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ABSTRACT

OBSERVATIONS with single-dish telescopes 
(Herschel/HIFI, IRAM-30m, JCMT, APEX)

Water is a key molecule in the interstellar medium by its role in the oxygen chemistry, in the cooling of warm gas in star-forming regions and in the appearance 
of life. The HDO/H2O ratio is a useful tool to understand the mechanisms of water formation as well as how water has evolved from cold prestellar cores to 
protoplanetary disks and consequently to form oceans for the Earth’s specific, but probably not isolated, case. Numerous HDO, H218O and D2O transitions 
were observed with single-dish telescopes (Herschel/HIFI, IRAM-30m, JCMT, APEX) towards several Class 0 protostars (IRAS16293-2422, NGC1333 
IRAS4A and IRAS4B). These observations are compared with predictions from radiative transfer models and give strong constraints on the determination of 
the deuterium fractionation of water in this kind of sources.
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Figure 3.3 – Diagramme des niveaux d’énergie des transitions de HDO observées avec le
télescope de 30 m de l’IRAM (en rouge), le JCMT (en rose) et l’instrument HIFI (en bleu).
Les transitions détectées (non-détectées) sont en traits continus (pointillés). Les fréquences
sont exprimées en GHz.

raie fondamentale de ortho–H2
17O est elle aussi détectée. On notera également la première

détection de la transition fondamentale de ortho–D2O à 607 GHz dans la bande 1b (Vastel
et al. 2010). La Table 3.1 liste, pour toutes les transitions, les paramètres observés.

La forward efficiency est d’environ 0.96 à toutes les fréquences. Les main beam efficien-
cies utilisées sont répertoriées dans la Table 3.1 et correspondent aux valeurs mesurées par
Roelfsema et al. (2012). Les données ont été réduites en utilisant le pipeline HIFI standard
jusqu’à la calibration des fréquences et des amplitudes (niveau 2) avec le package HIPE 5
développé par l’ESA (Ott 2010). Dans le mode utilisé pour nos observations, toutes les raies
ont été observées au moins quatre fois (si elles sont en bord de bande), mais plus générale-
ment huit fois (quatre fois en LSB et quatre fois en USB) pour chaque polarisation. Pour
produire les spectres finaux, toutes les observations ont été exportées dans le logiciel CLASS.
En utilisant ce logiciel, les polarisations H et V ont été moyennées en pondérant par le bruit
observé dans chaque spectre. Nous avons vérifié pour chaque spectre qu’aucune émission de
transitions de la bande image ne contaminait nos données. HIFI opère comme un récepteur
DSB. Les gains pour les bandes hautes fréquences et basses fréquences ne sont donc pas né-
cessairement égaux. A partir des performances en vol de l’instrument, un rapport de bande
de 1 est supposé pour la bande 3b, qui contient la raie fondamentale 11,1–00,0 de HDO à 894
GHz vue en absorption. Pour obtenir le continuum SSB de cette transition, il faut donc donc
diviser le continuum observé par 2. Il en est de même pour la transition de ortho–D2O vue
en absorption à 607 GHz dans la bande 1b.

✦ Analysis with the CASSIS software ([5])

✦ Estimates of the abundances in the protostellar envelope 
Modeling with the 1D radiative transfer RATRAN code ([6]) using :

 - a source structure ([7,8])
- an abundance jump at 100 K (sublimation of the ice 
mantles)
- collisional coefficients of HDO/D2O calculated for ortho and 
para-H2 ([9,10,11])

Grids of models with different inner abundance (Xin) and outer 
abundance (Xout) were run. The best-fit is determined by χ2  

minimization by comparison with the observed line profiles. 

✦ Estimates of the abundances in the outflows
Modeling with the radiative transfer RADEX code ([12])

MODELING

✦ IRAS 16293-2422
2 spectral surveys TIMASSS ([1]) and 
CHESS ([2]) : detection of 13 HDO, 5 
H218O (used to estimate the water 
abundances : 16O/18O~500) and 3 D2O 
lines

✦ NGC1333 IRAS4A and IRAS4B :
HIFI lines with the CHESS/WISH/
HEXOS ([2,3,4]) consortium + ground-
based observations
4 HDO detected lines + 2 upper limits

In black : 
observations of the 
HDO fundamental 
transitions in 
IRAS16293-2422. 
In red : modeling 
without adding the 
absorbing layer
In green : 
modeling with the 
absorbing layer
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In black : HDO observations towards NGC1333 IRAS4A (the outflow 
component is subtracted).
In red : best-fit model obtained with RATRAN.

HDO ABUNDANCES IN LOW-MASS PROTOSTARSPRESENCE OF A WATER-RICH 
ABSORBING LAYER IN THE 
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Chapitre 4. L’eau deutérée dans les proto-étoiles de faible masse

NGC 1333 IRAS 4A et IRAS 4B
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Figure 4.8 – En noir : les raies de HDO observées avec HIFI, IRAM et JCMT en direction
de la proto-étoile IRAS 4A. La composante large traçant les flots a été soustraite pour les
raies fondamentales à 465 et 894 GHz. En rouge : le meilleur modèle obtenu en ajoutant
une couche d’absorption avec une densité de colonne de HDO de ⇠ 1.4 ⇥ 1013 cm�2 à la
structure. L’abondance interne est de 7.5 ⇥ 10�9 et l’abondance externe de 1.2 ⇥ 10�11.

4.3.3 L’enveloppe proto-stellaire d’IRAS 4B

Pour modéliser l’émission de l’eau deutérée dans l’enveloppe proto-stellaire d’IRAS 4B,
j’ai lancé plusieurs grilles de modèle avec différentes valeurs d’abondance interne, d’abon-
dance externe et de masse centrale (0.1, 0.2 et 0.3 M�). La couche d’absorption définie pour
reproduire les absorptions d’IRAS 4A (N(HDO) = 1.4 ⇥ 1013 cm�2, db = 0.4 km s�1) a été
ajoutée à la structure d’IRAS 4B définie par Kristensen et al. (2012), puisqu’elle englobe très
probablement les deux cœurs d’IRAS 4. Cela paraît, en effet, consistant avec l’absorption
observée de la raie fondamentale à 894 GHz (cf Fig. 4.9). La raie fondamentale à 465 GHz
apparaît légèrement absorbée en bordure du profil en émission (cf Fig. 4.9), mais la qualité
des données CSO n’est cependant pas suffisante pour affirmer que les paramètres de la couche
d’absorption définis pour l’étude d’IRAS 4A sont corrects ici. L’absorption ne descend pas
en-dessous du continuum car ce dernier est plus faible (0.18 K) que pour IRAS 16293 (1
K) et IRAS 4A (0.8 K). Le lobe du CSO est en effet plus grand à cette fréquence (⇠1600

au lieu de ⇠1100 pour le JCMT) et, par conséquent, dilue plus l’émission du continuum. Le
meilleur modèle représenté en Figure 4.10 est obtenu pour une masse centrale de 0.1 M�, une
abondance interne Xin = 2 ⇥ 10�8 et une abondance externe Xout = 1.4 ⇥ 10�10, avec un
paramètre ↵ égal à 1.8. Cette étude dépendant de 3 paramètres libres, les contours de �2 à 1�,
2� et 3� correspondent aux contours pour lesquels �2=�2

min+3.53 (1�), �2=�2
min+8.02 (2�)

et �2=�2
min+14.2 (3�). Ils sont présentés en Figure 4.11. Seule la masse de 0.1 M� respecte

Broad outflow component observed 
on the HDO fundamental transitions 
towards NGC1333 IRAS4A and 
IRAS4B :

Study of HDO in NGC1333 IRAS4A :

‣ N(HDO) = 1.4 x 1013 cm-2 in the absorbing layer of 
NGC1333 IRAS4A and IRAS4B ([16])

In black : observations of the D2O fundamental transitions in IRAS16293-2422. 
In red : modeling adding an absorbing layer

‣ N(D2O) = 2.5 x 1012 cm-2 in the absorbing layer of 
IRAS 16293 with ortho/para(D2O) ~ 1.3 ([14,15])

A. Coutens et al.: Deuterated water in the solar-type protostars NGC 1333 IRAS 4A and IRAS 4B

Table 3. HDO abundances determined in several low-mass star-forming regions

Source Inner Outer Absorbing layer Outflow References
abundance abundance N(HDO) (cm�2) abundance

NGC 1333 IRAS 4A 7.5+3.5
�3.0 ⇥ 10�9 1.2+0.6

�0.4 ⇥ 10�11 1.4 ⇥ 1013 0.7 – 1.9 ⇥ 10�9 Coutens et al. (in prep)
NGC 1333 IRAS 4B 1.0+1.8

�0.9 ⇥ 10�8 1.2+0.6
�0.4 ⇥ 10�10 1.4 ⇥ 1013 – Coutens et al. (in prep)

NGC 1333 IRAS 2A 8+2.0
�1.2 ⇥ 10�8 7+11

�6.1 ⇥ 10�10 – – Liu et al. (2011)
IRAS 16293-2422 1.8+0.6

�0.4 ⇥ 10�7 8+2.0
�3.4 ⇥ 10�11 2.3 ⇥ 1013 – Coutens et al. (2012, 2013)

L1448-mm 4 ⇥ 10�7 – – – Codella et al. (2010)
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Fig. 13. Upper panels: Comparison of the inner (red) and outer (black) HDO abundances estimated in the low-mass protostars IRAS 16293-2422,
NGC 1333 IRAS 4A, NGC 1333 IRAS 2A and L1448-mm (see also Tab. 3) as a function of the ratio between the submillimeter and bolometric
luminosities, Lsmm/Lbol (a), the bolometric luminosity Lbol (b), the submillimeter luminosity Lsmm (c) and the bolometric temperature (d). Lower
panels: Comparison of the ratio between the inner and outer HDO abundances, Xin/Xout as a function of the Lsmm/Lbol ratio (e), Lbol (f), Lsmm
(g) and Tbol (h). The di↵erent values of the parameters (Lsmm/Lbol, Lbol, Lsmm and Tbol) come from Kristensen et al. (2012), Karska et al. (2013),
Evans et al. (2009) and Froebrich (2005). The HDO abundance is only estimated in the inner part of the protostellar envelope of L1448-mm using
interferometric data (Codella et al. 2010). No uncertainty is provided for this value.

4.2. Comparison of the HDO abundances in low-mass
star-forming regions

Table 3 summarizes the HDO abundances measured in low-mass
protostars. For all sources except L1448-mm, the derived abun-
dances are based on a RATRAN modeling including single-dish
observations. For IRAS 16293-2422, IRAS 4A and IRAS 4B,
the HDO fundamental 11,1–00,0 transition was observed at high
sensitivity with Herschel/HIFI, allowing us to strongly constrain
the outer abundance of deuterated water. The estimation of the
HDO inner abundance in L1448-mm by Codella et al. (2010) is
based on interferometric observations of the HDO 11,0–11,1 line
at 80.6 GHz. Using the spherical source structure determined
by Jørgensen et al. (2002), the abundance is then estimated at
5 ⇥ 10�7. IRAS 4A shows the lowest HDO abundances among
the low-mass protostars, whereas IRAS 16293-2422 shows the
highest inner abundance and IRAS 2A the highest outer abun-
dance. The HDO outer abundances do not cover a wide range of
values. They only range between ⇠1 ⇥ 10�11 and a few 10�10. In
addition, the HDO outer abundance of IRAS 2A (⇠7 ⇥ 10�10) is
not as strongly constrained as in the other sources, because the
modeling did not include the HDO line observed with HIFI at

894 GHz. At 3�, the HDO abundance could be as low as 9 ⇥
10�11 in the colder envelope.

We searched for correlation of the HDO abundances with
di↵erent source parameters such as the submillimeter luminos-
ity Lsmm, the bolometric luminosity Lbol and the bolometric tem-
perature Tbol. Figure 13 shows the inner and outer abundances
as a function of these parameters as well as the Lsmm/Lbol ratio.
This ratio is an indicator of the evolution stage of star forma-
tion (André et al. 1993). The higher it is, the less evolved the
protostar is. The bolometric temperature is also used to evaluate
the evolutionary stage of the protostar (Myers & Ladd 1993). A
higher bolometric temperature means that the source is older. We
do not find either correlation between the evolution of the proto-
stars and the abundances, or with Lsmm and Lbol. We have how-
ever to be careful with the estimation of the inner abundances.
They are derived using the density profile estimated at large
scale. The structure is consequently not constrained at scales
comparable to the hot corino size. In addition, it seems now clear
that disks are already present at the Class 0 stage (see for exam-
ple Pineda et al. 2012). The ratio between the inner and outer
abundances, also plotted in Figure 13, could be correlated with
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Fig. 1. Energy level diagram of the HDO lines. In red, IRAM-30m ob-
servations; in pink, JCMT/APEX observation ; in blue, HIFI observa-
tions. The frequencies are written in GHz.

about 0.74–0.75 (Roelfsema et al. 2012). HIFI uses double side-
band receivers. A sideband gain ratio of 1 is assumed to estimate
the continuum value at 894 GHz (Roelfsema et al. 2012), neces-
sary in the modeling of the deep absorption line.

The line profiles observed at 894 GHz clearly show a broad
emission component tracing the outflows, a narrower emission
component tracing the envelope and a deep thin absorption com-
ponent (see Fig. 3). The parameters of the three components fit-
ted by Gaussians using the CASSIS2 software are presented in
Table 2. For the outflow position, the line profile of the funda-
mental HDO transition shows both the outflow component and a
deep absorption line. This profile is overlaid on the observation
towards IRAS 4A in Figure 2.

2.2. IRAM data

Three additional transitions at 81 (11,0–11,1), 226 (31,2–22,1) and
242 GHz (21,1–21,2) were observed with the IRAM-30m tele-
scope towards IRAS 4A. Only the 226 and 242 GHz lines were
detected. The observations were carried out in November 2004
for the 81 and 226 GHz lines, with the VESPA autocorrelator in
wobbler switching mode, whereas the 242 GHz transition was
observed in April 2012, in position switching mode, using the
Fast fourier Transform Spectrometer (FTS) at a 200 kHz spectral
resolution. The spectral resolution is 0.14, 0.10 and 0.24 km s�1

for the 81, 226 and 242 GHz transitions respectively.
These three transitions were also observed towards IRAS 4B

in January 2013. The observations were carried out in position
switching mode, using the FTS with a fine resolution, 50 kHz.
The beam e�ciencies and forward e�ciencies for the di↵erent
observations are shown in Table 1.

2.3. JCMT data

The HDO 10,1–00,0 fundamental transition at 465 GHz (Table 1)
was observed towards the source IRAS 4A with JCMT in

2 CASSIS (http://cassis.irap.omp.eu) has been developed by
IRAP-UPS/CNRS.

Fig. 2. Left upper panel: HIFI observations of the fundamental line at
894 GHz towards the protostar IRAS 4A (black) and an outflow position
(red). The spectrum at the outflow position has been shifted vertically by
0.178 K. Right upper panel: JCMT observations of the fundamental line
at 465 GHz towards IRAS 4A. Left lower pannel: HIFI observations of
the fundamental line at 894 GHz towards the protostar IRAS 4B. Right
lower panel: APEX observations of the fundamental line at 465 GHz
towards IRAS 4B. The continuum refers to SSB data for each panel.

Fig. 3. Decomposition of the 11,1–00,0 fundamental transitions observed
towards IRAS 4A and IRAS 4B with HIFI into three gaussians : a broad
emission component (red), a medium emission component (green) and
a narrow absorption component (blue).

September 2004 (project M04BN06). The beam e�ciency is
about 0.44, and the spectral resolution is 0.1 km s�1. Like for the
other fundamental transition at 894 GHz observed with HIFI,
three components are observed : a broad component tracing the
outflows, a narrower emission line and a deep absorption compo-
nent (see Fig. 2). The FWHM and the peak-intensity velocity of
the Gaussian fitted on the broad component at 894 GHz are con-
sistent with the data at 465 GHz. These parameters were fixed to
determine the intensity of the fitted Gaussian at this frequency
(see Table 2).

4

HDO/H2O RATIOS in NGC1333 IRAS4A/B
✦ Hot corinos :
N(H2O) estimated in the hot corinos of these two sources using interferometric observations 
of the para-H218O 31,3-22,0 line at 203 GHz ([17,18])

Using the N(HDO) derived with RATRAN, it leads to :
HDO/H2O = 4 x 10-4 - 3.0 x 10-3 in IRAS 4A ([16]) 
HDO/H2O = 1 x 10-4 - 3.7 x 10-3 in IRAS 4B ([16])

- lower than estimates by Taquet et al. 2013 ([19])
- in agreement with estimates by Persson et al. 2013 ([20])

✦ Outflows emanating from IRAS4A :
HDO/H2O = 1 x 10-3 - 9 x 10-2 in the red outflow
HDO/H2O = 7 x 10-4 - 6 x 10-2 in the blue outflow

✦ Outer envelope and absorbing layer :
Analysis of water by the WISH team in 
progress
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