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IRAS 16293
• Low-mass (~1Msun), Class 0 source with a complex 

structure : binary on arcsec scale, multiple outflows

• Target of two spectral surveys :

• Blake et al. 1994, van Dishoeck et al. 1995

• Recent unbiased spectral survey with the 
IRAM-30m and JCMT :  TIMASSS (The 
IRAS16293 Millimeter And Submillimeter 
Spectral Survey - Caux et al. 2011)

Hirano+2001, 
Mizuno+1990

SiO(2-1), 
CO(1-0)

Bottinelli+2004

20″



IRAS16293 full spectrum
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Species detected with HIFI

Species isotopes Species isotopes D Species isotopes D

CI y CH maybe n H2O y y

CO y CH+ H2S y

CS y CCH y HCl y

CN y OH HCN y y

SO y HF maybe HNC y y

SO2 y NH n y HC3N

SiO y NH2 n y HCO+ y y

PN NH3 y y H2CO y y

N2H+ y CH3OH y

red = not detected in TIMASSS



Comparison with TIMASSS

• TIMASSS: spread 
in FWHM due 
to low spectral 
resolution and 
strong line 
blending

• CHESS/HIFI: 
brings crucial 
info at high Eup

TIMASSS (Caux et al. 2011) = The IRAS16293 Millimeter And Submillimeter Spectral Survey : 
ground-based observations with the IRAM-30m (80-280 GHz) and the JCMT (328-366 GHz)

Adapted from Fig. 6 of Caux et al. 2011



Line contribution from mm to FIR

‣ See also poster (S1#49) by Kama et al., “The HIFI spectral survey of the 
protostar OMC-2 FIR 4”, for comparison of relative fluxes in OMC-2 FIR 4 
and Orion-KL.



CH, survey
• CH (1-0) :
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x and everyone: CH and HF(?) in absorption in IRAS16293−2422

Table 1. Observational parameters.

HIFI Transition Frequency Eup rms Continuum Beam size Beam efficiency
band (N′, J′, parity← N′′, J′′, parity ) (GHz) (K) (K) (K) (′′)
1a CH (1 3/2 +← 0 1/2 −) ∼532.7

26 40 0.751a CH (1 3/2 − ← 0 1/2 +) ∼536.8
1a∗ CH (1 3/2 − ← 0 1/2 +) ∼536.8

Non-detections
7a CH (2 5/2 − ← 1 3/2 +) ∼ 1657.0 105 13 0.717a CH (2 5/2 +← 1 3/2 −) ∼ 1661.1 105
3b CD (2 3/2 − ← 1 3/2 +) ∼ 884.8 66

24 0.743b CD (2 3/2 +← 1 3/2 −) ∼ 887.2 66
3b CD (2 5/2 − ← 1 3/2 +) ∼ 915.9 67
3b CD (2 5/2 +← 1 3/2 −) ∼ 917.0 67

Notes.— (i) The CD(1–0) transition is around 439 GHz and is not observable by HIFI. (ii) Other hyperfine transitions of CH(2–1) exist around
1470.7 and 1477.3 GHz (band 6a), but were not observed since only a partial survey of band 6a was carried out toward IRAS16293−2422 and it
did not cover these frequencies.
∗ This line corresponds to the pointed observation.

Table 3.

Transition Frequency Observing Backend FWHM Tex N
(N′, J′, parity← N′′, J′′, parity ) (GHz) mode (km s−1) (K) (cm−2)

CH (1 3/2 +← 0 1/2 −) ∼ 532.7 Survey WBS 0.77 ± 0.05 3.9 ± 0.7 (1.3 ± 0.3) × 1014
CH (1 3/2 − ← 0 1/2 +) ∼ 536.8 Survey WBS 0.87 ± 0.04 4.0 ± 0.5 (1.2 ± 0.2) × 1014
CH (1 3/2 − ← 0 1/2 +) ∼ 536.8 Pointed HRS 0.54 ± 0.02 3.1 ± 0.3 (1.0 ± 0.1) × 1014

Fig. 1. CH spectra at ∼533 and ∼ 536 GHz, overlaid with the hfs fit
(green) performed with CLASS.

2

536.750536.775536.800
Frequency [GHz]

- 2 0 - 1 0 0 10
Velocity [km/s]

0.05
0.075

0.1
0.125

0.15
0.175

0.2
0.225

0.25
0.275

0.3

T 
[K

]

0.050
0.075
0.100
0.125
0.150
0.175
0.200
0.225
0.250
0.275
0.300

x and everyone: CH and HF(?) in absorption in IRAS16293−2422

Table 1. Observational parameters.

HIFI Transition Frequency Eup rms Continuum Beam size Beam efficiency
band (N′, J′, parity← N′′, J′′, parity ) (GHz) (K) (K) (K) (′′)
1a CH (1 3/2 +← 0 1/2 −) ∼532.7

26 40 0.751a CH (1 3/2 − ← 0 1/2 +) ∼536.8
1a∗ CH (1 3/2 − ← 0 1/2 +) ∼536.8

Non-detections
7a CH (2 5/2 − ← 1 3/2 +) ∼ 1657.0 105 13 0.717a CH (2 5/2 +← 1 3/2 −) ∼ 1661.1 105
3b CD (2 3/2 − ← 1 3/2 +) ∼ 884.8 66

24 0.743b CD (2 3/2 +← 1 3/2 −) ∼ 887.2 66
3b CD (2 5/2 − ← 1 3/2 +) ∼ 915.9 67
3b CD (2 5/2 +← 1 3/2 −) ∼ 917.0 67

Notes.— (i) The CD(1–0) transition is around 439 GHz and is not observable by HIFI. (ii) Other hyperfine transitions of CH(2–1) exist around
1470.7 and 1477.3 GHz (band 6a), but were not observed since only a partial survey of band 6a was carried out toward IRAS16293−2422 and it
did not cover these frequencies.
∗ This line corresponds to the pointed observation.
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(N′, J′, parity← N′′, J′′, parity ) (GHz) mode (km s−1) (K) (cm−2)

CH (1 3/2 +← 0 1/2 −) ∼ 532.7 Survey WBS 0.77 ± 0.05 3.9 ± 0.7 (1.3 ± 0.3) × 1014
CH (1 3/2 − ← 0 1/2 +) ∼ 536.8 Survey WBS 0.87 ± 0.04 4.0 ± 0.5 (1.2 ± 0.2) × 1014
CH (1 3/2 − ← 0 1/2 +) ∼ 536.8 Pointed HRS 0.54 ± 0.02 3.1 ± 0.3 (1.0 ± 0.1) × 1014

Fig. 1. CH spectra at ∼533 and ∼ 536 GHz, overlaid with the hfs fit
(green) performed with CLASS.
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• Non-detections: CH (2-1) @~1660 GHz, CD (2-1) @~900 GHz
(N.B.: CD (1-0) @ 439 GHz, not observable by HIFI)

Unresolved narrow lines → follow-up pointed observations with the 
HRS @ 536.75 GHz



CH, pointed

• Contamination by unidentified lines from image band verified with 
survey data
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CH, pointed

• Contamination by unidentified lines from image band verified with 
survey data
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CH, pointed

• Contamination by unidentified lines from image band verified with 
survey data
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CH, pointed
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• Contamination by unidentified lines from image band verified with 
survey data



CH, pointed

• Contamination by unidentified lines from image band verified with 
survey data

• Lines are resolved and absorption deeper
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CH, LTE modeling

• Data fitted with hyperfine structure routine in CLASS => Tex, N

• HRS:  Tex ~ 3.1±0.3 K, N ~ (1.0±0.1) × 1014 cm-2. 

• WBS:  Tex ~ 3.95±0.85 K, N ~ (1.25±0.35) × 1014 cm-2.
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LTE model in CASSIS with N = 1.0×1014 cm-2, Tex = 3.3 K, FWHM = 0.54 (HRS) and 0.80 (WBS) km s-1.
(consistent with non-detections of CH(2-1) and of CD(2-1), even assuming high deuteration fraction)

• HRS data crucial to constrain Tex : using the CASSIS software, could not 
reproduce the depth of the absorption in the HRS data for Tex > 3.7 K.



CH, chemical modeling

• Gas-grain chemical model Nahoon (Wakelam et al. 2012)

• Profile does not evolve much with time.

• Corresponding column density: 1.9×1014 cm-2, consistent 
with observed value of ~ 1.0×1014 cm-2.

Observed abundance assuming 
N(H2) = 5×1022 cm-2.



HDO

• TIMASSS+CHESS surveys : 
13 detected transitions 
(HIFI=9, IRAM=3, JCMT=1) 
+ 3 upper limits

• H218O (CHESS) : 5 detections, 
10 upper limits → determine 
water abundance, using H216O /
H218O = 500

• Use RATRAN (Hogerheijde & 
van der Tak 2000) to perform a 
grid of models and determine 
best HDO and H218O 
abundances via χ2 minimization.

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

The best fit result for this grid of models gives an inner abun-
dance Xin = 1.9 × 10−7 and an outer abundance Xout = 5 × 10−11

with a reduced χ2 of 3.2. However this model (as well as the
other models of this grid) predicts absorption lines weaker than
observed (see Fig. 3). In order to correctly reproduce the depth
of the absorption in the 465 and 894 GHz lines, while not intro-
ducing extra emission in the remaining ones, it is necessary to
add an absorbing layer in front of the IRAS16293 envelope. We
notice that the results mainly depend on the HDO column den-
sity of the layer, and are insensitive to the density (for densities
lower than ∼ 105 cm−3) and to the temperature (for temperatures
lower than ∼ 30 K). The HDO column density of the layer must
be about 2.3 × 1013 cm−2. To understand from where the HDO
absorptions arise, we can consider two different options :

– First, the source structure should be extended to a higher
outer radius to include the whole molecular cloud. If the ab-
sorbing layer was due to the surrounding gas of the molec-
ular cloud harbouring IRAS16293 and assuming that the
HDO abundance remains constant as in the outer envelope,
this would imply a surrounding H2 column density of about
2.9 × 1023 cm−2. But this value is considerably too high
for a molecular cloud. The N(H2) column density of the ρ
Oph cloud has been estimated at ∼ 1.5 × 1022 cm−2 by van
Dishoeck et al. (1995) and at � 5 × 1022 cm−2 by Caux et al.
(1999). Adding a molecular cloud with these characteristics
to the structure determined by Crimier et al. (2010) does
not allow to model deep absorption lines. This hypothesis
is therefore insufficient to explain the deep HDO absorption
lines.

– Consequently, the only way to explain the absorption lines
consists in assuming a drop abundance structure. Such a
structure in the low-mass protostars has already been in-
ferred for several molecules like CO and H2CO (Schöier
et al. 2004; Jørgensen et al. 2004, 2005). The raising of the
abundance in the outermost regions of the envelope is ex-
plained by a depletion timescale longer than the lifetime of
the protostars (∼104-105 years) for H2 densities lower than
∼104-105 cm−3 (e.g., Caselli et al. 1999; Jørgensen et al.
2004). On the other hand, Hollenbach et al. (2009) have
shown that, at the edge of molecular clouds, the icy mantles
are photodesorbed by the UV photons, giving rise to an ex-
tended layer with a higher water abundance with a visual ex-
tinction AV∼ 1-4 mag (for G0 = 1). Assuming an AV of ∼1-4
mag and the relation N(H2)/AV = 9.4 × 1020 cm−2 mag−1

(Frerking et al. 1982), the abundance of HDO in this water-
rich layer created by the photodesorption of the ices should
be about 6 × 10−9 - 2.4 × 10−8. We will see thereafter, when
analyzing the H18

2 O lines, that this hypothesis is nicely con-
sistent with the theoretical predictions by Hollenbach et al.
(2009). For water, both effects may play a role.

As the absorption of the two fundamental lines is reproduced
with this outer component (see Fig. 3), we have run a second
grid of models adding this absorbing layer. The best fit is ob-
tained for Xin = 1.7 × 10−7 and Xout = 8 × 10−11 with a χ2

red
of 2.4. With the current parameters, a simultaneous fit of all the
HIFI, IRAM and JCMT data is presented in Fig. 4. The con-
tours of χ2 at 1σ, 2σ and 3σ, that represent respectively a con-
fidence of 68.26%, 95.44% and 99.73% of enclosing the true
values of Xin and Xout, are shown in Fig. 5, computed with the
method of Lampton et al. (1976). The contours at 1σ, 2σ and
3σ correspond respectively to χ2=χ2

min+2.3, χ2=χ2
min+6.17 and

χ2=χ2
min+11.8 when the number of adjustable parameters is 2

(here Xin and Xout). The confidence intervals of Xin and Xout at
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Fig. 3. In black : HDO 11,1-00,0 and 11,0-00,0 absorption lines observed
at 894 GHz with HIFI and at 465 GHz with JCMT respectively. In red :
HDO modeling without adding the absorbing layer. In green : HDO
modeling when adding an absorbing layer with a HDO column density
of ∼ 2.3 × 1013 cm−2. The continuum for both the 894 GHz and 465
GHz lines refers to SSB data.
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Fig. 5. χ2 contours at 1σ, 2σ and 3σ obtained when adding an absorbing
layer with a HDO column density of 2.3 × 1013 cm−2 to the structure.
The results are obtained with the collisional coefficients with ortho and
para-H2 determined by Faure et al. (2011). The best fit model is repre-
sented by the symbol “+”. The reduced χ2 is about 2.4.

3σ are 1.53 × 10−7 - 2.21 × 10−7 and 4.6 × 10−11 - 1.0 × 10−10

respectively.
In the hot corino, most of the HDO lines are optically thick,

except the 81, 226, 242 and 482 GHz transitions which show
an opacity � 1. Since the emission from most of the HDO lines
originates both from the hot corino and the outer envelope, the
use of a simple rotational-diagram analysis to estimate the total
column density of HDO is not appropriate. Fig. 6 represents the
normalized populations of some levels (up to 31,2) as a function
of the distance from the centre of the protostar, computed by
RATRAN through the equation of statistical equilibrium. These
level populations are then used to determine the emission distri-
bution of deuterated water by using a ray tracing method. This
figure also shows that the absorbing layer is mainly constrained
by the ground state transitions as 11,1-00,0 and 10,1-00,0.

The 81 GHz 11,0-11,1 transition observed at IRAM-30m is
not well reproduced by the best-fit model. The disagreement
could be due to a blending effect at this frequency. Nevertheless,
it is ruled out for the species included in the JPL and CDMS
databases. Calibration could also be questioned at this frequency.
But it seems rejected since the profile obtained with the best-
fit model differs from the observing profile. An other explana-
tion could come from the assumption of spherical symmetry.
Interferometric data of the HDO 31,2-22,1 transition show that,
in addition to the main emission coming from the source A,
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Fig. 2. H2 density (solid line) and gas temperature (dashed line) struc-
ture of IRAS16293 determined by Crimier et al. (2010). The expected
abundance profile of water is added (dashed-dotted line) on an arbi-
trary Y-scale. In the colder envelope (T<100 K), the water molecules
are trapped on the grain mantles whereas, in the inner part of the enve-
lope, they are released in gas phase by thermal heating, leading to an
enhancement of the abundance. In the outer part of the molecular cloud
(AV ∼ 1-4), the water abundance can also increase by photodesorption
mechanisms. A freeze-out timescale too long compared with the proto-
stellar lifetime can also lead to an enhanced abundance when the density
is low (∼ 104 cm−3).

the HDO 31,2-22,1 line at 226 GHz, deuterated water is mainly
emitted by the core A (Jørgensen et al. 2011). Therefore, the as-
sumption of a 1D modeling centered on the source A seems quite
reasonable. Note that, as the IRAM observations were pointed
on the IRAS16293 B source and not on the core A and the beam
is quite small (∼ 11��) at 226 and 242 GHz, we have carefully
convolved the resulting map with the telescope beam profile cen-
tered on the core B to get the model spectra.

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

κ = κ0

�
ν

ν0

�β
(3)

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

minimization (see Section 3.3), the spectra are also resampled to
a same spectral resolution for all the lines (0.7 km s−1 for HDO
and 0.6 km s−1 for H18

2 O, H17
2 O and HD18O, which correspond to

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

that in protostellar envelopes, the dust can become optically
thick, preventing water emission from deep in the envelope to

escape. The dust continuum could therefore hide the higher fre-
quencies HDO and H18

2 O lines coming from the hot corino, de-
pending on the source structure and the dust emissivity model
chosen. In fact, we notice here that the dust optical depth is al-
ways lower than 1 for all the frequencies lower than 1500 GHz.
For the transitions quoted in Table 1 with frequencies higher than
1500 GHz, the dust opacity only exceeds 1 for temperatures well
over 100 K. Consequently, in the case of IRAS16293, the dust
opacity should not hide the higher frequencies HDO and H18

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

3.2. HDO collisional rate coefficients

The HDO collisional rates used in this study were recently com-
puted by Faure et al. (2011) for para-H2(J2 = 0, 2) and ortho-H2
(J2 = 1) in the temperature range 5−300 K, and for all the tran-
sitions with an upper energy level less than 444 K. The method-
ology used by Faure et al. is described in detail in Scribano et al.
(2010) and Wiesenfeld et al. (2011). These authors have pre-
sented detailed comparisons between the three water-hydrogen
isotopologues H2O-H2, HDO-H2 and D2O-H2. Significant dif-
ferences were observed in the cross sections and rates and
they were attributed to symmetry, kinematics and intramolecu-
lar (monomer) geometry effects. Moreover, in the case of HDO,
rate coefficients with H2 were found significantly larger, by up to
three orders of magnitude, than the (scaled) H2O-He rate coef-
ficients of Green (1989) which are currently employed in astro-
nomical models (see Fig. 2 of Faure et al. (2011)). A significant
impact of the new HDO rate coefficients is thus expected in the
determination of interstellar HDO abundances, as examined in
Section 3.3. Note that in the following we assume that the ortho-
to-para ratio of H2 is at local thermodynamic equilibrium (LTE)
in each cell of the envelope. The collisional rates for para-H2
were also summed and averaged assuming a thermal distribution
of J2 = 0, 2.

3.3. Determination of the HDO abundance

In a first step, we have run a grid of models with one abundance
jump at 100 K, in the so-called hot corino (Ceccarelli et al. 1996,
2000b). The abundance of water is expected to be higher in the
hot corino than in the colder envelope as the water molecules
contained in the icy grain mantles are released in gas phase,
when the temperature is higher than the sublimation tempera-
ture of water, ∼100 K (Fraser et al. 2001). Thereafter, the inner
abundance (T ≥ 100 K) will be designated by Xin, whereas the
outer abundance (T < 100 K) will be designated by Xout. They
both are free parameters and their best fit values are determined
by a χ2 minimization. In order to take into account the line pro-
file, the χ2 is computed from the observed and modeled spectra
resampled at a same spectral resolution (0.7 km s−1 for HDO and
0.6 km s−1 for H18

2 O) according to the following formalism :

χ2 =

N�

i=1

nchan�

j=1

(Tobs,ij − Tmod,ij)2

rms2
i + (Cali × Tobs,ij)2

(4)

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 predicted
by the model respectively in the channel j of the line i, rmsi the
rms at the 0.7 km s−1 (or 0.6 km s−1) spectral resolution (given
in Table 1) and Cali the calibration uncertainty. We assumed an
overall calibration uncertainty of 15% for each detected line.
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Coutens et al. 2012, A&A, in press ; poster (S1#42) : “Study of deuterated water in 
the low-mass protostar IRAS16293-2422”



HDO, D2O

• HDO/H2O ~ 3.5%, 0.5% and 4.5% in hot corino, outer envelope and 
photodesorption layer (p.d.l.), resp.

• ≥ 10× ratio in Earth’s ocean : if confirmed, need a mechanism to explain 
the decrease of HDO/H2O from protostars to comets/planets.

• D2O absorption due to cold+p.d.l. → D2O/H2O ~ 0.1-4×10-3 and D2O/
HDO ~ 1-10%, consistent with statistical distribution in Butner et al. 2007.

• → larger sample needed to understand deuteration of water in protostars.

Coutens A. et al.: A study of deuterated water in the low-mass protostar IRAS16293-2422
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Fig. 4. In black : HDO lines observed with HIFI, IRAM and JCMT. In red : best fit model obtained when adding an absorbing layer with a HDO
column density of ∼ 2.3 × 1013 cm−2 to the structure (see details in text). The best-fit inner abundance is 1.7 × 10−7 and the best-fit outer abundance
is 8 × 10−11. The continuum shown for the 894 GHz line, as well as for the 465 GHz line, refers to SSB data.

a weaker component of HDO is emitted at about 6�� from the
core A (see Figure 20 in Jørgensen et al. (2011)). The beam size
of the IRAM-30m telescope at 81 GHz encompasses this com-
ponent and could explain the lack of predicted flux as well as the
different line profile. This hypothesis seems consistent with the
lower frequency HIFI lines (491, 509 and 600 GHz) for which
the best-fit model misses flux.

The derived abundances for HDO are in agreement with the
3σ upper limit (0.16 K km s−1) of the HD18O 11,1-00,0 transition
observed in our spectra at 883 GHz. Assuming a HD16O/HD18O
ratio of 500 (Wilson & Rood 1994), value at the galactocentric
distance of IRAS16293, the modeling predicts an integrated in-
tensity of 0.15 K km s−1.

Note that in order to obtain consistent profiles of the model
compared with the observations, the LSR velocity, VLSR, is about
4.2 km s−1 for the HIFI and JCMT lines whereas it is about
3.6 km s−1 for the three IRAM lines. This discrepancy of the ve-
locity in the modeling could be explained by the origin of the
emission of the lines. The 4.2 km s−1 velocity component could
represent the velocity of the envelope. For example, the veloc-
ity of the absorption lines of the fundamental transitions of D2O
tracing the cold envelope of IRAS16293 and detected by JCMT

(Butner et al. 2007) and by HIFI (Vastel et al. 2010) is 4.15 and
4.33 km s−1 respectively. Even if some HIFI lines trace both the
inner part and the outer part of the envelope, the velocity of the
outer envelope should dominate because of a smaller line widen-
ing in the outer envelope. On the contrary, the flux of IRAM lines
at 226 and 242 GHz trace the hot corino only (see Fig. 1 and Fig.
6). Their velocity (∼ 3.6 km s−1) is lower, in agreement with the
velocity of the core A (VLSR ∼ 3.9 km s−1).

As previous studies regarding HDO used the collisional co-
efficients computed by Green (1989), we have run a grid of mod-
els with these rates for a comparison. The simultaneous best
fit of all the transitions using these rates is obtained for an in-
ner abundance Xin = 2.0 × 10−7 and an outer abundance Xout
= 1 × 10−11. The inner abundance is similar to what we found
above with the collisional coefficients determined by Faure et al.
(2011). However, the outer abundance is a factor of 8 lower. The
χ2 also gives a higher value (χ2

red = 2.8), showing therefore that
the observations are better reproduced with rates with H2 than
with He.
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Fig. 1. Energy levels for the detected fundamental lines of D2O.

whose linewidth is 0.5 km s−1, is likely due to the foreground gas
(molecular cloud and cold envelope). Therefore, the absorption
component provides a straightforward measure of the column
density of para–D2O in the cold gas surrounding IRAS16293.

2. Observations and results
In the framework of the Key Program CHESS (see the review
by Ceccarelli et al., this volume), we observed the solar type
protostar IRAS16293 with the HIFI instrument (de Graauw et
al., 2010; Roelfsema et al., this volume) on board the Herschel
Space Observatory (Pilbratt et al., 2010). A full spectral cover-
age of band 1b between 554.5 and 636.5GHz was performed
on March 2nd 2010, using the HIFI Spectral Scan DBS mode
with optimization of the continuum. The fundamental ortho–
D2O (11,1-00,0) transition lies in this frequency range, at 607.35
GHz (see Figure 1). The HIFI Wide Band Spectrometer (WBS)
was used, providing a spectral resolution of 1.1 MHz (∼0.55 km
s−1 at 600 GHz) over an instantaneous bandwidth of 4 x 1GHz.
The targeted coordinates were α2000 = 16h 32m 22.s75, δ2000 = −
24◦ 28′ 34.2′′. The beam size at 610 GHz is about 35′′, the theo-
retical main beam (resp. forward) efficiency is 0.72 (resp. 0.96),
and the DBS reference positions were situated approximately 3′
east and west of the source. The data have been processed using
the standard HIFI pipeline up to level 2 with the ESA-supported
package HIPE 3.01 (Ott et al. 2010). The 1 GHz chunks are then
exported as fits files into CLASS/GILDAS format1 for subse-
quent data reduction and analysis using generic spectral survey
tools developed in CLASS in our group. Spurs when present
were removed in each 1 GHz scan and a low order polyno-
mial baseline was fitted over line-free regions to correct residual
bandpass effects. These polynomials were subtracted and used
to determine an accurate continuum level by calculating their
medians. Sideband deconvolution is computed with the mini-
mization algorithm of Comito & Schilke (2002) implemented
into CLASS using the baseline subtracted spectra and assuming
side-band gain ratio to be unity for all tunings. Both polariza-
tion were averaged to lower the noise in the final spectrum. The
continuum values obtained are well fitted by straight lines over
the frequency range of the whole band. The single side band
continuum derived from the polynomial fit at the considered
frequency was added to the spectra. Finally, the deconvolved
data were analysed with CASSIS software (http://cassis.cesr.fr)2.
Exact measurements of the main beam efficiency have not been
performed on planets at the time of our observations. However,
we are dealing with absorption measurements, and are only in-
terested in the relative depth of the absorption compared to the
continuum level. Consequently we present in the following the
spectrum (Figure 2) and parameters (Table 1) in T∗a for the ortho–
1 http://www.iram.fr/IRAMFR/GILDAS
2 CASSIS has been developed by CESR-UPS/CNRS

Fig. 2. Profile of the para–D2O (11,0-10,1) line (histogram) observed at
JCMT (upper panel), as well as the 3 components gaussian fit (solid
line) and ortho–D2O (11,1-10,1) line observed with HIFI (bottom panel).

D2O line. The bottom panel of Figure 2 shows the resulting HIFI
spectrum, with the measured continuum level of (234 ± 23) mK
(where the error includes the uncertainty in the calibration, typ-
ically 10%). The achieved rms is about 12 mK in T∗a, in the
0.5 MHz frequency bin. The fundamental ortho–D2O transition
at 607349.449 MHz is well detected in absorption against the
strong continuum, at the velocity of ∼ 4 km/s. The parameters
of the line, obtained using CASSIS which takes into account the
ortho and para D2O forms separately from the Cologne Database
for Molecular Spectroscopy (Müller et al. 2005, Brünken et al.
2007), are reported in Table 1. We report in the same table also
the parameters of the para–D2O (11,0-10,1) fundamental line pre-
viously observed at the JCMT, published by Butner et al. (2007),
at a rest frequency of 316799.81 MHz. The data were retrieved
from the JCMT archive and reduced within CLASS. We per-
formed a 3-component gaussian fit with CASSIS and the result-
ing fit is reproduced in Figure 2 on top of the data in main beam
temperatures. The para–D2O line in emission has an intensity
of 0.10 ± 0.02 K in main beam temperature, and a linewidth of
4.01 ± 0.77 km s−1. The bright line at 10 km s−1 is likely due to
CH3OD (see Butner et al. 2007).

3. Determination of the D2O OPR
Crimier et al. (2010) have used the JCMT SCUBA maps of
IRAS16293 at 450 µm and 850 µm (and other data) to recon-
struct the structure of the IRAS16293 envelope. From this work,
one can compute the expected continuum in the HIFI beam at
607 GHz (o–D2O line). Using the SED of Crimier et al. (Fig. 1
panel d) and their Table 1, the IRAS16293 flux is 270 ± 108 Jy
at 450 µm and the HIFI beam contains approximately 80% of
the total source flux (Fig 1, panel b). One can note that the SED
steep slope yields the flux at 607 GHz to be smaller than the one

2

Vastel+2010Coutens+2012
at 607.35 GHz



HCl
• H35Cl
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HCl, modeling

• RATRAN (1D) modeling with same 
physical structure as Coutens et al. 2012, 
and x(HCl) = 10-9.

• Consistent with predictions by chemical 
model assuming Cl elemental abundance of 
10-8 (Nautilus, Wakelam priv. comm.).

• OT2 (P2) proposal to observe 5 low-mass 
protostars.



NH2D (2-1)
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NH2D from the ground

• Derived column density consistent with value published by van 
Dishoeck et al. 1995

• LTE model with derived parameters also reproduces well 
transition detected in TIMASSS.
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ND2H (2-1)
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Deuterated NH3

• Only a few studies of ND2H, e.g., Roueff+2000, 2005, Lis+2006. Mostly in 
PSCs ; non-detections in high-mass protostars (e.g., Pillai+2007).

• Ratios in IRAS16293 consistent with model predictions of Roueff+2005.
See also Bacmann+ 2010 for NH, ND.

• Next step: detailed radiative transfer using collisional rates 
(Machin&Roueff 2006 for NH2D, Wiesenfeld+2011 for ND2H).

Species N (1014 cm-2) Tex (K) X/NH3 (%)
NH3a 200 - 3.5 8 - 10 -

NH2D 3.0  - 1.3 7 - 9 ~ 1 - 40

ND2H 3.0 - 0.2 3 - 7 ~ 1 - 6

aFrom Hily-Blant+ 2010
bFrom Roueff+ 2005 and refs 
therein ; Models 1-3: n(H2) ➚, 
depletion ➚, ionization ➘

Ratio I16293 L134Nb L1689Nb B1b ModelsbModelsbModelsb

Ratio I16293 L134Nb L1689Nb B1b

1 2 3
[NH2D]/[NH3] ~ 0.01-0.4 0.1 0.19 0.23 0.05 0.1 0.15

[ND2H]/[NH2D] > 0.06 0.5 0.22 0.15 0.03 0.07 0.08



Summary and perspectives
• HIFI survey of the low-mass protostars IRAS16293 contributed to:

• explore parameter space of spectroscopic parameters, in particular 
high excitation levels

• confirm/reveal trends such as FWHM ➚ as Eup ➚

• perform more accurate modeling owing to the constraints provided 
by the numerous detected transitions of a given species (e.g. HDO)

• study of “new” species, e.g., HCl, CH

• study of deuteration, e.g., of NH, NH2, NH3, H2O.

• Full (CHESS+TIMASSS) survey shows ~ equal contribution (w/i factor of 
3) from several species: H2O, HCN, HCO+, CH3OH, H2CO, CS, SO, SO2.

• Perspectives:

• more to come from more sophisticated analysis of current data.

• lots of interesting follow-up observations to be done with ground-
based single-dish and interferometers.




