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Table 4.1 – Paramètres des transitions de HDO observées en direction des proto-étoiles
NGC 1333 IRAS 4A et IRAS 4B(1).

Fréquence JKa,Kc Eup/k Aij Télescope Lobe Feff Beff rms(2)
�
Tmbdv

(GHz) (K) (s−1) (��) (mK) (K km s−1)
NGC 1333 IRAS 4A

80.5783 11,0-11,1 47 1.32 × 10−6 IRAM-30m 31.2 0.95 0.78 4 ≤ 0.026
225.8967 31,2-22,1 168 1.32 × 10−5 IRAM-30m 11.1 0.91 0.54 9 0.263
241.5616 21,1-21,2 95 1.19 × 10−5 IRAM-30m 10.4 0.90 0.57 18 0.250
464.9245 10,1-00,0 22 1.69 × 10−4 JCMT 10.8 – 0.44(3) 53 1.760
599.9267 21,1-20,2 95 3.45 × 10−3 HIFI 1b 35.9 0.96 0.75 7 ≤ 0.047
893.6387 11,1-00,0 43 8.35 × 10−3 HIFI 3b 24.1 0.96 0.74 4 0.546

Position dans le flot de NGC 1333 IRAS 4A
599.9267 21,1-20,2 95 3.45 × 10−3 HIFI 1b 35.9 0.96 0.75 7 ≤ 0.047
893.6387 11,1-00,0 43 8.35 × 10−3 HIFI 3b 24.1 0.96 0.74 4 0.274

NGC 1333 IRAS 4B
225.8967 31,2-22,1 168 1.32 × 10−5 IRAM-30m 11.1 0.91 0.54 16 ≤ 0.107
241.5616 21,1-21,2 95 1.19 × 10−5 IRAM-30m 10.4 0.88 0.51 15 ≤ 0.101
464.9245 10,1-00,0 22 1.69 × 10−4 CSO 16.5 – 0.35(3) 86 0.811
599.9267 21,1-20,2 95 3.45 × 10−3 HIFI 1b 35.9 0.96 0.75 6 0.072
893.6387 11,1-00,0 43 8.35 × 10−3 HIFI 3b 24.1 0.96 0.74 4 0.401

(1) Les fréquences, les énergies de niveau supérieur (Eup) et les coefficients d’Einstein (Aij)
de HDO viennent du catalogue spectroscopique JPL (Pickett et al. 1998).
(2) Le rms (en Tmb) est calculé pour une résolution spectrale de 0.5 km s−1.
(3) Cette valeur correspond au rapport entre la main beam efficiency et la forward efficiency.

Table 4.2 – Décomposition en différentes composantes des profils de raie de HDO dans les
sources IRAS 4A et IRAS 4B(1).

Composante large Composante moyenne Composante en absorption

Fréquence JKa,Kc T
peak
mb FWHM vLSR T

peak
mb FWHM vLSR T

peak
mb FWHM vLSR

(GHz) (K) (km s
−1

) (km s
−1

) (K) (km s
−1

) (km s
−1

) (K) (km s
−1

) (km s
−1

)

NGC 1333 IRAS 4A

225.8967 31,2-22,1 – – – 0.032 7.9 6.0 – – –

241.5616 21,1-21,2 – – – 0.047 5.4 7.9 – – –

464.9245 10,1-00,0 0.121 15.9 5.9 0.251 1.8 7.0 −0.623 0.9 7.7

893.6387 11,1-00,0 0.040 15.9 5.9 0.1373 2.0 7.2 −0.384 1.2 7.6

NGC 1333 IRAS 4B

464.9245 10,1-00,0 – – – 0.285 2.2 6.4 – – –

599.9267 21,1-20,2 – – – 0.030 2.7 7.6 – – –

893.6387 11,1-00,0 0.044 10.0 6.8 0.171 0.9 6.6 −0.182 1.3 7.4

(1) Obtenues à partir d’ajustements Gaussiens sur chaque composante selon l’algorithme
Levenberg-Marquardt.

NGC 1333 IRAS 4A

Flot de NGC 1333 IRAS 4A

NGC 1333 IRAS 4B
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H2 density

temperature

NGC 1333 IRAS 4B

‣ Subtraction of the broad outflow component 
present on the observations of the fundamental 
transitions :

FWHM ~ 16 km/s for IRAS 4A
FWHM ~ 10 km/s for IRAS 4B

‣ Density and temperature profiles determined by 
Kristensen et al. (2012)

temperature

 H2 density

NGC 1333 IRAS 4A

‣ RATRAN modeling

3

‣ Velocity profiles: vr = !(2GM*/r) 
           IRAS 4A : M* = 0.5 Msol (Maret et al. 2005, di    
Francesco et al. 2001)
                 IRAS 4B : M*?                free parameter
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HDO modeling in NGC 1333 IRAS 4A

Adding an absorbing layer is needed to reproduce the absorption lines at 894 
and 465 GHz : N(HDO)abs ~ 1.4 x 1013 cm-2A. Coutens et al.: Deuterated water in the solar-type protostar NGC 1333 IRAS 4A
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Fig. 3. Comparison of the modeling of the HDO 11,1-00,0 and 10,1-00,0
fundamental transitions with an added absorbing layer (in green) and
without this layer (in red). The HDO column density in the absorbing
layer is about 1.4 × 1013 cm−3. The broad outflow component seen on
the observations was subtracted. The continuum refers to SSB data.

of the disks surrounding both the binary components IRAS 4A1
and IRAS 4A2 at 0.46 and 0.22 M⊙ respectively, which lead
to a total central mass of 0.68 M⊙, a little higher than 0.5 M⊙.
However, more recently, Choi et al. (2010) found a disk mass
for IRAS 4A2 of 0.08 M⊙, reducing the total mass at 0.54 M⊙.
To reproduce the absorption component seen on the fundamental
lines, the doppler b-parameter is estimated at 0.4 km s−1, i.e. that
the width due to the turbulence broadening is about 0.67 km s−1.
To model a continuum value consistent with the observations, a
power-law emissivity model was chosen :

κ = 8.5
� ν
1012

�1.05
(1)

with κ the absorption coefficient in cm2/gdust and ν the frequency
in Hz. We assumed an abundance profile with a jump at 100 K,
for the release in gas phase by thermal desorption of the water
molecules trapped in the icy grain mantles (Fraser et al. 2001).

A grid of models with different inner and outer abundances,
Xin and Xout , was run. Similarly to IRAS 16293-2422 (Coutens
et al. 2012), an absorbing layer has to be added to the structure
to reproduce the absorption lines observed at 894 and 465 GHz.
None of the models can reproduce these deep absorption com-
ponents without overpredicting the line emissions. The Figure 3
shows the difference of the modeling with and without the ab-
sorbing layer with a HDO column density of 1.4 × 1013 cm−3.
The analysis and the discussion regarding this added layer are
detailed in Section 3.2. A χ2 minimization was then used to de-
termine the best-fit parameters, adding this absorbing layer to
the structure. The χ2 is computed on the line profiles with the
following formalism :

χ2 =

N�

i=1

nchan�

j=1

(Tobs,i j − Tmod,i j)
2

(α rmsi)2 (2)

with N the number of lines i, nchan the number of channels j
for each line, Tobs,ij and Tmod,ij the intensity observed and pre-
dicted by the model respectively in the channel j of the line i
and rmsi the rms of the line i. α is a parameter applied to the
rms so that the χ2

min is equal to the total number of points used
(Np =

�N
i=1 nchan) minus the number of degree of freedom (p),

Np − p, i.e. it requires that the reduced form of χ2 is equal to
χ2

min red = 1. Taking into account this foreground absorbing layer
in the modeling, the best-fit is obtained for an inner abundance,
Xin = 7.5 × 10−9, and an outer abundance, Xout = 1.2 × 10−11,
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Fig. 4. In black: HDO lines observed towards IRAS 4A with HIFI,
IRAM and JCMT. In red: best-fit model obtained when adding an ab-
sorbing layer with an HDO column density of ∼1.4 × 1013 cm−2 to the
structure. The best-fit inner abundance is 7.5 × 10−9 and the best-fit
outer abundance is 1.2 × 10−11. The broad outflow component seen on
the observations was subtracted. The continuum seen on the observa-
tions of the 894 GHz and 465 GHz lines refers to SSB data.

with an α parameter about 1.4. The line profiles predicted by
this model are shown in Figure 4, whereas the χ2 contours at 1,
2 and 3σ are plotted in Figure 5. At 3σ, the inner abundance
is between 4.5 × 10−9 and 1.1 × 10−8, whereas the outer abun-
dance is between 8 × 10−12 and 1.6 × 10−11. For different central
masses (0.3 and 0.7 M⊙), the best-fit abundances remain similar:
Xin = 7.0 × 10−9, Xout = 1.2 × 10−11 for M = 0.3 M⊙ and Xin =
8.5 × 10−9, Xout = 1.0 × 10−11 for M = 0.7 M⊙, with α values
slightly higher than for the case M = 0.5 M⊙.

3.2. The absorbing layer

Depending on the position of the absorbing layer with respect to
the outflows, the depth of the absorption components may vary
after the subtraction of the broad component. Indeed, if the ab-
sorbing layer is between the outflows and the protostellar en-
velope (see case (a) of Fig. 6), the depth of the absorption line
will be unchanged after the subtraction of the large component,
because the “continuum” produced by the outflows (broad com-
ponent) will not be absorbed by the added layer. On the contrary,
if the absorbing layer is situated in front of the outflows (see case
(b) of Fig. 6), the continuum obtained after subtraction will be
lower that the “real” absorbed continuum, since the continuum
produced by the outflows contributes to the absorption. In this
case, it is required to reduce the depths of the absorbing lines
studied here by a value practically equal to the intensities of the
Gaussian fitted on their broad components (uncertainty � 10%).
The presence of an absorption component on the data at 894
GHz towards the outflow of IRAS 4A (see Fig. 2) suggests that
the foreground absorbing layer is more extended than the out-
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without adding an absorbing layer

adding a foreground absorbing layer 

‣ absorption observed 
towards an outflow 
position

‣ extended absorbing 
layer
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Chapitre 4. L’eau deutérée dans les proto-étoiles de faible masse

NGC 1333 IRAS 4A et IRAS 4B

Figure 4.5 – Représentation des différentes positions possibles de la couche d’absorption
par rapport à la source IRAS 4A et son flot moléculaire et impact sur l’absorption des raies
fondamentales. Dans le cas (a), la couche d’absorption est peu étendue par rapport aux flots.
Le continuum qui va être absorbé est uniquement dû à la proto-étoile. La composante large
produite par les flots s’ajoute dessus. Dans le cas (b), la couche d’absorption est plus étendue
que les flots moléculaires. Le continuum qui va être absorbé est donc dû à la proto-étoile et
au flot moléculaire.
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Figure 4.6 – En noir : les deux transitions fondamentales 11,1–00,0 et 11,0–00,0 de HDO obser-
vées respectivement à 894 GHz avec HIFI et à 465 GHz avec JCMT en direction d’IRAS 4A.
En rouge : la modélisation de HDO sans couche d’absorption. En vert : la modélisation de
HDO avec une couche d’absorption dont la densité de colonne de HDO est d’environ ∼ 1.4
× 1013 cm−2.



HDO modeling in NGC 1333 IRAS 4A

Best-fit : 
Xin = 7.5 x 10-9 

and 
Xout = 1.2 x 10-11

3! :    4.5 x 10-9 " Xin  " 1.1 x 10-8

         8 x 10-12 " Xout  " 1.6 x 10-11
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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 (∼16��

au lieu de ∼11�� 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 α égal à 1.8. Cette étude dépendant de 3 paramètres libres, les contours de χ2 à 1σ,
2σ et 3σ correspondent aux contours pour lesquels χ2=χ2

min+3.53 (1σ), χ2=χ2
min+8.02 (2σ)

et χ2=χ2
min+14.2 (3σ). Ils sont présentés en Figure 4.11. Seule la masse de 0.1 M⊙ respecte

A. Coutens et al.: Deuterated water in the solar-type protostar NGC 1333 IRAS 4A
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M.V.Perssonetal.:Subarcsecondresolutionobservationsofwarmwatertowardsthreedeeplyembeddedlow-massprotostars

Fig.6.Schematicdrawingofadiskdominatedbyinwardmo-
tionsratherthanrotationindifferentobservationgeometries.In
caseA(IRAS4B),theobservedlineisnarrowandasmallveloc-
itygradientisseen.IncaseB(IRAS2AandIRAS4A-NW),the
observedlineisbroaderandnovelocitygradientisobserved.

ducedbytheoutflow,wheretheopticaldepthalongthelineof
sightislowerinagreementwiththesuggestionbyWatsonetal.
(2007)(caseAinFig.6).InIRAS2AandIRAS4A-NW,the
viewingangleisclosertoedge-on,causingmid-IRemissionto
beblockedbytheopticallythickenvelope(caseBinFig.6).

Thissolutioncouldalsoexplainthevelocitygradientob-
servedtowardsIRAS4Bandthebroaderlinewidthstowards
IRAS2AandIRAS4A-NW.Indisksdominatedbyinwardmo-
tionsratherthanrotation,thesystemsviewedatanangleexhibit
narrowlinesandavelocitygradient(caseAinFig.6),whilesys-
temsviewededgeonshowbroaderlinesandnovelocitygradi-
ent(caseBinFig.6).Thedynamicalstructureofthediskwould
movetowardsarotationallysupporteddiskonalocaldynam-
icaltime-scale,whichisafew×103yrataradiusof110AU
(Brinchetal.2009).

4.4.Non-masingoriginofH182Oemission

Wenowturntheattentiontochemicalimplicationsofthepre-
senteddata:thesubsequentanalysisofthedatafocusesonthe
abundanceandexcitationofwaterandotherspeciesdetectedin
thespectra.

TheprimaryconcernabouttheH182Oanalysisinthiscontext
iswhethertheH182Olinecouldbemasing.Manylinesofwa-
terobservablefromthegroundareseentobemasing,asisthe
caseforthesametransitionstudiedhere(31,3−22,0)butinthe
mainisotopologue,H162O(Cernicharoetal.1994).Severalob-
servablesargueagainstthattheH182O31,3−22,0lineismasingin
thesourcesinvestigatedhere.

First,thelinewidthsobservedinthecentralbeamto-
wardsthecontinuumpeakarecomparableforallthedetected
speciesineachofthesources,aswasalsoseeninIRAS4B
(Jørgensen&vanDishoeck2010a,b).Althoughthemeanline
widthissomewhatbroaderinIRAS2AandIRAS4A-NWcom-
paredtoIRAS4Btheyarestillsignificantlymorenarrowtowards
thecentralsource(<5kms−1)thaninthebroadoutflowcom-
ponentsseenintheHerscheldata(>5kms−1)towardsthese
sources(Kristensenetal.2010).ForIRAS2A,themeanFWHM
andstandarddeviationofthefittedlinesis2.8±0.7kms−1,for
IRAS4A-NW2.4±1.0kms−1,andforIRAS4B1.1±0.2kms−1.

Inadditiontothis,thevariationsinintensitiesbetweenthedif-
ferentlinesineachsourcearesmallerthanthevariationsinline
intensitybetweenthesources.

InIRAS2A,Furuyaetal.(2003)reportthatmaseremission
at22GHzishighlyvariableandhasavelocityof7.2kms−1,i.e.
marginallyred-shifted.ForIRAS4A,Furuyaetal.(2003)and
Marveletal.(2008)showthatthestrongestmasercomponent
liesat∼10kms−1wherewedonotdetectanystrongH182Omil-
limeteremission.

Takentogether,theseargumentssuggestthattheH182Oemis-
siondetectedtowardsthecentralpositionsofthesourcesisnot
masing,butinsteadisthermalemissionwiththesameoriginas
theotherdetectedspecies.

4.5.Columndensitiesandabundancesdeterminations

HavingestablishedthattheH182Olineisunlikelytobemasing,
thecolumndensitiesforeachspeciescanbedeterminedand
compareddirectly.Theemissionfromthedifferentmolecules
isassumedtobeopticallythinandtouniformlyfillthebeam
(validsincethedeconvolvedsizeinTable3iscomparabletothe
beamsize).Theexcitationistakentobecharacterizedbyasin-
gleexcitationtemperatureTex,whichdoesnothavetobeequal
tothekinetictemperature.

4.5.1.Watercolumndensityandmass

Table4summarizestheinferredcolumndensitiesofthevarious
moleculesassumingTex=170K.Thegas-phaseH2Oabundance
andmassarecalculatedwithanisotopicabundanceratioof
16O/18Oof560inthelocalinterstellarmedium(Wilson&Rood
1994).ThemassesofgasphaseH2Ointhesourcesaregiven
inthebottomofTable4,inunitsofSolarandEarthmasses,
alongwiththefractionofgasphasewaterrelativetoH2.As
pointedoutbyJørgensen&vanDishoeck(2010a),inIRAS4B,
thederivedcolumndensityofH2Oisalmost25timeshigher
thandeducedbyWatsonetal.(2007).Thededucedmassofthe
gasphasewaterinIRAS2Aisroughlysixtimeshigherthanin
IRAS4A-NWand90timeshigherthaninIRAS4B.Thus,wa-
terispresentintheinnerpartsofallofthesourcesandthe
non-detectioninIRAS4AandIRAS2Aatmid-infraredwave-
lengthsisduetothehighopacityoftheenvelopecombinedwith
astrongoutflowcontributiontoH162OlinesinIRAS4B(seealso
Herczegetal.2011).

Table4.Derivedpropertiesofthedetectedspeciesoverthede-
convolvedsizesofthelinesforallsourcesintheproject.

IRAS2AIRAS4A-NWIRAS4B
NCH3OCH3a1.2×1017b6.8×10165.6×1016
NH182O

a2.9×10167.9×10153.9×1015
NC2H5CN

a<1.4×10141.1×10152.8×1014
NSO2a1.8×10168.2×10151.3×1015
MH2O(M⊙)1.8×10−62.7×10−71.5×10−8
MH2O(M⊕)0.610.090.006
X(=NH2O/NH2)4.2×10−61.4×10−77.8×10−9

(a)Incm−2assumingTex=170K.Thetypicalerrorisacombinationof
theassumptionoftheexcitationtemperatureandthefluxcalibration
uncertainty(∼20%).ThedeterminedcolumndensityvarieswithTexin
theinterval100–200Kdifferentlyforeachmolecule,seeFig.8andthe
discussioninSect.4.5.3.(b)Usingonlylines1,2,3and4.
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Fig.6.Schematicdrawingofadiskdominatedbyinwardmo-
tionsratherthanrotationindifferentobservationgeometries.In
caseA(IRAS4B),theobservedlineisnarrowandasmallveloc-
itygradientisseen.IncaseB(IRAS2AandIRAS4A-NW),the
observedlineisbroaderandnovelocitygradientisobserved.

ducedbytheoutflow,wheretheopticaldepthalongthelineof
sightislowerinagreementwiththesuggestionbyWatsonetal.
(2007)(caseAinFig.6).InIRAS2AandIRAS4A-NW,the
viewingangleisclosertoedge-on,causingmid-IRemissionto
beblockedbytheopticallythickenvelope(caseBinFig.6).

Thissolutioncouldalsoexplainthevelocitygradientob-
servedtowardsIRAS4Bandthebroaderlinewidthstowards
IRAS2AandIRAS4A-NW.Indisksdominatedbyinwardmo-
tionsratherthanrotation,thesystemsviewedatanangleexhibit
narrowlinesandavelocitygradient(caseAinFig.6),whilesys-
temsviewededgeonshowbroaderlinesandnovelocitygradi-
ent(caseBinFig.6).Thedynamicalstructureofthediskwould
movetowardsarotationallysupporteddiskonalocaldynam-
icaltime-scale,whichisafew×103yrataradiusof110AU
(Brinchetal.2009).

4.4.Non-masingoriginofH182Oemission

Wenowturntheattentiontochemicalimplicationsofthepre-
senteddata:thesubsequentanalysisofthedatafocusesonthe
abundanceandexcitationofwaterandotherspeciesdetectedin
thespectra.

TheprimaryconcernabouttheH182Oanalysisinthiscontext
iswhethertheH182Olinecouldbemasing.Manylinesofwa-
terobservablefromthegroundareseentobemasing,asisthe
caseforthesametransitionstudiedhere(31,3−22,0)butinthe
mainisotopologue,H162O(Cernicharoetal.1994).Severalob-
servablesargueagainstthattheH182O31,3−22,0lineismasingin
thesourcesinvestigatedhere.

First,thelinewidthsobservedinthecentralbeamto-
wardsthecontinuumpeakarecomparableforallthedetected
speciesineachofthesources,aswasalsoseeninIRAS4B
(Jørgensen&vanDishoeck2010a,b).Althoughthemeanline
widthissomewhatbroaderinIRAS2AandIRAS4A-NWcom-
paredtoIRAS4Btheyarestillsignificantlymorenarrowtowards
thecentralsource(<5kms−1)thaninthebroadoutflowcom-
ponentsseenintheHerscheldata(>5kms−1)towardsthese
sources(Kristensenetal.2010).ForIRAS2A,themeanFWHM
andstandarddeviationofthefittedlinesis2.8±0.7kms−1,for
IRAS4A-NW2.4±1.0kms−1,andforIRAS4B1.1±0.2kms−1.

Inadditiontothis,thevariationsinintensitiesbetweenthedif-
ferentlinesineachsourcearesmallerthanthevariationsinline
intensitybetweenthesources.

InIRAS2A,Furuyaetal.(2003)reportthatmaseremission
at22GHzishighlyvariableandhasavelocityof7.2kms−1,i.e.
marginallyred-shifted.ForIRAS4A,Furuyaetal.(2003)and
Marveletal.(2008)showthatthestrongestmasercomponent
liesat∼10kms−1wherewedonotdetectanystrongH182Omil-
limeteremission.

Takentogether,theseargumentssuggestthattheH182Oemis-
siondetectedtowardsthecentralpositionsofthesourcesisnot
masing,butinsteadisthermalemissionwiththesameoriginas
theotherdetectedspecies.

4.5.Columndensitiesandabundancesdeterminations

HavingestablishedthattheH182Olineisunlikelytobemasing,
thecolumndensitiesforeachspeciescanbedeterminedand
compareddirectly.Theemissionfromthedifferentmolecules
isassumedtobeopticallythinandtouniformlyfillthebeam
(validsincethedeconvolvedsizeinTable3iscomparabletothe
beamsize).Theexcitationistakentobecharacterizedbyasin-
gleexcitationtemperatureTex,whichdoesnothavetobeequal
tothekinetictemperature.

4.5.1.Watercolumndensityandmass

Table4summarizestheinferredcolumndensitiesofthevarious
moleculesassumingTex=170K.Thegas-phaseH2Oabundance
andmassarecalculatedwithanisotopicabundanceratioof
16O/18Oof560inthelocalinterstellarmedium(Wilson&Rood
1994).ThemassesofgasphaseH2Ointhesourcesaregiven
inthebottomofTable4,inunitsofSolarandEarthmasses,
alongwiththefractionofgasphasewaterrelativetoH2.As
pointedoutbyJørgensen&vanDishoeck(2010a),inIRAS4B,
thederivedcolumndensityofH2Oisalmost25timeshigher
thandeducedbyWatsonetal.(2007).Thededucedmassofthe
gasphasewaterinIRAS2Aisroughlysixtimeshigherthanin
IRAS4A-NWand90timeshigherthaninIRAS4B.Thus,wa-
terispresentintheinnerpartsofallofthesourcesandthe
non-detectioninIRAS4AandIRAS2Aatmid-infraredwave-
lengthsisduetothehighopacityoftheenvelopecombinedwith
astrongoutflowcontributiontoH162OlinesinIRAS4B(seealso
Herczegetal.2011).

Table4.Derivedpropertiesofthedetectedspeciesoverthede-
convolvedsizesofthelinesforallsourcesintheproject.

IRAS2AIRAS4A-NWIRAS4B
NCH3OCH3a1.2×1017b6.8×10165.6×1016
NH182O

a2.9×10167.9×10153.9×1015
NC2H5CN

a<1.4×10141.1×10152.8×1014
NSO2a1.8×10168.2×10151.3×1015
MH2O(M⊙)1.8×10−62.7×10−71.5×10−8
MH2O(M⊕)0.610.090.006
X(=NH2O/NH2)4.2×10−61.4×10−77.8×10−9

(a)Incm−2assumingTex=170K.Thetypicalerrorisacombinationof
theassumptionoftheexcitationtemperatureandthefluxcalibration
uncertainty(∼20%).ThedeterminedcolumndensityvarieswithTexin
theinterval100–200Kdifferentlyforeachmolecule,seeFig.8andthe
discussioninSect.4.5.3.(b)Usingonlylines1,2,3and4.
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Fig. 6. Different scenarios for the position of the absorbing layer with respect to the protostar and the outflows and influence on the absorbing line
depth. In case (a), the absorbing layer is not very extended by comparison with the outflows. The continuum that is absorbed is only due to the
protostar. The broad component is superposed. In case (b), the absorbing layer is more extended than the outflows. The continuum that is absorbed
is due both to the protostar and the outflows.
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Fig. 5. χ2 contours at 1σ, 2σ and 3σ obtained when adding an absorbing
layer with an HDO column density of 1.4 × 1013 cm−2 to the structure.
The best-fit model is represented by the symbol “+”.

flows. When subtracting the broad components, the depth of the
absorbing lines was consequently limited to take into account
the absorption by the continuum produced by the outflows. To
reproduce the depth of the absorption lines, the column density
of HDO is then about 1.4 × 1013 cm−2, less than a factor twice
lower with respect to the absorbing layer in IRAS 16293-2422
(2.3 × 1013 cm−2; Coutens et al. 2012). This added layer could be
the result of an equilibrium between the photodesorption of wa-
ter molecules trapped in the icy grain mantles and their photodis-
sociation by the UV field (Hollenbach et al. 2009). This layer is
predicted at a visual extinction, AV , between 1 and 4. Assuming
the relation N(H2)/AV = 9.4 × 1020 cm−2 mag−1 (Frerking et al.
1982), the deuterated water abundance in the photodesorption
layer should be ∼3.7 × 10−9 – 1.5 × 10−8. An other explanation

could be that the protostellar lifetime is lower than the time nec-
essary to freeze-out the water molecules at low densities (∼104

cm−3), as suggested for other molecules like CO and H2CO by
Schöier et al. (2004) and Jørgensen et al. (2004, 2005).

A large-scale foreground layer at 8 km s−1 causing absorp-
tion for several molecules (CO, HCN, HCO+, H2CO) was al-
ready suggested in this region by Choi et al. (2004). Using
single-dish observations of the CO J = 3 − 2 line, Choi et al.
(2004) estimated that the absorbing layer should be larger than
the extent of the outflows (> 200��), which is itself larger than
the size of the IRAS 4 core (which includes both the sources
IRAS 4A and IRAS 4B). In our analysis, the velocity of the ab-
sorbing layer appears at 7.6 km s−1. It could consequently cor-
respond to the same absorbing layer. However, the presence of
this layer was questioned in several papers (Belloche et al. 2006;
Walsh et al. 2006). According to Belloche et al. (2006), an infall
motion would be sufficient to explain the observed absorptions
of CS and N2H+ transitions if a source velocity of 7.2 km s−1 is
assumed instead of 6.7 km s−1 used by Choi et al. (2004). Walsh
et al. (2006) drew similar conclusions favoring the interpreta-
tion that the HCO+ line profiles are indicative of inward motions
associated with the complex of NGC 1333. Using vLSR = 7.2
km s−1 for the HDO analysis, we show that probably both the
hypotheses take place here. The infall motion is in fact neces-
sary to reproduce the inverse P-Cygni line profile of the HDO
fundamental lines, but insufficient to reproduce their absorption
depths, even with a source velocity of 7.2 km s−1. An additional
foreground cold layer rich in water is therefore required.

A thin emission of SiO was detected by Lefloch et al. (1998)
in the complex of NGC 1333 at a velocity consistent with the
HDO absorbing component. The similar line widths and veloc-
ities of these lines could suggest a same origin. Figures 7 and
8 show however that the SiO thin component is emitted in the
blue part of the outflow but is undetected towards IRAS 4A and
the red part of the outflow, whereas the HDO absorption line
is observed at these latter positions. No HDO data have been
observed towards the blue part of the outflow, which do not al-

5

5 HDO Meeting - Garching 15/01/2013

‣ What about H2O ?
‣ Comparison of the HDO/H2O ratios with 
the interferometric results



HDO modeling in NGC 1333 IRAS 4A

‣ profiles of the broad component 
compared with other molecules 
tracing the outflows

‣ similarity between the HDO and 
CO line profiles

‣ RADEX modeling used with the excitation conditions derived by Yildiz et al. (2012) for CO :
n(H2) ~ 3 x 105 cm-3, T ~ 100 - 150 K 

‣ N(HDO) ~ 2 - 4 x 1013 cm-2

‣ X(HDO) ~ 7 x 10-10 - 1.9 x 10-9 using N(H2) ~ 2.1 - 2.8 x 1022 cm-2 (Yildiz et al. 2012)

‣ Estimation of the HDO/H2O ratio in the outflows?

OUTFLOWS
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HDO modeling in NGC 1333 IRAS 4B

Best-fit : 
Xin = 2 x 10-8

Xout = 1.4 x 10-10

M* = 0.1 Msun

3! : 

Xin " 6 x 10-8 

1 x 10-10 " Xout  " 2 x 10-10

M* = 0.1 Msun

‣ vr = !(2GM*/r) with M* ?
‣ grid with 3 parameters: Xin, Xout, M* 
‣ absorbing layer N(HDO) ~ 1.4 x 1013 cm-2

M* = 0.1 Msun

Upper limit on the inner abundance consistent with the 
undetection of the 226 GHz line with SMA (Jørgensen & 
van Dishoeck 2010)
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Deuterated water in NGC1333 IRAS4B

New observations

‣ IRAM-30m observations :
    241 GHz line (Eup = 95 K), 81 GHz line (Eup = 47 K) & 226 GHz line (Eup = 170 K)

‣ APEX observations at 465 GHz : proposal accepted, 5 hours observed 
instead of the 15h required (5! detection)

‣ Improvement of the modeling with the new observations ?

 Add IRAS 4B to the paper about IRAS4A???
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Deuterated water in IRAS16293-2422 

New D2O analysis

Coutens A. et al.: Heavy water stratification in a low-mass protostar

Table 2. HDO/H2O, D2O/HDO and D2O/H2O abundance ratios estimated towards the protostar IRAS 16293.

Hot corino Outer envelope Photodesorption layer
Best-fit 3σ Best-fit 3σ AV ∼ 1 – 4 mag

HDOa 1.8 × 10−7 1.4 – 2.4 × 10−7 8 × 10−11 5.5 – 10.6 × 10−11 ∼ 0.6 – 2.4 × 10−8

H2Oa,b 1 × 10−5 4.7 – 40.0 × 10−6 1.5 × 10−8 7.0 – 22.5 × 10−9 ∼ 1.3 – 5.3 × 10−7

D2O 7 × 10−10 ≤ 1.3 × 10−9 5 × 10−12 ≤ 1.3 × 10−11 ∼ 6.6 – 27 × 10−10

HDO/H2O 1.8% 0.4% – 5.1% 0.5% 0.3% – 1.5% ∼ 4.8%c

D2O/HDO 0.4% ≤ 0.9% 6.3% ≤ 23% ∼ 10.8%c

D2O/H2O 0.007% ≤ 0.03% 0.03% ≤ 0.2% ∼ 0.5%c

a The HDO and H2O abundances from Coutens et al. (2012) were recalculated with the χ2 minimization shown in Equation 1. b The H2O
abundances are obtained from the H2

18O data using the collision rates with H2 calculated by Daniel et al. (2011). The H2
16O/H2

18O ratio is
assumed to be 500. c The ratios remain valid if the absorbing layer is not due to the photodesorption.

Fig. 2. In black: D2O transitions observed with HIFI and JCMT. The CH3OD transition contaminating the para–D2O (11,0–10,1) transition has been
subtracted for a direct comparison with the D2O best-fit model. In red: best-fit model obtained when adding an absorbing layer with N(para–D2O)
= 1.1 × 1012 cm−2 and N(ortho–D2O) = 1.4 × 1012 cm−2. The resulting inner abundance is 7 × 10−10 and the outer abundance is 5 × 10−12.

most of the O and CO are depleted from the gas phase (t ∼ 1–
3 × 105 years). Once the ices are formed, we assume that our
model cloud collapses at a free-fall time to form the star and
therefore that the density of the medium is increased at the same
rate (in order to determine the evolution of the ices during the
collapse). The density of the cloud sets the gas phase D/H ra-
tio though ion-molecule chemistry (deuteration of H+3 sets the
gas D/H ratio, as described in Roberts et al. 2002). Therefore, a
translucent cloud with an initial density of 103, 104 and 5 × 104

cm−3 results on a D/H ratio in gas phase of 5 × 10−3, 5 × 10−2

and 10−2 respectively (Cazaux et al. 2011). We assume conse-
quently these 3 initial values for the density (103, 104 and 5 ×
104 cm−3) as well as 3 different temperatures (15, 17 and 20 K).
The HDO/H2O as well as the D2O/H2O ratios obtained during
the formation of ices are presented in Figure 4. Both ratios are
strongly sensitive to the dust temperature. Indeed, at low temper-
atures, H2 is present on the dust, being much more abundant than
H, and the successive hydrogenations of O with H2 dominate
the formation of H2O. On the other hand, HDO forms through
addition of atomic deuterium. These different formation routes
imply that the HDO/H2O ratio scales with D/H2 ratio present
in the gas, while the D2O/H2O scales with (D/H2)2. If the grain
is warm, the H2 molecules evaporate and the formation of H2O
is insured by successive hydrogenation with H atoms. Since the
formation of HDO involves atomic deuterium, the HDO/H2O
ratio becomes comparable to the D/H ratio and D2O/H2O com-
parable to (D/H)2. Therefore, the variation of the deuterium frac-
tionation with the initial dust temperature is due to the different
routes to form water molecules. In the second phase of the mod-
eling, the dust grains covered by ices are transposed in a much
denser environment (105 cm−3), characteristic of a gravitational

collapse. This second phase is shown in Figure 4 from 105 to
106 years. During this time interval, the density increases and
the ices present on the dust can react with some species present
in the gas. However, the deuterium fractionation of water does
not change once the ices are formed. In their modeling, Cazaux
et al. (2011) found that the deuterium fractionation of the water
ice mantle is not altered by the cloud collapse, pointing to the
fact that the deuterium fractionation of water must have been set
during the formation of ices (see Fig. 4).

The HDO/H2O and D2O/H2O observed ratios suggest that
the ices present in IRAS 16293 and desorbing in the hot corino
were made in a warm (∼ 20 K) and dense (∼ 104 cm−3) translu-
cent cloud. Recently, Taquet et al. (2012) showed that the rela-
tively high deuterium fractionation of water could be attributed
to the formation of water ices in dark phases (either at nH ∼ 104

cm−3, at low temperature, ∼ 10 K, and high visual extinction,
larger than 4 magnitudes, or for higher densities, ∼ 105 cm−3)
where the D/H ratio starts to efficiently increase. Although the
chemical models diverge on the deuteration processes which are
enhanced for warm dust in one case (Cazaux et al. 2011), and
for cold dust in the other case (Taquet et al. 2012), our results
both agree that the high deuterium fractionation originates from
a dense medium (both model need dense medium for high D/H
ratio).

In the extended absorbing layer possibly due to photodes-
orption mechanisms, the observed D2O/H2O ratio appears much
larger compared to the hot corino value. It is higher than all the
chemical predictions, rather suggesting that water formed in a
denser (� 5 × 104 cm−3) region with warm (∼ 20 K) gas. We can-
not exclude that, in this external layer, water can also be formed
by gas phase mechanisms through ion-molecule reactions. Note
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‣ RATRAN modeling similar to HDO and H2
18O  (Coutens 

et al. 2012) :
‣ No prediction of D2O absorption lines without adding an 
absorbing layer to the structure of Crimier et al. (2010)
‣ adding an absorbing layer produces an absorbing line at 
898 GHz consistent with observations
‣ N(D2O)abs = 2.5 x 1012 cm-2

‣ ortho/para (D2O)abs ~ 1.3
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Coutens A. et al.: Heavy water stratification in a low-mass protostar

certainty with the corresponding column densities N(ortho) =
(8.7 ± 2.1) × 1011 cm−2 and N(para) = (7.8 ± 2.6) × 1011 cm−2.
This ratio is lower than 2.6 at a 3σ level of uncertainty taking
into account the statistical error as well as the overall calibration
budget for the HIFI band 1b. The comparison between the upper
value of the measured D2O ortho-to-para ratio and the thermal
equilibrium value shows that they are consistent with a gas at
a temperature higher than about 15 K and, therefore, with the
assumed absorbing gas location.

The present paper aims at determining the overall deuterated
water stratification (D2O and HDO) in the low-mass protostar
IRAS 16293 using the same non-LTE modeling that was used
in Coutens et al. (2012), taking into account the new collisional
rates from Faure et al. (2012).

2. Observations

In the framework of the CHESS key program (Ceccarelli et al.
2010), we observed the solar-type protostar IRAS 16293 with
the Herschel/HIFI instrument (Pilbratt et al. 2010, de Graauw
et al. 2010). The targeted coordinates were α2000 = 16h 32m

22.s75, δ2000 = − 24◦ 28� 34.2��, a position at equal distance of the
binary components A and B. A full spectral coverage of bands
1b and 3b was performed on 2010 March 2 and 2010 March 19
respectively, using the HIFI spectral scan Double Beam Switch
(DBS) mode with optimization of the continuum. The funda-
mental ortho–D2O 11,1–00,0 transition lies in this frequency cov-
erage at 607.35 GHz whereas the para–D2O 21,2–11,0 transition
lies at 897.95 GHz. The HIFI Wide Band Spectrometer (WBS)
was used, providing a spectral resolution of 1.1 MHz (∼0.55
km s−1 at 600 GHz and ∼0.37 km s−1 at 900 GHz) over an
instantaneous bandwidth of 4 × 1 GHz. The ortho–D2O 11,1–
00,0 transition was re-observed in February 2011 with the High
Resolution Spectrometer (HRS) to benefit from a higher spec-
tral resolution (∼0.06 km s−1). We consequently use these new
observations hereafter. At 610 GHz (900 GHz), the beam size is
about 35�� (24�� resp.) and the measured main beam efficiency is
0.75 (0.74 resp.) whereas the forward efficiency is 0.96 in both
cases (Roelfsema et al. 2012). The DBS reference positions were
situated approximately 3� east and west of the source.

The data reduction of the para–D2O 21,2–11,0 transition at
898 GHz was performed similarly to the HDO and H2

18O lines
studied by Coutens et al. (2012). The pointed HRS observa-
tions at 607 GHz were processed with the ESA-supported pack-
age HIPE 8.0 (Ott 2010) up to level 2 then exported to the
GILDAS/CLASS1 software to average the H and V polariza-
tions. HIFI operates as a double sideband (DSB) receiver. From
the in-orbit performances of the instrument (Roelfsema et al.
2012), a sideband ratio of unity is assumed for the observed
D2O transitions seen in absorption against the continuum (bands
1b and 3b). The continuum values observed over the frequency
range of the whole bands are closely fitted by straight lines. The
continuum derived from the polynomial fit at the considered fre-
quency and divided by two to obtain the SSB (single sideband)
continuum was added to the spectra.

The parameters of the lines, taking into account the ortho and
para–D2O forms (within the CASSIS software2) separated from
the Cologne Database for Molecular Spectroscopy (Müller et al.
2005, Brünken et al. 2007), are reported in Table 1. The funda-
mental ortho–D2O transition at 607.35 GHz is clearly detected
in absorption against the strong continuum (∼ 0.3 K).We present

1 http://www.iram.fr/IRAMFR/GILDAS
2 Developed by IRAP-UPS/CNRS: http://cassis.irap.omp.eu

here the first tentative detection of the para–D2O 21,2–10,1 transi-
tion at 897.95 GHz, seemingly in absorption against the contin-
uum (∼ 0.75 K). In the same table, we report also the parameters
of the para–D2O 11,0–10,1 fundamental line previously observed
at 316.80 GHz with the JCMT (see discussion by Vastel et al.
2010). The 20,2–11,1 ortho transition at 468.25 GHz (see Fig. 1)
has not been observed and we consequently only provide a pre-
diction with the modeling.

Observations were recently carried out with the APEX tele-
scope between 270 and 330 GHz to complete the TIMASSS
spectral survey (Caux et al. 2011). The para–D2O fundamen-
tal 11,0–10,1 line at 317 GHz is also detected in this survey but
shows a much lower signal-to-noise ratio than the one observed
with JCMT (Butner et al. 2007). This observation is nevertheless
useful due to the accurate continuum at this frequency (0.235 K
in T

∗
A
). The beam efficiency is 0.73 and the forward efficiency

0.97.

Fig. 1. Energy levels for the lowest rotational transitions of ortho and
para–D2O.

3. Modeling

In order to determine the D2O/HDO and D2O/H2O ratios within
the different components of this source (hot corino, colder en-
velope and external absorption layer), we developed the same
modeling as performed in Coutens et al. (2012) for the HDO
and H2

18O species. We employed the ortho and para–D2O col-
lisional coefficients calculated with ortho and para–H2 by Faure
et al. (2012) in the 5–100 K range. We assumed that the ortho-
to-para D2O ratio is 2:1, compatible with the results from Vastel
et al. (2010). Using the same parameters for the modeling (see
details in Coutens et al. 2012), we realized that the continuum
modeled at 317 GHz (0.38 K) is not consistent with the contin-
uum observed by Butner et al. (2007) at 0.85 K. In order to deter-
mine whether this divergence comes from the modeling or from
the observations, we used the recent APEX observations. The
SSB continuum observed with APEX is 0.31 K (Tmb). Our mod-
eling predicts a 0.29 K continuum value at the same frequency.
From the comparison between transitions from overlapping fre-
quency ranges, we can estimate the calibration to be 20%. The
value estimated from the modeling is therefore consistent with
the APEX continuum value and we will use in the following the
0.38 K predicted by our modeling for the continuum of the 317
GHz transition observed with JCMT.

With the source structure derived by Crimier et al. (2010),
the modeling is not able to reproduce any absorption feature for
the D2O fundamental transitions. The overall absorption can be
only reproduced by the external absorbing layer, discovered by
Coutens et al. (2012) in order to reproduce the absorption com-
ponents seen on the HDO fundamental transitions. With a H2

2



10

Coutens A. et al.: Heavy water stratification in a low-mass protostar

Table 2. HDO/H2O, D2O/HDO and D2O/H2O abundance ratios estimated towards the protostar IRAS 16293.

Hot corino Outer envelope Photodesorption layer
Best-fit 3σ Best-fit 3σ AV ∼ 1 – 4 mag

HDOa 1.8 × 10−7 1.4 – 2.4 × 10−7 8 × 10−11 5.5 – 10.6 × 10−11 ∼ 0.6 – 2.4 × 10−8

H2Oa,b 1 × 10−5 4.7 – 40.0 × 10−6 1.5 × 10−8 7.0 – 22.5 × 10−9 ∼ 1.3 – 5.3 × 10−7

D2O 7 × 10−10 ≤ 1.3 × 10−9 5 × 10−12 ≤ 1.3 × 10−11 ∼ 6.6 – 27 × 10−10

HDO/H2O 1.8% 0.4% – 5.1% 0.5% 0.3% – 1.5% ∼ 4.8%c

D2O/HDO 0.4% ≤ 0.9% 6.3% ≤ 23% ∼ 10.8%c

D2O/H2O 0.007% ≤ 0.03% 0.03% ≤ 0.2% ∼ 0.5%c

a The HDO and H2O abundances from Coutens et al. (2012) were recalculated with the χ2 minimization shown in Equation 1. b The H2O
abundances are obtained from the H2

18O data using the collision rates with H2 calculated by Daniel et al. (2011). The H2
16O/H2

18O ratio is
assumed to be 500. c The ratios remain valid if the absorbing layer is not due to the photodesorption.

Fig. 2. In black: D2O transitions observed with HIFI and JCMT. The CH3OD transition contaminating the para–D2O (11,0–10,1) transition has been
subtracted for a direct comparison with the D2O best-fit model. In red: best-fit model obtained when adding an absorbing layer with N(para–D2O)
= 1.1 × 1012 cm−2 and N(ortho–D2O) = 1.4 × 1012 cm−2. The resulting inner abundance is 7 × 10−10 and the outer abundance is 5 × 10−12.

most of the O and CO are depleted from the gas phase (t ∼ 1–
3 × 105 years). Once the ices are formed, we assume that our
model cloud collapses at a free-fall time to form the star and
therefore that the density of the medium is increased at the same
rate (in order to determine the evolution of the ices during the
collapse). The density of the cloud sets the gas phase D/H ra-
tio though ion-molecule chemistry (deuteration of H+3 sets the
gas D/H ratio, as described in Roberts et al. 2002). Therefore, a
translucent cloud with an initial density of 103, 104 and 5 × 104

cm−3 results on a D/H ratio in gas phase of 5 × 10−3, 5 × 10−2

and 10−2 respectively (Cazaux et al. 2011). We assume conse-
quently these 3 initial values for the density (103, 104 and 5 ×
104 cm−3) as well as 3 different temperatures (15, 17 and 20 K).
The HDO/H2O as well as the D2O/H2O ratios obtained during
the formation of ices are presented in Figure 4. Both ratios are
strongly sensitive to the dust temperature. Indeed, at low temper-
atures, H2 is present on the dust, being much more abundant than
H, and the successive hydrogenations of O with H2 dominate
the formation of H2O. On the other hand, HDO forms through
addition of atomic deuterium. These different formation routes
imply that the HDO/H2O ratio scales with D/H2 ratio present
in the gas, while the D2O/H2O scales with (D/H2)2. If the grain
is warm, the H2 molecules evaporate and the formation of H2O
is insured by successive hydrogenation with H atoms. Since the
formation of HDO involves atomic deuterium, the HDO/H2O
ratio becomes comparable to the D/H ratio and D2O/H2O com-
parable to (D/H)2. Therefore, the variation of the deuterium frac-
tionation with the initial dust temperature is due to the different
routes to form water molecules. In the second phase of the mod-
eling, the dust grains covered by ices are transposed in a much
denser environment (105 cm−3), characteristic of a gravitational

collapse. This second phase is shown in Figure 4 from 105 to
106 years. During this time interval, the density increases and
the ices present on the dust can react with some species present
in the gas. However, the deuterium fractionation of water does
not change once the ices are formed. In their modeling, Cazaux
et al. (2011) found that the deuterium fractionation of the water
ice mantle is not altered by the cloud collapse, pointing to the
fact that the deuterium fractionation of water must have been set
during the formation of ices (see Fig. 4).

The HDO/H2O and D2O/H2O observed ratios suggest that
the ices present in IRAS 16293 and desorbing in the hot corino
were made in a warm (∼ 20 K) and dense (∼ 104 cm−3) translu-
cent cloud. Recently, Taquet et al. (2012) showed that the rela-
tively high deuterium fractionation of water could be attributed
to the formation of water ices in dark phases (either at nH ∼ 104

cm−3, at low temperature, ∼ 10 K, and high visual extinction,
larger than 4 magnitudes, or for higher densities, ∼ 105 cm−3)
where the D/H ratio starts to efficiently increase. Although the
chemical models diverge on the deuteration processes which are
enhanced for warm dust in one case (Cazaux et al. 2011), and
for cold dust in the other case (Taquet et al. 2012), our results
both agree that the high deuterium fractionation originates from
a dense medium (both model need dense medium for high D/H
ratio).

In the extended absorbing layer possibly due to photodes-
orption mechanisms, the observed D2O/H2O ratio appears much
larger compared to the hot corino value. It is higher than all the
chemical predictions, rather suggesting that water formed in a
denser (� 5 × 104 cm−3) region with warm (∼ 20 K) gas. We can-
not exclude that, in this external layer, water can also be formed
by gas phase mechanisms through ion-molecule reactions. Note

4

Deuterated water in IRAS16293-2422 

HDO Meeting - Garching 15/01/2013

‣ D2O/H2O ratio lower in the hot corino than in the 
absorbing layer :

- different mechanisms of water formation in the 
two regions ?
- isotopic exchange between water molecules 
during heating of the grain surfaces (~ 150 K), 
leading to a decrease of the D2O abundance 
(Smith et al. 1997, Dulieu et al. 2010) ?
- self shielding in the hot corino ? H2O less 
photodissociated ?

‣ Comparison with the grain surface chemical model of Cazaux et al. (2011) : D/H ratios in 
agreement with dense gas (~104 cm-3) and warm dust (~20 K)


