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Water formation in the ISM?

Water formation in cold gas:

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

ax-Planck-Institut für Radioastronomie on 20 October 2010
ugust 2010 on http://pubs.rsc.org | doi:10.1039/C0CP00251H

O + H3+ ! OH+
O+ + H2 ! OH+
OH+ + H2 ! H2O+
H2O+ + H2 ! H3O+
H3O+ + e- ! H2O
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Fig. 5 A schematic representationCuppen
of the reaction
et al.network
2010 as
obtained from the present study. Four types of reactions are distinguished: 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
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Water formation constrained in one particular environment
First detection of H2O2 in the interstellar medium
with the APEX telescope, towards Oph A
(Bergman, Parise, Liseau et al. 2011)
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Fig. 5 A schematic representation of the reaction network as
obtained
the present
study. Four
types of reactions
are distinGrainfrom
surface
chemistry
formation
of water
guished: efficient, effectively barrierless, reactions (solid), reactions
(Cuppen et al. 2010)
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
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which were in the original reaction scheme.

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
Relevance
the
chemistry
of water.
is constant.
This already
produced
OH and to
H2 O
2 abundance
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
and the change
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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
First detection of HO2 with the APEX and IRAM
an OH radical. Another possibility
could be that H2O2 is not
telescopes
and
validation
of that
the inprediction
of the
formed directly through reaction (2a) but
(38 ! 5)% of
astrochemical
model
the cases
two OH molecules
immediately react and form H2O2
(reaction
(10)). Since
OH is still
observed and since
(Parise,
Bergman
&abundantly
Du 2012)
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)
2
since both
products
are not–infrared
and the change
Physics
and
Astronomy
Cardiffdetectable
University
in the water-induced O feature at 1550 cm"1 caused by this

O2,

In this environment (~20K), the O route to water is dominant
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Follow-up search for H2O2 towards a sample of sources
Parise et al., Faraday Discussion 168, subm.

•

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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Other approach to constrain water formation: isotopic study

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

undance
between NGC
1333-IRAS2A
Table 3. Comparison
and IRASof16293–2422.
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•

The number of observational studies deriving HDO/H2O has been booming with the Herschel
Space Observatory,
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the lower deuterium fractionation of water
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0.04
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•

! Add more observational
0.1 0constraints: search for OD

Tmb (K)

Tmb (K)

Tmb (K)

! Apparent problem for astrochemical models, but new generation of models propose different
explanations (Cazaux
0.2 et al. 2011, Taquet et al 2013, Du et al. in prep.)
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Search for OD in the ISM
A&A 542, L5 (2012)

J=3/2
J=1/2

J=7/2

Previous attempts:
•

J=5/2
J=3/2

1391 GHz
2!
3/2

Allen et al. 1974 at 310 MHz towards
Galactic Center

•

2!
1/2

B. Parise etlevels
al.: Detection
of ODOD
towards
the low-mass
protostar
IRAS shows
16293−2422
Fig. 1. Lowest energy
of the
radical.
The
arrow
the
observed line at 1391.5 GHz. Each rotational level on this figure is split
o first order into a Λ-type doublet (l = ±1), each l level is then split
again into hyperfine sublevels (see Fig. 5).

OD recently detected towards comet
C/2002 T7 (LINEAR) via coaddition of
30 →
lines
UV
spectrum
Fig. 2. OD J = 5/2
3/2,ofl =
−1fluorescence
→ +1 transition
observed to
et al.is2008)
IRAS 16293. The(Hutsemekers
reference frequency
that of the main hfs co
-4 , km
nent. The spectrum
is smoothed
s−1 resolution.
OD/OH
~ 3.5to100.79
result
of photo- The c
uum level is twice the true continuum because of DSB calibration
dissociation of HDO and H2O

and isotopologues (HDCO and D2 CO) as well as methanol similar to that of the OH radical. Each rotational level is spli
•
Our search: ground-state transition
(CH3 OH) and isotopologues (CH2 DOH, etc.) in a sample of a Λ-type doublet. Each component of the doublet is further
SOFIA
ow-mass protostars has shown that methanol is mainly formed by the magneticwith
hyperfine structure (hfs) due to the deute
on dust surfaces by hydrogenation of CO, whereas a significant atom into components characterised by the total angular mo
fraction of formaldehyde must be formed in the gas phase (Parise tum F(= J + I). F takes values of J − 1, J and J + 1 (Dousm
et al. 2006). Another promising example is the study of the NH et al. 1955). The selection rule of ∆F = 0, ±1 leads to si
and ND radicals with the aim to understand the formation of lines (Fig. 5). We use here the transitions tabulated in the
NH3 and isotopologues (Bacmann et al. 2010).
database2 (Pickett et al. 1998). These predictions are bas
Water formation on dust surfaces is believed to proceed via for visibility,
laboratory
measurements of Beaudet & Poynter (1978
5. Hyperfine structure of the 1391.5 GHz transition. The spacing between the different hyperfine levels was increasedthe
and the
all
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→ −1 at 1390.6
GHz, difficult
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heseparation
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ofandeither
orscale.
HOOH,
theJ =latter
case
leadBrown
& Schubert
(1982).
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Observation with SOFIA

(2012)

Target: IRAS16293-2422, a low-mass protostar in the " Oph complex,
where high levels of deuterium fractionation have been observed
(up to the detection of CD3OH, Parise et al. 2004)
OD ground state transition at 1391.5 GHz

g. 2. OD J = 5/2 → 3/2, l = −1 → +1 transition observed towards
AS 16293. The reference frequency is that of the main hfs compoParise – School of Physics and Astronomy
– Cardiff University
nt. The spectrumBérengère
is smoothed
to 0.79 km s−1 resolution.
The contin-
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Column density of OD?
B. Parise et al.: Detection of OD

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
towards
thethe
low-mass
protostar
IRAS
16293−2422
curve shows
two-Gaussian
fit of the HDO
profile
(see Table 1).
Table 1. Fitting results.

Table 2. Column densities inferred from the

Molecular line

Fit type

!

T mb dv
FWHM
vlsr
−2
−1
−1
−1
T ex (K)
NOD
) s ) (km
NsHDO
(K
km s(cm
) (km
) (c
HDO 11,1 – 00,0
two-Gauss +4.4 ± 0.6 5.9 ±13
1.0 4.5 ± 0.3
2.7
(3.5−2.4
± 1.5)
10± 0.1 (6.0
± 0.3 ×1.0
4.2 ± ±
0.11.5)
13
OD 5/2→3/2, –1→+1
± 0.5 ×2.9
5.0one-Gauss(5.0−4.1
± 2.0)
10± 0.3 (1.2– ± 0.3)
OD 5/2→3/2, –1→+1
hfs
–
1.3 ±14
0.6 4.2 ± 0.2

10.0

(1.0 ± 0.3) × 10

(4.0 ± 1.0)
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TheTable
OD 2.spectrum
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modelling.
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in Fig. 3,17
depth
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- 90
NOD (cm
)
NHDO (cm−2 )is SSB.
OD/HDO
connected to the AFFTS,
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5.0
(5.0 ± 2.0) × 10
1. Fitting10.0
results. (1.0 ± 0.3) × 1014

(1.2 ± 0.3) × 10
(4.0 ± 1.0) × 1012

45 ± 20
27 ± 10

sideband continuum unabsorbed). The s
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(black
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the
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Preliminary astrochemical modelling
A&A 542, L5 (2012)

predictions of the OH/H2 O ratio from the Du et al. (2012) standard model, for constant (T , nH ) conditions. Rig
OH/H2O ratio
by use
the the
model
fromenergies
Du, Parise
& Bergman
time-dependent temperature.
“Lowpredicted
Eb ” models
binding
for species
on the(2012)
grains of the stand
e “high Eb ” models use the higher binding energies for species with an OH bond from Garrod & Herbst (2006)

d to be fairly low compared with our observed After the commissioning of the GREAT 2.5 TH
The closest agreement happens for times later parallel observations of the OD and the OH gro
12
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when the OH/H O can
reach a maximum value sitions could be performed routinely towards, a.

More detailed astrochemical modelling including deuterium

OD/HDO >> OH/H2O
because there are more
fractionation routes for OH
than for H2O
(D + OH ! OD + H)

Du et al. in prep
Figure 6.30: The [OD/OH] ratio and [OD/HDO] ratio as a function of time for different
Bérengère Parise – School of Physics and Astronomy – Cardiff University
density and temperatures. The absolute abundances of HDO and OD (scaled by a factor
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Perspectives

•

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.

Bérengère Parise – School of Physics and Astronomy – Cardiff University
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