9± 1.0 4.5± 0.3

−2.4± 0.3 1.0± 0.1 4.2± 0.1
OD 5/2→3/2, –1→+1 one-Gauss −4.1± 0.5 2.9± 0.3 –
OD 5/2→3/2, –1→+1 hfs – 1.3± 0.6 4.2± 0.2

We also present here observations of the HDO 11,1–00,0 line
obtained with the CHAMP+ receiver at APEX. The observa-
tions were performed on 2010, September 6 and 7, under very
stable atmospheric conditions (PWV= 0.35− 0.40 mm). The
CHAMP+ high-frequency channel was tuned to 893.639 GHz,
while the low-frequency channel was tuned on CO(6–5). The fo-
cus was checked on Venus, and the local pointing was checked
every 1 to 1.5 h with CO(6–5) line pointing on NGC 6334I.
Pointing corrections were found to be of the order of 3′′. The an-
gular resolution of the HDO observations is 7′′. The receiver was
connected to the AFFTS, providing a resolution of 0.06 km s−1,
and a bandwidth of 1.5 GHz. The continuum is 2.9 ± 0.2 K
(Tmb scale) at resolution 0.37 km s−1.

4. Analysis
Figure 3 presents the OD spectrum observed with SOFIA (black
curve), as well as the HDO line observed towards the same
source with APEX. The OD spectrum is characterised by a
broad absorption (2.9 km s−1, see Table 1), compared with the
HDO line (1.0 km s−1). This broadening is due to the hyperfine
structure of the OD line. An hfs fit using the CLASS software4

provides an intrinsic linewidth of 1.3± 0.6 km s−1, which is con-
sistent with the width of the HDO absorption within the error
bars.

Collision rate coefficients for the OD molecule are not avail-
able. However, an estimate of the critical density of the upper
level of the transition can be obtained by looking at the critical
density of the corresponding line of OH (at 2514 GHz). Using
the values of the Einstein coefficient for spontaneous emission
and the collision rates tabulated in the LAMDA database5, we
find that the critical density of the corresponding OH upper level
is about 1010 cm−3 at 60 K. The critical density of the 894 GHz
HDO line has a similar value in the 50–100 K range. We can
therefore reasonably assume that both absorptions occur in the
same gas, and that the excitation temperature of the lines will

4 http://iram.fr/IRAMFR/GILDAS/
5 http://www.strw.leidenuniv.nl/∼moldata/

Table 2. Column densities inferred from the XCLASS modelling.

Tex (K) NOD (cm−2) NHDO (cm−2) OD/HDO

2.7 (3.5± 1.5)× 1013 (6.0± 1.5)× 1011 60 ± 30
5.0 (5.0± 2.0)× 1013 (1.2± 0.3)× 1012 45 ± 20
10.0 (1.0± 0.3)× 1014 (4.0± 1.0)× 1012 27 ± 10

be extremely low, as the density of the IRAS 16293 envelope is
several orders of magnitude lower than this critical value.

We assume that each hyperfine component of OD has
an intrinsic line width similar to that of the HDO absorp-
tion (1 km s−1), and we model the global absorption using the
XCLASS software6. The OD line is close to saturation, as al-
ready visible in Fig. 3, where the depth of the absorption is about
half that of the DSB continuum (i.e. the line absorbs the total-
ity of the continuum in the signal sideband, leaving the image
sideband continuum unabsorbed). The saturation remains lim-
ited (τ < 4), as no line broadening (except for that due to hyper-
fine structure) is observed. The signal-to-noise ratio of the ob-
servation is not high enough, however, to infer the optical depth
from the comparison of the depth of the three main hyperfine
components. The OD and HDO column densities inferred from
the XCLASS modelling averaged over the extent of their respec-
tive continuum for different assumed Tex are tabulated in Table 2.
The uncertainties are estimated by comparing by eye the obser-
vation with the synthetic model. Because both lines are seen
in absorption against the source continuum, and the absorbing
layer is likely to be more extended than the continuum in each
case, we can compare the two column densities without beam
dilution hindrance. With these assumptions, the abundance ratio
OD/HDO is found to be in the range 17–90, if we assume that
the OD and HDO absorptions come from the same region of the
envelope, and are described by the same excitation temperature,
uniform along the line-of-sight.

5. Discussion
Ideally, we would like to measure the OD/OH ratio in the en-
velope of IRAS 16293 to compare it on the one hand with the
HDO/H2O ratio in the same environment, with the aim to con-
strain astrochemical models describing the synthesis of water
and its deuterium fractionation, and on the other hand with the
OD/OH ratio in more evolved environments, e.g. in comets, to
infer the amount of chemical reprocessing during the formation
of a solar-type star. To our knowledge, no column density for
OH in the absorbing envelope of IRAS 16293 has been reported
so far. Although Herschel/HIFI could provide a high-resolution
observation of the OH 2Π1/2 J = 3/2 → 1/2 line at 1.83 THz,
this line has an upper energy level too high to be directly com-
pared to the OD line presented here. A more promising perspec-
tive in the future will be to observe the corresponding OH line
(2Π3/2J = 5/2 → 3/2) at 2.5 THz with the upgraded GREAT
instrument.

In the meantime, we discuss here the value of the OD/HDO
column density ratio inferred in Sect. 4. In the absence of
a differential fractionation in OH and water, one expects the
OD/HDO ratio to be close to the OH/H2O abundance ratio.

Du et al. (2012) have presented a chemical model that in-
cludes processes in the gas-phase and on the grains, to describe
the formation of water. We use the same model here, consid-
ering constant physical conditions, in the range T = 10–30 K
and nH = 104–106 cm−3 (see Fig. 4, left panel). Except at the
very early times (t < 10 yr), the gas-phase OH/H2O ratio is
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Fig. 3. HDO 11,1–00,0 and OD line profiles observed towards
IRAS 16293. The HDO spectrum was shifted by –2.9 K along the
y-axis. The OD spectrum was smoothed to 0.39 km s−1. The hyperfine
intensity structure of the OD line is shown as red bars. Note that the
OD observation is DSB while the HDO observation is SSB. The green
curve shows the two-Gaussian fit of the HDO profile (see Table 1).

Table 1. Fitting results.

Molecular line Fit type
∫

Tmb dv FWHM vlsr

(K km s−1) (km s−1) (km s−1)
HDO 11,1 – 00,0 two-Gauss +4.4± 0.6 5.9± 1.0 4.5± 0.3

−2.4± 0.3 1.0± 0.1 4.2± 0.1
OD 5/2→3/2, –1→+1 one-Gauss −4.1± 0.5 2.9± 0.3 –
OD 5/2→3/2, –1→+1 hfs – 1.3± 0.6 4.2± 0.2

We also present here observations of the HDO 11,1–00,0 line
obtained with the CHAMP+ receiver at APEX. The observa-
tions were performed on 2010, September 6 and 7, under very
stable atmospheric conditions (PWV= 0.35− 0.40 mm). The
CHAMP+ high-frequency channel was tuned to 893.639 GHz,
while the low-frequency channel was tuned on CO(6–5). The fo-
cus was checked on Venus, and the local pointing was checked
every 1 to 1.5 h with CO(6–5) line pointing on NGC 6334I.
Pointing corrections were found to be of the order of 3′′. The an-
gular resolution of the HDO observations is 7′′. The receiver was
connected to the AFFTS, providing a resolution of 0.06 km s−1,
and a bandwidth of 1.5 GHz. The continuum is 2.9 ± 0.2 K
(Tmb scale) at resolution 0.37 km s−1.

4. Analysis
Figure 3 presents the OD spectrum observed with SOFIA (black
curve), as well as the HDO line observed towards the same
source with APEX. The OD spectrum is characterised by a
broad absorption (2.9 km s−1, see Table 1), compared with the
HDO line (1.0 km s−1). This broadening is due to the hyperfine
structure of the OD line. An hfs fit using the CLASS software4

provides an intrinsic linewidth of 1.3± 0.6 km s−1, which is con-
sistent with the width of the HDO absorption within the error
bars.

Collision rate coefficients for the OD molecule are not avail-
able. However, an estimate of the critical density of the upper
level of the transition can be obtained by looking at the critical
density of the corresponding line of OH (at 2514 GHz). Using
the values of the Einstein coefficient for spontaneous emission
and the collision rates tabulated in the LAMDA database5, we
find that the critical density of the corresponding OH upper level
is about 1010 cm−3 at 60 K. The critical density of the 894 GHz
HDO line has a similar value in the 50–100 K range. We can
therefore reasonably assume that both absorptions occur in the
same gas, and that the excitation temperature of the lines will

4 http://iram.fr/IRAMFR/GILDAS/
5 http://www.strw.leidenuniv.nl/∼moldata/

Table 2. Column densities inferred from the XCLASS modelling.

Tex (K) NOD (cm−2) NHDO (cm−2) OD/HDO

2.7 (3.5± 1.5)× 1013 (6.0± 1.5)× 1011 60 ± 30
5.0 (5.0± 2.0)× 1013 (1.2± 0.3)× 1012 45 ± 20
10.0 (1.0± 0.3)× 1014 (4.0± 1.0)× 1012 27 ± 10

be extremely low, as the density of the IRAS 16293 envelope is
several orders of magnitude lower than this critical value.

We assume that each hyperfine component of OD has
an intrinsic line width similar to that of the HDO absorp-
tion (1 km s−1), and we model the global absorption using the
XCLASS software6. The OD line is close to saturation, as al-
ready visible in Fig. 3, where the depth of the absorption is about
half that of the DSB continuum (i.e. the line absorbs the total-
ity of the continuum in the signal sideband, leaving the image
sideband continuum unabsorbed). The saturation remains lim-
ited (τ < 4), as no line broadening (except for that due to hyper-
fine structure) is observed. The signal-to-noise ratio of the ob-
servation is not high enough, however, to infer the optical depth
from the comparison of the depth of the three main hyperfine
components. The OD and HDO column densities inferred from
the XCLASS modelling averaged over the extent of their respec-
tive continuum for different assumed Tex are tabulated in Table 2.
The uncertainties are estimated by comparing by eye the obser-
vation with the synthetic model. Because both lines are seen
in absorption against the source continuum, and the absorbing
layer is likely to be more extended than the continuum in each
case, we can compare the two column densities without beam
dilution hindrance. With these assumptions, the abundance ratio
OD/HDO is found to be in the range 17–90, if we assume that
the OD and HDO absorptions come from the same region of the
envelope, and are described by the same excitation temperature,
uniform along the line-of-sight.

5. Discussion
Ideally, we would like to measure the OD/OH ratio in the en-
velope of IRAS 16293 to compare it on the one hand with the
HDO/H2O ratio in the same environment, with the aim to con-
strain astrochemical models describing the synthesis of water
and its deuterium fractionation, and on the other hand with the
OD/OH ratio in more evolved environments, e.g. in comets, to
infer the amount of chemical reprocessing during the formation
of a solar-type star. To our knowledge, no column density for
OH in the absorbing envelope of IRAS 16293 has been reported
so far. Although Herschel/HIFI could provide a high-resolution
observation of the OH 2Π1/2 J = 3/2 → 1/2 line at 1.83 THz,
this line has an upper energy level too high to be directly com-
pared to the OD line presented here. A more promising perspec-
tive in the future will be to observe the corresponding OH line
(2Π3/2J = 5/2 → 3/2) at 2.5 THz with the upgraded GREAT
instrument.

In the meantime, we discuss here the value of the OD/HDO
column density ratio inferred in Sect. 4. In the absence of
a differential fractionation in OH and water, one expects the
OD/HDO ratio to be close to the OH/H2O abundance ratio.

Du et al. (2012) have presented a chemical model that in-
cludes processes in the gas-phase and on the grains, to describe
the formation of water. We use the same model here, consid-
ering constant physical conditions, in the range T = 10–30 K
and nH = 104–106 cm−3 (see Fig. 4, left panel). Except at the
very early times (t < 10 yr), the gas-phase OH/H2O ratio is
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Fig. 4. Left panel: predictions of the OH/H2O ratio from the Du et al. (2012) standard model, for constant (T , nH) conditions. Right panel: models
with constant and time-dependent temperature. “Low Eb” models use the binding energies for species on the grains of the standard model of Du
et al. (2012) while “high Eb” models use the higher binding energies for species with an OH bond from Garrod & Herbst (2006).

always predicted to be fairly low compared with our observed
OD/HDO ratio. The closest agreement happens for times later
than 104–105 yr, when the OH/H2O can reach a maximum value
of 5.7.

The models stated above assume constant temperature and
density conditions. However, during the formation of a star, the
envelope is heated by the central protostar, and a model where
the temperature evolves with time may be more appropriate.
Figure 4 (right panel) shows some results with a time-dependent
temperature based on the model of Du et al. (2012). For the
models with protostellar heating, T increases between 12 K and
50 K linearly with time, either in the 1–3 105 yr (“fast” heat-
ing) or in the 1–10 × 105 yr range (“slow” heating). We also
tested different sets for the desorption energies of species from
the grains. None of the models seem to be able to explain the
high inferred OD/HDO ratio. There could be two reasons for this
discrepancy: either the radiative transfer we used is too simplis-
tic (in which case OD collisional rates are highly needed to go
beyond this treatment), or the OH radical gets much more frac-
tionated than water. This latter case may arise because the OH
+ D exchange reaction is exothermic (Roberts & Millar 2000).
The relative fractionation of OH with respect to H2O could be
even more enhanced if the gas-phase dissociative recombina-
tions (DR) of H3O+ and H2DO+ have non-trivial branching ra-
tios for the formation of water and hydroxyl. Our model based
on the UMIST06 rate assumes a produced OH:H2O ratio of 3:1,
consistent with the work of Jensen et al. (2000), who studied the
DR of all deuterated isotopologues of H3O+ but H2DO+. Their
results concerning the DR of HD2O+ shows that both HDO and
D2O are produced in similar amounts, whereas the OD:OH ratio
is around 3.4, which may explain our high observed OD/HDO
ratio. Experiments on the DR of H2DO+ are needed, however,
before drawing a firm conclusion.

6. Conclusions
This Letter presents the first detection of OD outside the solar
system, and demonstrates the capability of the SOFIA/GREAT
instrument for breakthrough observations of spectral lines at
high spectral resolution in a frequency band previously not
covered (the OD line presented here falls into the frequency
gap of the HIFI receiver on board Herschel). The high inferred
OD/HDO ratio in the envelope may be the signpost of gas-phase
reprocessing through dissociative recombination of H2DO+.

After the commissioning of the GREAT 2.5 THz (M-)channel,
parallel observations of the OD and the OH ground-state tran-
sitions could be performed routinely towards, a.o., star-forming
regions. The observation of these radicals is expected to provide
valuable constraints on the formation and fractionation of water.
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Du et al. in prep 

OD/HDO >> OH/H2O 
 
because there are more 
fractionation routes for OH  
than for H2O 
 
(D + OH ! OD + H) 
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Figure 6.30: The [OD/OH] ratio and [OD/HDO] ratio as a function of time for different
density and temperatures. The absolute abundances of HDO and OD (scaled by a factor
of 107) are also shown for reference.
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Figure 6.30: The [OD/OH] ratio and [OD/HDO] ratio as a function of time for different
density and temperatures. The absolute abundances of HDO and OD (scaled by a factor
of 107) are also shown for reference.
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•  Derive directly the OD/OH ratio observationally 

      ! Observation of 18OH with SOFIA (Cycle I proposal rated A, not observed) 
 
 
•  Observation of OD towards other star-forming regions (tracing other physical 

conditions and history) 
  
      ! OD detected towards SgrB2 (Parise et al. in prep) 
             + Cycle I accepted SOFIA proposal by Menten et al.  
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